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A solid phase synthesis for a new biomimetic receptor 1 was developed. First binding studies show that
1 binds anionic carbohydrates such as glucose-1-phosphate and cAMP with association constants in
the lower millimolar range in 20% buffered water in DMSO using both polar and apolar interactions.

Introduction

Molecular recognition of carbohydrates by proteins plays a vital
role for cell-cell interactions. For example, selectins interact with
Sialyl-Lewis X on the surface of leucocytes and hence mediate
leucocyte adhesion in inflammation processes.! Also bacterial
pathogens use protein—carbohydrate interactions for infections
of host cells. Artificial receptors that target carbohydrates can
help us better understand the underlying molecular recognition
events of these biological processes and might also find interesting
applications e.g. as sensors® or drug candidates in the future.
Therefore, the supramolecular chemistry of carbohydrates has
attracted much attention since Aoyama et al. reported the first
example of an artificial carbohydrate receptor in 1988.3 However,
whereas a variety of artificial receptors has been developed since
then that allow carbohydrate complexation in organic solvents,*
only very few systems have been reported so far that form stable
complexes with carbohydrates in more polar solutions.* Carbo-
hydrates are extremely challenging substrates for recognition in
aqueous solvents, as their dominant functionality (the OH group)
is difficult to distinguish from water molecules which will also
interact with any binding site present in the receptor. Only the
simultaneous interaction of a receptor with the OH groups as
well as the small apolar patches provided by the sugar framework
and any other more distinct functional group present in the sugar
(carboxylate, phosphate ezc.) will allow the formation of a stable
complex even in aqueous solvents. In this context, we present here
the solid phase synthesis of a first prototype (1) of a new class of
biomimetic receptors for anionic carbohydrates.

Nature uses a combination of both polar and apolar interactions
for carbohydrate binding. In carbohydrate binding proteins, often
aromatic amino acid residues such as phenyl alanine or tryptophan
are found to interact with the CH framework of the sugar, whereas
polar residues such as asparagine, serine, lysine or especially
arginine form (ionic) H-bonds with the OH groups.® Based on the
same principle binding interactions’ we designed a new prototype
of a carbohydrate receptor (1) shown in Fig. 1. Two dipeptide
moieties, Ser-Phe, are attached to an aromatic scaffold (black)
together with an arginine analogue, which has improved binding
affinity for oxoanions in aqueous solvents compared to a normal
arginine.®® As found in carbohydrate binding proteins the receptor
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Fig. 1 A new biomimetic host 1 for carbohydrate binding in aqueous
solvents. As found in carbohydrate binding proteins the receptor allows
for both apolar (Phe) and polar interactions (Ser, Arginine analogue) with
a sugar. The glutamate residue is needed as an attachment point for the
resin during the solid phase synthesis of 1.

could allow for both apolar (Phe) and polar interactions (Ser,
Arginine analogue) with a sugar.

Results and discussion

Receptor 1 was synthesized using a solid-phase strategy as
shown in Scheme 1. MBHA resin was functionalized with
Fmoc-Glu(O7Bu)-OH using PyBOP [= 1 H-benzotriazol-1-yloxy
tris(pyrrolidino)phosphonium hexafluorophosphate] in dimethyl
formamide (DMF) as the coupling reagent. After deprotection
of the Fmoc-group, the bis-Cbz protected arginine analogue
2 was attached (Fmoc = fluorenylmethyloxycarbonyl, Cbz =
benzyloxycarbonyl). The ferz-butyl ester group in the glutamate
side chain was then cleaved with trifluoroacetic acid (TFA) and
the resulting free carboxylic acid 3 was reacted with the bis-Boc
protected aromatic template 4 using the same coupling conditions
as before. A negative Malachite green test indicated complete
conversion (= absence of carboxylic acid groups) under the
experimental conditions. The two Boc-groups on the aromatic
template were then cleaved with TFA. The two peptide arms were
attached using a standard Boc-protocol. First, Boc-Ser(OBz)-
OH was coupled onto the aromatic template. The N-terminal
Boc group was cleaved with 50% TFA in dichloromethane and
Ac-Phe-OH was attached. In all cases a negative Kaiser test
ensured complete conversion. Finally, receptor 1 was cleaved from
the resin using 10% trifluoromethane sulfonic acid (TFMSA) in
TFA. Under these conditions the Cbz protecting groups on the
arginine analogue and the OBz group on the serine side chains
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Scheme 1  Solid phase synthesis of receptor 1 on MBHA resin.

are also cleaved as we could show in separate control experiments.
The receptor could be isolated by precipitation with diethyl ether
from the concentrated cleavage solution. Lyophilisation with HCI
finally provided the chloride salt of receptor 1.

The bis-Cbz protected arginine analogue 2 that was needed
for the synthesis of 1, was synthesized according to Scheme 2.
Starting from pyrrole dicarboxylic acid mono benzyl ester 5, the
free carboxylic acid group was transformed into the terz-butyl
ester 6 via the acyl chloride and subsequent reaction with KO7Bu
in tBuOH. After hydrogenolysis of the benzyl ester, mono-Cbz
protected guanidine 8 was attached to the free carboxylic acid
group in 7 using PyBOP in DMF as the coupling reagent. The zert-
butyl ester in 9 was then cleaved with TFA and the resulting pyrrole
carboxylic acid 10 was reacted with the azaserine derivative 11.%
Hydrolysis of the methyl ester group using LiOH gave the desired
bis-Cbz protected guanidinocarbonyl pyrrole building block 2.

After having successfully established a solid phase protocol for
the synthesis of 1, some first preliminary binding studies were
performed using UV titrations in 20% buffered water (10 mM
bis-tris buffer, pH = 6.0) in DMSO." Samples of 1 were purified
using semipreparative HPLC before use. To a solution of receptor
1 (50 uM) aliquots of a 1.25 mM stock solution of various anionic
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Scheme 2 Synthesis of bis-Cbz protected arginine analogue 2.
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carbohydrates as well as methyl phosphate and acetate were added
and the UV spectrum was recorded after each addition. The
decrease in the absorbance of the pyrrole moiety at 300 nm can be
used to calculate the association constant using a non-linear curve
fitting for a 1 : 1-complexation (Fig. 2).!* The molar absorption
coefficients ¢ of both receptor and substrate were determined
from independent dilution studies and used as constants for the
curve fitting. Furthermore, the absorbance changes due to dilution
of the sample during the titration was taken into account. The
formation of 1 : 1-complexes was confirmed by Job plots. As the
data in Table 1 show, receptor 1 is indeed capable of binding
anionic carbohydrates such as uronic acids or sugar phosphates
as well as the more complex substrates AMP or cAMP with
association constants in the lower millimolar range under these
aqueous conditions. A comparison with simple anions such as
methyl phosphate or acetate as well as between different epimeric
sugars or regioisomeric substrates reveals that the sugar part
indeed influences the binding constant. Most likely the actual
affinity is determined by a complex interplay of steric effects of
the substrate, solvation of the anion and its basicity as well as any
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Fig.2 UV-Titration of receptor 1 with AMP in aqueous DMSO at pH =
6. The decrease in absorbance at 300 nm can be used to calculate the
binding constant. The solid line represents the curve fitting for a 1 :
I-complexation (the dotted line is the expected change in absorbance due
to the dilution of the sample if no binding occurred).
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Table 1 Association constants K, [in M~'] determined for the binding
of anionic substrates by host 1 in aqueous solvents

Substrate K, /M
AMP 2800
cAMP 2400
Galactose-1-phosphate 3400
Glucose-1-phosphate 3000
Glucose-6-phosphate ~600
Glucoronic acid 1100
Galacturonic acid ~700
Methyl phosphate 3800
Acetate n.d.’

“ UV titration at pH = 6 (10 mM bis-tris buffer in 20% water in DMSO,
[host], = 50 pM), error estimated to be £25%. Average value of at least
two independent measurements. * No complex formation could be detected
under these conditions.

additional secondary interactions with the sugar moiety besides
simple ion pairing. Unfortunately, no clear straightforward trend
is obvious from the data, besides the fact that phosphates are in
general bound better than carboxylates which however is a general
feature of guanidinium cations.

A further improvement of the binding efficiency and even more
importantly substrate selectivity might be achieved by varying the
amino acids in the two side arms of the receptor. For this purpose
a combinatorial approach is the most useful one.”” This however
requires a solid phase synthesis on a resin that swells in aqueous
solvents such as TentaGel and hence allows subsequent screening
of the library in aqueous solvents directly on the bead. For this
purpose the side chains need to be deprotected without cleaving the
receptors from the resin. We therefore tested whether the synthetic
scheme described in Scheme 1 can also be used on TentaGel resin.
Preliminary studies showed however that the conditions used to
deprotect the side chains (10% TFMSA in TFA) led to a complete
decomposition of the TentaGel resin. In the NMR of the cleaved-
off product intense signals for polyethylene glycol fragments at
around 0 = 5.6 were observed. Obviously, the TentaGel resin is
much more acid sensitive compared to the standard MBHA resin
used. TentaGel survives a treatment with TFA alone but these
conditions are not acidic enough to cleave the Cbz protecting
groups. We therefore attached compound 2 onto TentaGel-NH,-
resin and tested different concentrations of TFMSA in TFA. No
decomposition and no cleavage of 2 from the resin was observed
upon treatment with 0.1% TFMSA in TFA whereas any higher
concentration of TFMSA already caused a significant cleavage of
2 from the resin. To determine the time needed to achieve complete
deprotection of the side chains using 0.1% TFMSA in TFA time
dependent control studies under HPLC control were performed.
They showed that after three hours at r.t. the starting material was
completely deprotected.

This could also be confirmed by NMR studies. For this purpose
aliquots were taken from the cleavage solution after certain time
periods. The TFA was removed under vacuum and the residue
was treated with diethyl ether. The resulting solid was then
dissolved in DMSO-d6 and the NMR spectrum was measured.
After 30 min of treatment of the resin-bound bis-Cbz-protected 2
with 0.1% TFMSA in TFA the Cbz-group on the g-amino groups
had been cleaved off whereas the Cbz-group on the guanidino
moiety required longer reaction times of >120 min to disappear

completely (Fig. 3). Hence, a three hour treatment at r.t. assures
complete deprotection of the side chains of the resin-bound
compound without causing decomposition of the resin or cleavage
of the product from the resin.
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Fig.3 Deprotection of 2 with 0.1% TFMSA in TFA under NMR control
(DMSO-d6). After 15 min the Cbz group on the g-amino group starts to
disappear whereas the Cbz-group on the guanidino group requires much
longer reaction times of >120 min.

Conclusions

In conclusion, we have presented here the successful solid phase
synthesis of the biomimetic carbohydrate host 1, that can make
use of the same kind of binding interactions found also in
natural systems (a combination of apolar and polar interactions).
Preliminary binding studies showed that 1 indeed binds anionic
sugars with low millimolar affinity in aqueous DMSO proving
the principal usefulness of the general receptor design. With
the necessary synthetic protocols now at hand, a combinatorial
approach can be used in future work to improve both affinity and
selectivity of such receptors by optimization of the amino acids in
the two side arms of 1. Such work is currently in progress and will
be reported in due course.

Experimental

Solvents were dried and distilled before use. All experiments
were run in oven-dried glassware. The compounds were dried in
high vacuum over phosphorus pentoxide at room temperature
overnight unless otherwise stated. '"H and "C NMR spectra
were recorded on a Bruker Avance 400 or 600 spectrometer. The
chemical shifts are reported relative to the deuterated solvents. The
El-mass spectra were recorded on a Finnigan MAT 90, the ESI-
and HR-mass spectra were recorded on a Finnigan MAT 900 S.

Synthesis of receptor 1

MBHA resin (100.0 mg, 1.3 mmol g=', 0.13 mmol) was swollen in
DMEF for 1 h. The resin was treated with Fmoc-Glu(OrBu)-OH
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(128 mg, 0.33 mmol, 2.5 eq.) and PyBOP (169 mg, 0.33 mmol,
2.5 eq.) in DMF (10 ml) containing 3% N-methylmorpholine
(NMM) for 20 h. The Fmoc group was removed by treatment
with piperidine in DMF (20%) for 30 min. The attachment
of the bis-Cbz protected arginine analogue 2 was performed
under related conditions: 2.5 eq. 2 (179 mg, 0.33 mmol), 2.5
eq. PyBOP (169 mg, 0.33 mmol) and DMF (10 ml) containing
5% NMM with a reaction time of 20 h. The coupling step
was repeated to ensure quantitative coupling. In the next step
the resin was treated with 50% TFA in CH,Cl, (= DCM;
10 ml) for 30 min to remove the side chain protecting group of
the glutamic acid. The resulting free carboxylic acid functions
were coupled with the template 4 by the use of the following
procedure: 1.5 eq. template (89.9 mg, 0.2 mmol) and 2.5 eq. of
PyBOP (169 mg, 0.33 mmol) in DMF (10 ml) containing 5%
NMM. To remove the Boc protecting groups of the template
4 the resin was treated with 40% TFA in DCM (10 ml) for
30 min. The resulting free amino functions were coupled with
Boc-L-Ser(OBz)-OH (192 mg, 0.65 mmol, 5 eq.) by using PyBOP
(339 mg, 0.65 mmol, 5eq.) in DMF (10 ml) as the coupling reagent
containing 3% NMM. The Boc protecting groups of the amino
acid were removed by treatment with 50% TFA in DCM (10 ml)
for 30 min. In the last coupling step the free amino functions of the
amino acid were coupled with Ac-Phe-OH (135 mg, 0.65 mmol, 5
eq.) again by using PyBOP (339 mg, 0.65 mmol, 5 eq.) in DMF
(10 ml) containing 3% NMM. The resin was washed thoroughly
with DCM, methanol, diethyl ether and further DCM to remove
traces of DMF. With the treatment of a TFA-TFMSA mixture
(90 : 10) for 3 h the Cbz- and OBz-protecting groups were removed
and the product was cleaved from the solid report. The solvent
was evaporated and the remaining oil was treated with dry diethyl
ether. To obtain the hydrochloride salt, the colorless solid was
dissolved in water (40 ml), acidified with hydrochloric acid (0.1 N,
4 ml), and lyophilized. This step was repeated twice. Yield: 0.025 g,
0.021 mmol, 16%; "H-NMR (600 MHz, [D]DMSO, 27 °C): § =
1.05 (m, 9H, CH), 1.73 (m, 6H, ac-CH), 1.83 (m, 1H, glu-CH,),
1.93 (m, 1H, glu-CH,), 2.18 (m, 2H, glu-CH,), 2.66 (br s, 6H,
CH,), 2.79 (m, 2H, phe-CH,), 2.92 (m, 2H, phe-CH,), 3.55 (m,
4H, ser-CH,), 3.59 (m, 1H, CH,), 3.79 (m, 1H, CH,), 3.79 (m,
1H, glu-CH), 3.98 (m, 1H, ser-CH), 3.98 (m, |H, CH), 4.29 (brs,
6H, CH,-NH), 4.51 (m, 2H, phe-CH), 6.93 (br s, 1H, pyrrole-
CH), 7.04 (br s, 1H, pyrrole-CH), 7.04 (m, 2H, NH,), 7.18 (m,
6H, phe-CH), 7.62 (br s, 2H, ser-NH), 7.88 (br s, 1H, glu-NH),
8.12 (brs, 2H, phe-NH), 8.23 (br s, 4H, gua-NH,), 8.26 (br s, 3H,
NH;), 8.69 (m, 1H, NH), 10.96 (br s, I[H, NH), 12.39 (br s, 1H,
pyrrole-NH); HR-MS (ESI pos.): caled for CxHgN,5sOp; + H*:
1194.6055, found 1194.606.

Synthesis of the diester 6

To a solution of the pyrrole dicarboxylic acid mono benzyl ester
5 (5.0 g, 20.4 mmol) in dichloromethane (40 ml) and catalytic
amounts of DMF was slowly added a solution of oxalylchloride
(5.2 g, 61.17 mmol) in dry dichloromethane (10 ml). The reaction
mixture was stirred for one hour at room temperature and
afterwards the solvent was evaporated. The resulting yellow
powder was suspended in dry zert-butanol (75 ml), heated to 40 °C
and to the solution was added KO7Bu (3.74 g, 30.58 mmol). The
reaction mixture was stirred for another 2 h at 40 °C and then the

solvent was evaporated. The slightly brown powder was suspended
in dichloromethane (100 ml) and washed with a sodium hydrogen
carbonate solution (3 x 50 ml) and water (1 x 50 ml). Again the
organic solvent was evaporated and the crude product was purified
by column chromatography (SiO,, hexane—ethyl acetate = 8 : 2 +
1% triethylamine) yielding 6 as a slightly yellow solid. Yield: 3.45 g,
11.4 mmol, 56%; mp: 69 °C; FT IR (KBr) v [cm™'] = 3326 [m],
2976 [w], 1704 [s], 1550 [m], 1448 [m], 1368 [m], 1280 [s], 1161 [s],
1119 [s], 1007 [m], 851 [m]; '"H-NMR (400 MHz, CDCl;, 27 °C):
0 =143 (s, 9H, 1Bu), 5.2 (s, 2H, benzyl-CH,), 6.66—6.68 (m, 1H,
pyrrole-CH), 6.75-6.76 (m, 1H, pyrrole-CH), 7.24-7.28 (m, 5H,
benzyl-CH); *C-NMR (100 MHz, [D]DMSO, 27 °C): 6 = 27.1
(tBu, CH3;), 65.5 (benzyl-CH,), 80.8 (C,, tBu), 114.9 (pyrrole-CH),
115.5 (pyrrole-CH), 125.5 (C,), 127.8, 128.0, 128.4 (benzyl-CH),
136.1(C,), 159.1,(C,, COO benzyl), 159.6 C,, COO ¢Bu); HR-MS
(ESI pos.): caled for C;H;yNO,: 301.131, found for C,;H,,NO, +
Na*: 324.120.

Synthesis of the free carboxylic acid 7

A mixture of the diester 6 (710 mg, 2.36 mmol) and 10% Pd/C
(71 mg) in methanol (20 ml) was vigorously stirred for 5 h at 40 °C
under hydrogen atmosphere. The catalyst was filtered off through
a celite pad and washed with methanol. The combined filtrates
were evaporated to give the free carboxylic acid 7 as a colorless
solid, which was dried in vacuo. Yield: 460 mg, 2.18 mmol, 92%;
mp: 162 °C; FT IR (KBr) v [cm™'] = 3421 [m], 3309 [s], 2971 [m],
1708 [s], 1683 [s], 1556 [w], 1458 [s], 1359 [m], 1275 [s], 1157 [s],
1127 [m], 815 [s]; "H-NMR (400 MHz, CDCl,, 27 °C): 6 = 1.59
(s, 9H, tBu), 6.67-6.68 (m, 1H, pyrrole-CH), 6.96-6.98 (m, 1H,
pyrrole-CH), 10.34 (br s, |H, pyrrole-NH); *C-NMR (100 MHz,
[D]DMSO, 27 °C): 6 = 27.9 (1Bu, CHj;), 80.6 (C,, tBu), 114.9
(pyrrole-CH), 114.9 (pyrrole-CH), 127.2 (C,), 127.5 (C,), 159.2
(C,, COO 1Bu), 161.3 (C,, COOH); HR-MS (ESI neg.) calcd for
C,H;NO, (=M — H): 210.077, found 210.077.

Synthesis of 9

A mixture of the rert-butyl ester 7 (1.75 g, 8.28 mmol), PyBOP
(4.30 g, 8.28 mmol) and N-methyl morpholine (1 ml) was stirred
in DMF (10 ml) at room temperature for 30 min. Cbz-Guanidine
8 (2.60 g, 13.47 mmol) was added and the resulting solution
stirred overnight. The red solution was hydrolyzed with water
(20 ml) and extracted three times with diethyl ether (40 ml).
The combined organic layers were extracted two times with water
(50 ml), dried (MgSO,) and evaporated. The crude product was
purified by column chromatography (SiO,, hexane—ethyl acetate =
8:2)yielding 9 as a colorless solid. Yield: 2.57 g, 6.65 mmol, 80%;
mp: 158 °C; FT IR (KBr) v [em™'] = 3395 [s], 3372 [s], 2977
[m], 1736 [s], 1705 [m], 1636 [s], 1535 [m], 1158 [s], 1275 [s], 1036
[s], 825 [m]; "H-NMR (400 MHz, CDCl;, 27 °C): 6 = 1.56 (s,
9H, Bu), 5.19 (s, 2H, benzyl-CH,), 6.77-6.78 (m, 1H, pyrrole-
CH), 6.85-6.86 (m, 1H, pyrrole-CH), 7.32-7.37 (m, SH, benzyl-
CH), 8.71 (brs, 1H, NH), 9.8 (br s, 1H, pyrrole-NH); "C-NMR
(100 MHz, [D4,]DMSO, 27 °C): 6 = 27.8 (tBu, CH;), 66.2 (benzyl-
CH,), 80.9 (C,, t-Bu), 114.8 (pyrrole-CH), 114.8 (pyrrole-CH),
127.8, (benzyl-CH), 127.9 (C,), 128.3 (C,), 159.2 (C,, COO rBu);
HR-MS (ESI pos.): caled for CyH,,N,O5 + H*: 387.159, found
387.168.
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Synthesis of the pyrrole carboxylic acid 10

A solution of the mono-Cbz protected arginine analogue 9 (2.57 g,
6.65 mmol) in trifluoroacetic acid (10 ml) and dichloromethane
(10 ml) was stirred for 3 h at room temperature. The trifluoroacetic
acid was evaporated in vacuo yielding 10 as a colorless solid. Yield:
2.20 g, 6.64 mmol, 99%; mp: 198 °C; FT IR (KBr) v [cm™'] =
3355 [s], 3329 [s], 3237 [m], 3142 [m], 2978 [m], 1755 [s], 1696
[s], 1651 [s], 1548 [m], 1351 [s], 1288 [m], 1233 [m]; 'H-NMR
(400 MHz, [D]DMSO, 27 °C): 6 = 5.18 (s, 2H, benzyl-CH,),
6.88 (br s, 1H, pyrrole-CH), 7.01 (br s, 1H, pyrrole-CH), 7.40—
7.41 (br s, SH, benzyl-CH), 9.00 (br s, 1H, NH), 9.54 (br s,
1H, pyrrole-NH), 12.08 (s, 1H, COOH); *C-NMR (100 MHz,
[DIDMSO, 27 °C): 6 = 67.6 (benzyl-CH,), 115.2 (pyrrole-CH),
115.2 (pyrrole-CH), 128.1 (benzyl-CH), 128.4 (C,), 128.5 (C,),
155.4 (C,, pyrrole-CONH), 161.1 (C,, COOH); HR-MS (ESI
pos.): caled for C;sH ,N,Os + H*: 331.094, found 331.099.

Synthesis of the protected arginine analogue 2-OMe

A mixture of the Cbz-protected guanidinocarbonyl pyrrole com-
pound 10 (3.45 g, 6.65 mmol), PyBOP (3.46 g, 6.65 mmol)
and N-methyl morpholin (4 ml) was stirred in DMF (10 ml)
at room temperature for 30 min. The amino acid 11 (2.88 g,
9.98 mmol) was added and the resulting solution stirred overnight.
The slightly yellow solution was hydrolyzed with water (20 ml) and
extracted three times with diethyl ether (40 ml) and ethyl acetate
(5 ml). The combined organic layers were extracted two times with
water (50 ml), dried (MgSO,) and evaporated. The crude product
was purified by column chromatography (SiO,, dichloromethane—
methanol = 10: 0.1 + 1% triethylamine) yielding the methyl ester
of 12 as a colorless solid. Yield: 2.74 g, 4.85 mmol, 73%; mp:
176 °C; FT IR (KBr) v [em™'] = 3277 [s], 3109 [m], 2958 [m],
1899 [s], 1544 [m], 1551 [s], 1387 [m], 987 [s], 852 [m]; "H-NMR
(400 MHz, [D,]DMSO, 27 °C): 6 = 3.51 (m, 1H, CH,), 3.61 (m,
1H, CH,), 3.62 (s, 3H, COOMe), 4.28 (q, J = 5.2 Hz, 1H, CH),
5.15 (s, 2H, benzyl-CH,), 5.25 (s, 2H, benzyl-CH,), 6.90 (br s,
1H, pyrrole-CH), 7.01 (br s, 1H, pyrrole-CH), 7.46-7.5 (m, 10H,
benzyl-CH),7.84(d,J =8.2Hz, 1H,NH), 8.62(t,J =5.9Hz, H,
NH), 8.88 (brs, IH, NH), 9.48 (br s, 1H, pyrrole-NH); *C-NMR
(100 MHz, [D¢]DMSO, 27 °C): 6 = 45.8 (CH,), 52.2 (CHj;), 53.8
(CH), 65.5 (CH,-benzyl), 112.3 (pyrrole-CH), 112.3 (pyrrole-CH),
127-128.3 (benzyl-CH), 128.4 (C,), 128.4 (C,), 155.9 (C,), 159.8
(Cy); HR-MS (ESI pos.): caled for C,sHxNOs + H*: 565.196,
found 565.197.

Synthesis of the bis-Cbz protected arginine analogue 2

A mixture of the methyl ester 2-OMe (1.49 g, 3.44 mmol)
and lithium hydroxide monohydrate (148 mg, 3.52 mmol) in
THF-water mixture (10 ml, 4 : 1) was stirred for 3 h until
complete hydrolysis. The organic solvent was evaporated and water
(57 ml) and dichloromethane (150 ml) were added to the resulting
solution. Acidification of the solution to a pH of 3-4 with 1 N
hydrochloric acid produced 2 yielding as a colorless solid which
was filtered and dried over phosphorus pentoxide. Yield: 1.89 g,
3.33 mmol, 99%; mp: >250 °C (decomposition); FT IR (KBr)
v [em™'] = 3389 [s], 3278 [s], 2765 [m], 1567 [s], 1222 [s], 987
[s], 889 [m], 852 [m]; '"H-NMR (400 MHz, [D]DMSO, 27 °C,
pikrate-salt): 6 = 3.02 (m, 1H, CH,), 3.63 (m, 1H, CH,), 4.23

(q, J = 5.2 Hz, 1H, CH), 5.02 (s, 2H, benzyl-CH,), 5.23 (s, 2H,
benzyl-CH,), 6.84 (br s, 1H, pyrrole-CH), 6.99 (br s, 1H, pyrrole-
CH), 7.33-7.57 (m, 10H, benzyl-CH), 7.59 (d, J = 8.2 Hz, 1H,
NH),8.54(t,J =5.7Hz, 1H,NH),9.29 (brs, IH,NH), 9.76 (brs,
1H, NH), 12.23 (br s, 1H, pyrrole-NH); *C-NMR (100 MHz,
[Ds]DMSO, 27 °C): 0 = 45.8 (CH,), 53.8 (CH), 65.5 (benzyl-CH),
112.3 (pyrrole-CH), 112.3 (pyrrole-CH), 127-128.3 (benzyl-CH),
128.4 (C,), 128.4 (C,), 155.9 (C,), 159.8 (C,), 171.89 (COOH);
HR-MS (ESI neg.): calcd for C,sH,sNgO; (= M — H): 549.174,
found 549.172.
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Redox silencing of the Fenton reaction system by an alkylitaconic acid,
ceriporic acid B produced by a selective lignin-degrading fungus,
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The selective lignin-degrading fungus, Ceriporiopsis subvermispora secretes alkylitaconic acids (ceriporic
acids) during wood decay. We reported that ceriporic acid B (hexadecylitaconic acid) was protective
against the depolymerization of cellulose by the Fenton reaction. To understand the redox silencing
effects, we analyzed the physicochemical and redox properties of itaconic, octylitaconic and
hexadecylitaconic acids. The initial rate of HO* production by the Fenton system with Fe**, H,0, and
L-cysteine was suppressed by hexadecylitaconic and octylitaconic acids by 0.04 and 0.16 of the reaction
rate without chelators. ESR, O, uptake and the assay of Fe?* with BPS demonstrated that Fe**
reduction by L-cysteine was suppressed by hexadecylitaconic and octylitaconic acids while the reaction
of Fe** with H,O, was not suppressed by the two alkylitaconic acids. Ligand exchange experiments with
NTA demonstrated that Fe** chelation by two carboxyl groups of alkylitaconic acids is a critical step in
iron redox modulation. In stark contrast, the production of HO* and reduction of Fe** were not
suppressed by itaconic acid due to HO-initiated degradation of the chelator. The strong redox silencing
effects by a series of alkylitaconic acids have attracted interest in controlling microbial plant cell wall
degradation and chemoprotection against cellular oxidative injury.

Introduction

Iron ions play a key role in fungal metabolism and growth. Since
the bioavailability of iron is limited in nature, a number of micro-
organisms produce iron-chelating agents, such as siderophores, to
aid in the assimilation of ferric iron.! On the other hand, some
microorganisms produce iron-chelating metabolites to sequester
Fe ions to facilitate metal tolerance.?> Wood rot fungi secrete Fe*-
reducing extracellular metabolites to promote the production of
hydroxyl radicals by the Fenton reaction to attack wood cell
walls.*"* The Fenton-based *OH-producing system plays a central
role in wood decay by brown rot fungi.*** It was shown that
natural Fe**-reductants secreted by the brown rot basidiomycete
Gloeophyllum trabeum depolymerized cellulose in combination
with iron ions and H,0,." Structural analysis of cellulose after
brown rot decay supports that the Fenton reaction is the major
pathway in the breakdown of cellulose by these microorganisms.**
The production of hydroxyl radicals is also proposed as a possible
low molecular mass agent that increases the porosity of wood
cell walls in non-selective white rot.*¢" In contrast to wood
rot fungi with high cellulolytic activity, a selective white rot
fungus, Ceriporiopsis subvermispora is able to decompose lignin
in wood cell walls without excessive cellulose damage.* Lignin
biodegradation proceeds by a free radical process in the presence
of molecular oxygen and transition metals. Reductive radicals such
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as the semiquinone radical reduce molecular oxygen to produce
superoxide, which in turn reduces Fe** or disproportionate into
H,0,. Fe** is directly reduced by semiquinone radicals and lignin-
derived phenols such as guaiacol and catechol. Thus, if some
inhibition systems for the iron redox reactions were not involved in
the wood decaying systems, production of the cellulolytic oxidant,
hydroxyl radical is inevitable. Therefore, we hypothesized that
selective white rot fungi secrete low-molecular-mass chelators
which inhibit the depolymerization of cellulose by inhibiting the
redox cycling of iron ions in the Fenton system during free-radical-
mediated lignin biodegradation.® We then demonstrated that ceri-
poric acid B, an alkylitaconic acid produced by C. subvermispora,
inhibited the depolymerization of cellulose by the Fenton reaction
even in the presence of Fe**-reductants such as hydroquinone.*
The suppressive effects of ceriporic acids in the Fenton system
are in contrast to the effects of itaconic acid, a metabolite of
fungi such as Aspergillus itaconicus,*® Helicobasidium mompa,”
Ustilago zeae* U. maydis® and some yeasts belonging to the
genus Candida.® To assess redox modulation by (alkyl)itaconic
acids, we synthesized octyl (1-undecene-2,3-dicarboxylic acid) and
hexadecyl (ceriporic acid B; 1-nonadecene-2,3-dicarboxylic acid)
itaconic acids, and comparatively analyzed the physicochemical
and redox properties of itaconic acid derivatives with a long,
medium and no alkyl side chain.

Materials and methods
Materials

Itaconic acid, 1-bromohexadecane, 1-bromooctane, FeCl;, FeSO,,
bathophenanthrolinedisulfonic acid disodium salt (BPS), H,O,,
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L-cysteine and L(+)-ascorbic acid were obtained from Wako
Pure Chemical Industries (Osaka, Japan). Magnesium turnings,
nitrilotriacetic acid (NTA) and hydroquinone were obtained from
Nacalai Tesque (Kyoto, Japan). A spin trapping reagent, o-
(4-pyridyl-1-oxide)- N-tert-butylnitrone (4-POBN) was obtained
from Labotec (Tokyo, Japan). All other chemicals used were of
analytical reagent grade. Water was purified using an EASYpure©
compact ultrapure water system (Barnstead, IA) throughout this
study.

Instrumental analysis

GC-MS analysis was carried out with a Shimadzu GCMS-
QP5050A gas chromatograph mass spectrometer (Kyoto, Japan)
equipped with a DB-SHT column (length, 30 m; i.d., 0.25 mm;
thickness, 1 um; J & W Scientific Inc., CA). The electron impact
mass spectrum (EI-MS) was recorded at an ionization energy of
70 eV. The column oven temperature was maintained at 50 °C for
3 min and subsequently raised from 50 °C to 100 °C at 40 °C min',
from 100 °C to 210 °C at 3 °C min~!, and from 210 °C to 300 °C
at 12 °C min~' and maintained for 15 min. 'H- and "C-NMR
spectra were measured with a JEOL 4-400 NMR spectrometer
(Tokyo, Japan) at 400 MHz, 20 °C in CDCl;. Surface tension was
measured using a KRUSS Digital Tensiometer K9 (Hamburg,
Germany). pH titration was carried out using a HORIBA pH
meter D21 (Kyoto, Japan). UV-vis absorption spectra were
measured with a HITACHI U-3310 Spectrophotometer (Tokyo,
Japan) at 25 °C. ESR spectra were measured with a JEOL JES-
FR30 Free Radical Monitor (Tokyo, Japan) at room temperature
under the following conditions: frequency, 9.425 GHz; center field,
335.6 mT; sweep width, 5.0 mT; modulation width, 0.10 mT;
receiver gain, 320; data points, 4096; time constant, 0.10 s; sweep
time, 1.0 min; power, 4.0 mW.

Synthesis of ceriporic acid B and its analogues

Hexadecylitaconic acid (ceriporic acid B; 1-nonadecene-2,3-
dicarboxylic acid, 5) and dimethyl hexadecylitaconate (dimethyl
1-nonadecene-2,3-dicarboxylate, 4) were synthesized according to
Fig. 1 as described.”

Dimethyl octylitaconate (dimethyl 1-undecene-2,3-dicar-
boxylate, 6) was synthesized using the Grignard reaction from
dimethyl (a-bromomethyl)fumarate, 3. Procedures for the reaction
and purification were as described for hexadecylitaconic acid?’
except for the preparation of the Grignard reagent. The tem-
perature for the Grignard reaction was lowered from 50-55 °C
to 30-35 °C due to the higher reactivity of 1-bromooctane with
magnesium compared to that of I-bromohexadecane. Distilled
tetrahydrofuran (74.8 mL), compound 3 (3.94 g, 16.6 mM) and 1-
bromooctane (4.24 g, 22.0 mM) were prepared to give compound
6 (1.54 g, 5.70 mM: 34.3% from 3). Compound 6 was then
demethylated by acidolysis. A mixture of 6 (0.88 g, 3.3 mM),
formic acid (22.9 mL), hydroquinone (4.6 mg) as a polymerization
inhibitor, and sulfuric acid (0.323 g) was heated at 100 °C for
3 hours with stirring to give octylitaconic acid (1-undecene-2,3-
dicarboxylic acid, 7, 0.40 g, 1.7 mM: 51% from 6): 6y (400 MHz,
CDCl;) 0.85 (3H, s, CH,CH); 1.23 (12H, m, CH,); 1.64 (1H, m,
H-4); 1.86 (1H, m, H-4); 3.37 (1H, t, H-3); 5.78 (1H, s, CH,=,
trans); 6.44 (1H, s, CH,=, cis), oc (400 MHz, CDCl;) 14.1 (C-
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Fig. 1 Synthetic route for l1-nonadecene-2,3-dicarboxylic acid and 1-
undecene-2,3-dicarboxylic acid. 1, itaconic acid; 2, dimethyl itaconate;
3, dimethyl (o-bromomethyl)fumarate; 4, dimethyl hexadecylitaconate
(dimethyl 1-nonadecene-2,3-dicarboxylate); 5, hexadecylitaconic acid
(ceriporic acid B; 1-nonadecene-2,3-dicarboxylic acid); 6, dimethyl
octylitaconate (dimethyl 1-undecene-2,3-dicarboxylate); 7, octylitaconic
acid (1-undecene-2,3-dicarboxylic acid).

11); 22.6 (C-10); 27.4 (C-5); 29.3-29.6 (C-6-C-9); 31.8 (C-4); 47.8
(C-3); 127.4 (C-2); 137.6 (C-1); 171.1 (Cp)~COOH); 179.8 (Cysy
COOH), m/z 224(1%), 196 (3), 179 (1), 163 (1), 150 (4), 139 (7),
126 (100), 111 (8), 98(35), 81 (8), 70 (10), 57 (28), 43 (60).

Determination of surface tension activity of octylitaconic acid

The surface tension of octylitaconic acid was compared with that
of Tween 20 and Tween 80. Each compound was dissolved in water
at a concentration range of 0.1 mg L' to 100 mg L~". Each sample
(5 mL) was placed in a vessel and surface tension was measured
in triplicate.

Acid dissociation constants of ceriporic acid B and its analogues

To determine the acid dissociation constant of hexadecylitaconic
acid, octylitaconic acid, and itaconic acid, pH titration was
carried out at room temperature. The electrode was calibrated
using standard aqueous buffers (pH 4.0 and 7.0). Solutions were
prepared with 50% (v/v) EtOH(aq) due to the low solubility of
hexadecylitaconic acid in water, and ionic strength was adjusted
to 100 mM by adding NaNO;. Ten millilitres of hexadecylitaconic
acid, octylitaconic acid, and itaconic acid solution (1 mM each)
containing HNO; (4 mM) were titrated with 10 mM NaOH in 50%
(v/v) EtOH(aq). The pH was measured after every incremental
addition of NaOH solution (20 pL) with stirring until the pH
value reached 12.0.

Effects of ceriporic acid B and its analogues on HO® production

To investigate the effects of itaconic acid derivatives on HO"
production in the Fenton system, the spin trapping method was
carried out as described.® With an excess of ethanol versus 4-
POBN, HO" produced by the Fenton reaction reacts with ethanol
to yield the o-hydroxyethyl radical according to (eqn (1)). The
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o-hydroxyethyl radical is trapped with 4-POBN (eqn (2)), and the
spin adduct produced is quantified by ESR:

CH,CH,0OH + HO* — CH,;C'HOH + H,O (1)

CH,C'HOH + 4-POBN — 4-POBN-CH,(CH,)OH )

Concentrated stock solutions of hexadecylitaconic acid, octylita-
conic acid, dimethyl hexadecylitaconate, dimethyl octylitaconate
and itaconic acid (30 mM each) were prepared in ethanol. Those
of FeSO, and FeCl; (1 mM each), 4-POBN (1 M), reductants
(0.5 mM each) and H,O, (2 mM) were prepared in succinate buffer
(25 mM, pH 4.0).

The required amounts of succinate buffer and FeCl; stock
solution were poured into a 10 mL vial immediately after prepa-
ration, and then the stock solution of itaconic acid derivatives
and ethanol were added to the solution. After pre-incubation for
30 min, stock solutions of 4-POBN, reductants, and H,O, were
added sequentially. The total volume of the reaction solution was
200 pL. The amount of spin adduct was measured at 1, 5, 10, and
15 minutes after the addition of H,O,. These experiments were
carried out in triplicate. The final concentrations of each reagent
at the starting point of the reaction are described in each legend
of the figures and tables.

The experiments using FeSO, instead of FeCl;-reductant were
carried out in the same way.

Effects of ceriporic acid B and its analogues on dissolved oxygen
consumption in the process of iron redox reaction

The production of Fe** was determined by oxygen uptake exper-
iments. Stock solutions of hexadecylitaconic acid, octylitaconic
acid and itaconic acid (30 mM each) were prepared in ethanol,
whereas those of FeSO, and FeCl; (10 mM each), L-cysteine (5
mM) and H,0, (20 mM) were prepared in water.

Stock solutions of H,0,, L-cysteine, and itaconic acid derivative
in ethanol were mixed in a 10 mL test tube equipped with an
oxygen electrode. Aqueous FeCl; was added to start the reaction.
Experiments using FeSO, instead of FeCl;—L-cysteine were carried
out in the same way.

Effects of ceriporic acid B and its analogues on the reduction of
FeS+

BPS, a strong chelator of Fe**, was used to determine Fe**
produced by the reduction of Fe**. The production of [Fe(BPS);]**
was determined by the absorbance at 534 nm (eqn (3)) (s is
22140 Leq™" ecm™"). 23

Fe2* + 3BPS — [Fe(BPS)** 3)

Stock solutions of hexadecylitaconic acid, octylitaconic acid
and itaconic acid (4 mM each) were prepared using ethanol. Those
of NTA (4 mM), BPS (10 mM) and the reductant for Fe** (100
mM) were prepared using succinate buffer (25 mM, pH 4.0). FeCl,
(2 mM) was dissolved in succinate buffer (25 mM, pH 4.0) and
immediately used for the assay of Fe* reduction. A stock solution
of the itaconic acid derivative was added to FeCl; solution in a
10 mL vial. Stock solutions of BPS and the reductant were finally
added after incubating Fe* with NTA for 30 min. Absorption was
measured at 534 nm. The total volume of the reaction solution was

1.0 mL and the experiments were carried out in triplicate. The final
concentrations of each reagent at the starting point of the reaction
are described in the legends of Fig. 8 and Table 3.

Theoretical calculation of HOMO energy of ceriporic acid B and
its analogues

Differences in HOMO (highest occupied molecular orbital) ener-
gies of geometrically optimized itaconic acid derivatives including
itaconic acid, octylitaconic acid, and hexadecylitaconic acid were
estimated by the MOS-F module in FUJITSU WinMOPAC
Version 3.5 (Tokyo, Japan, 2002), semi-empirical molecular orbital
calculation software examining the effect of alkyl chain lengths of
itaconic acid derivatives on the inhibitory effect on Fe*™ reduction
and HO" production.

Results
Surface tension activity of octylitaconic acid

Surface tensions of Tween 20, Tween 80, and octylitaconic acid are
shown in Fig. 2. Surface activities of octylitaconic acid were lower
than those of Tween 20 and Tween 80 between the concentrations
of 0.1 mg L' and 10 mg L-'. At concentrations higher than
50 mg L', surface activities increased linearly and exceeded
those of Tween 20 and Tween 80. It was difficult to measure the
surface activities of octylitaconic acid at concentrations higher
than 100 mg L' due to low solubility.
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Fig. 2 Surface tension activities of octylitaconic acid (H), Tween 20 (O)
and Tween 80 (A).

Acid dissociation constants of ceriporic acid B and its analogues

The pH titration curves for (alkyl)itaconic acid are shown in Fig. 3.
The pK,, and pK,, values of itaconic acid in aqueous ethanol
solution were 4.5 and 6.5, respectively. These values were slightly
higher than those in a previous report (pK,,, 3.8 and pK,,, 5.7)
measured in water.”® The pK, and pK,, of hexadecylitaconic
acid were 4.5 and 7.8, respectively. For octylitaconic acid, pK,,
and pK,, were 4.6 and 7.6, respectively. Differences between the
pK,, values of these three itaconic acid derivatives were within
0.1; however, the pK,, of itaconic acid was lower than those of
hexadecylitaconic acid and octylitaconic acid by 1.3 and 1.1,
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(O) and hexadecylitaconic acid (A) in the presence of 100 mM NaNO;
and 4 mM HNO; in aqueous EtOH (50%, v/v) at room temperature.

respectively. The chain lengths of the two alkylitaconic acids,
hexadecylitaconic acid and octylitaconic acid, did not affect the
pK., or pK,, values significantly.

pH dependence on the molar fraction of each acid was
calculated using the pK, values, as shown in Fig. 4(a)-(c). It
was found that the pH dependence of [HA™] of itaconic acid is
different from that of octylitaconic acid and hexadecylitaconic
acid; the maximum [HA "] of itaconic acid was lower than that of
octylitaconic acid and hexadecylitaconic acid. The highest [HA ]
molar fraction of itaconic acid was 81.6% at pH 5.5 although those
of hexadecylitaconic acid and octylitaconic acid were 94.1% and
95.7% at pH 6.1, respectively. The [HA ] of itaconic acid was the
primary fraction at pH 4.6-6.3 although with hexadecylitaconic
acid and octylitaconic acid the primary fraction was at pH 4.7-7.5
and pH 4.6-7.7, respectively. Around 80% of the three itaconic
acid derivatives exist as “H,A” at pH 4, used in the experiments
for the determination of their inhibitory effects on Fe** reduction
and HO" production.
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Fig. 4 The pH dependencies of molar fraction diagrams of itaconic
acid derivatives (1 mM) in aqueous EtOH (50%, v/v) at 100 mM ionic
strength and room temperature. (a) Itaconic acid; (b) octylitaconic acid;
(c) hexadecylitaconic acid. Each line shows the molar fraction of [H,A]
( )s [HAT] (---) and [A*] (- - ).

Effects of ceriporic acid B and its analogues on HO* production

The production of HO® in the Fenton system containing
(alkyDyitaconic acid (octylitaconic acid, dimethyl octylitaconate
and itaconic acid) and a reductant for Fe’*, L-cysteine, was deter-
mined (Fig. 5). No suppressive effects were found for dimethyl
octylitaconate (A). Itaconic acid (<) slightly accelerated HO® pro-
duction, whereas HO" production was suppressed by octylitaconic
acid (O).

50 T T

40
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Fig. 5 Effects of octylitaconic acid (O), dimethyl octylitaconate (A),
and itaconic acid (&) on HO" production by Fe**—L-cysteine and H,O,
in succinate buffer (pH = 4.0) containing 20% (v/v) EtOH at room
temperature. [Fe’*] = 0.1 mM, [itaconate derivative] = 3 mM, [H,0,] =
0.5 mM, [L-cysteine] = 0.05 mM, [POBN] = 100 mM. In a control
experiment (H), no itaconate derivatives were added.

Fig. 6 shows the results of the direct reactions of Fe?* with
octylitaconic acid, dimethyl octylitaconate or itaconic acid. In the
Fe?* system, the amount of spin adduct rapidly increased within
a minute and reached a plateau. Among the three (alkyl)itaconic

100 T T

ESR intensity of spin adduct / arb. units
Ot

10 15

Time / min

Fig. 6 Effects of octylitaconic acid (O), dimethyl octylitaconate (A), and
itaconic acid (&) on HO® production by Fe** and H,O, in succinate buffer
(pH = 4.0) containing 20% (v/v) EtOH at room temperature. [Fe**] =
0.1 mM, [itaconate derivative] = 3 mM, [H,0,] = 0.5 mM, [POBN] =
100 mM. In control experiment (M), no itaconic acid derivatives were
added.
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Table 1

Initial rate and cumulative amount of HO* production by the reaction of Fe**-reductant-itaconate derivative

Reductant Itaconate derivative Initial rate* Cumulative amount®*
L-Cysteine — 1.00 1.00
Hexadecylitaconic acid 0.04 0.04
Dimethyl hexadecylitaconate 0.94 0.96
Octylitaconic acid 0.16 0.05
Dimethyl octylitaconate 0.89 1.03
Itaconic acid 0.96 1.16
L(+)-Ascorbic acid — 1.00 1.00
Hexadecylitaconic acid 0.11 0.13
Dimethyl hexadecylitaconate 0.84 1.03
Octylitaconic acid 0.38 0.11
Dimethyl octylitaconate 0.98 1.02
Itaconic acid 1.04 1.21
Hydroquinone — 1.00 1.00
Hexadecylitaconic acid 0.12 0.13
Dimethyl hexadecylitaconate 0.97 1.03
Octylitaconic acid 0.16 0.04
Dimethyl octylitaconate 0.81 1.02
Itaconic acid 0.80 1.06

Experiments were carried out in succinate buffer (pH = 4.0) containing 20% (v/v) EtOH at room temperature. [Fe**] = 0.1 mM, [H,0,] = 0.5 mM,
[itaconate derivative] = 3 mM, [reductant] = 0.05 mM, [4-POBN] = 100 mM. Experimental procedure is described in Materials and Methods.” Values are
expressed as a ratio of the two reaction systems with and without itaconic acid derivatives. * Cumulative amount of HO* produced during the first 15 min.

acid derivatives, suppression of HO* production was found only for
octylitaconic acid as in the Fe**—reductant system. The production
of HO" in the presence of octylitaconic acid was less than 3% of
the control.

All results in the reactions for the Fe**-reductant system
and those for Fe** are shown in Table 1 and 2, respectively.
When hexadecylitaconic acid or octylitaconic acid was added
to the Fe**-reduction and Fe** systems, HO® production was
inhibited 15 minutes after starting the reaction. In the com-
parison between the system of Fe**-reductant and Fe**, the
inhibition effect of HO® production by hexadecylitaconic acid
and octylitaconic acid in the Fe**-reductant system was larger
than that in the Fe®* system. Furthermore, the initial rates of
HO* production in the Fe** system containing hexadecylitaconic
acid and octylitaconic acid were bigger than in the Fe**—reductant
system.

Table 2 Initial rates of HO" production and cumulative amount of it at
15 min after reaction started in the Fe**—itaconate derivative system

Itaconate derivative Initial rate® Cumulative amount“:®

— 1.00 1.00
Hexadecylitaconic acid 0.45 0.26
Dimethyl hexadecylitaconate ~ 0.91 1.05
Octylitaconic acid 0.36 0.21
Dimethyl octylitaconate 0.92 1.03
Itaconic acid 0.89 1.02

Experiments were carried out in succinate buffer (pH = 4.0) containing
20% (v/v) EtOH at room temperature. [Fe?*] = 0.1 mM, [H,0,] = 0.5 mM,
[itaconate derivative] = 3 mM, [4-POBN] = 100 mM. Experimental
procedure is described in Materials and Methods.” Values are expressed
as a ratio of the two reaction systems with and without itaconic acid
derivatives. * Cumulative amount of HO" produced during the first 15 min.

Effects of ceriporic acid B and its analogues on dissolved oxygen
consumption in the process of iron redox reaction

The effects of hexadecylitaconic acid and its analogues on
dissolved oxygen consumption in the iron redox reaction are
shown in Fig. 7. Dissolved oxygen was consumed by Fe** in the
presence of hexadecylitaconic acid, octylitaconic acid and itaconic
acid according to eqn (1). Mixing Fe**, itaconic acid and L-cysteine
decreased dissolved oxygen; however, dissolved oxygen was not
consumed when Fe** was premixed with hexadecylitaconic acid or
octylitaconic acid followed by addition of L-cysteine as a reductant
for Fe™.

Effects of ceriporic acid B and its analogues on the reduction of
Fe*

Effects of hexadecylitaconic acid, octylitaconic acid and itaconic
acid on Fe** reduction by a reductant, L-cysteine, were investigated
in the presence and absence of a chelating reagent, NTA. When
NTA was not added (hexadecylitaconic acid +, NTA —; O), the
production rate of [Fe(BPS),]** decreased compared with a control
experiment (hexadecylitaconic acid —, NTA —; H) as shown in
Fig. 8. On the other hand, when hexadecylitaconic acid and NTA
were added (hexadecylitaconic acid +, NTA +; A), the initial rate
of [Fe(BPS);]** production increased about five times compared
with when only hexadecylitaconic acid was added (O).

All results are shown in Table 3. When hexadecylitaconic acid
or octylitaconic acid was added to the Fe**—reduction and the Fe?*
systems, HO* production was inhibited 15 minutes after starting
the reaction. In a comparison of the system of Fe**—reductant with
Fe?*, the inhibition effect of HO® production by hexadecylitaconic
acid and octylitaconic acid in the Fe**-reductant system was
greater than that with Fe?*. Furthermore, the initial rate of HO"
production in the Fe** system containing hexadecylitaconic acid or
octylitaconic acid was greater than in the Fe**—reductant system.
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Fig. 7 Time course of dissolved oxygen consumption in Fe**~H,0, (a)
and Fe**-1-cysteine—H,0, (b) systems containing 20% (v/v) EtOH in the
presence of hexadecylitaconic acid (O), itaconic acid (A) and octylitaconic
acid (©). [itaconate derivatives] = 3 mM, [H,0,] = 5 mM. (a): [Fe**] =
I mM. (b): [Fe**]= 1 mM, [L-cysteine] = 0.5 mM. In the control experiment
(M), itaconaic acid derivatives were not added.

Theoretical calculation of HOMO energy of ceriporic acid B and
its analogues

The HOMO energy of itaconic acid derivatives with different chain
length is shown in Fig. 9. Alkylitaconic acids with a long alkyl side
chain have higher HOMO energies. Differences in HOMO energy
were marked between itaconic acid and the two alkyl itaconic
acids.

Discussion

The biodegradation of lignin by wood rot fungi is an extracellular
free radical event that proceeds in concert with the activation of
molecular oxygen and redox cycling of transition metals. Hydroxyl
radicals (HO"), a radical species highly destructive to cellulose
and lignin,*® are proposed as principal low molecular mass
oxidants that erode wood cell walls to enhance the accessibility
of extracellular enzymes to wood cell wall components. Wood
rot fungi have versatile enzymatic and non-enzymatic systems to
accelerate the reductive half cycle from Fe** to Fe?.%2021:27:3236 The
reduction of Fe** promotes the overall production rate of hydroxyl
radicals in the Fenton system. Therefore, the development of
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Fig. 8 Effects of hexadecylitaconic acid and NTA on [Fe(BPS);]*
production by Fe**-L-cysteine-BPS in succinate buffer (pH = 4.0)
containing 10% (v/v) EtOH at room temperature. [Fe*] = 0.02 mM,
[hexadecylitaconic acid] = 0.04 mM, [L-cysteine] = 10 mM, [NTA] =
0.04 mM, [BPS] = 1.0 mM. The complete system (hexadecylitaconic
acid +, NTA+; A) contained all reagents. The reaction system of
(hexadecylitaconic acid +, NTA —, O) did not contain NTA. In the control
experiment (hexadecylitaconic acid —, NTA —, W), hexadecylitaconic acid
and NTA were omitted.

Table 3 Initial rate of [Fe(BPS);]** production in reactions of Fe¥—
reductant—itaconic acid derivatives

Reductant Itaconate derivative Chelator  Initial rate”
L-Cysteine — — 1.00
Hexadecylitaconic acid ~ — 0.41
Hexadecylitaconic acid ~ NTA 2.06
Octylitaconic acid — 0.69
Octylitaconic acid NTA 1.72
Itaconic acid — 0.53
Itaconic acid NTA 1.16
L(+)-Ascorbic acid  — — 1.00
Hexadecylitaconic acid ~ — 0.33
Hexadecylitaconic acid ~ NTA >10
Octylitaconic acid — 0.56
Octylitaconic acid NTA 2.00
Itaconic acid — 1.11
Itaconic acid NTA 1.06
Hydroquinone — — 1.00
Hexadecylitaconic acid ~ — 0.34
Hexadecylitaconic acid ~ NTA 1.47
Octylitaconic acid — 0.62
Octylitaconic acid NTA 2.20
Itaconic acid — 0.44
Itaconic acid NTA 1.66

Experiments were carried out in succinate buffer (pH = 4.0) containing
10% (v/v) EtOH at room temperature. [Fe**] = 0.02 mM, [BPS] =
1.0 mM, [itaconate derivative] = 0.04 mM, [reductant] = 10 mM,
[NTA] = 0.1 mM. Experimental procedure is described in Materials and
Methods.” Values are expressed as a ratio of two reactions systems with and
without itaconic acid derivatives. The rate of [Fe(BPS);]** production in
the reduction of Fe** with L-cysteine, L(+)-ascorbic acid and hydroquinone
was 1.2 x 10 M s™, 7.2 x 10®* M s~ and 4.6 x 10~ M s™', respectively.

inhibitors for Fe** reduction is a viable target for antifungal agents
in wood preservation.”’

In contrast to the wood decay accompanied by the erosion
of wood cell walls and cellulose depolymerization, a selective
white rot fungus, C. subvermispora, decomposes lignin in wood
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Fig. 9 The highest occupied molecular orbital (HOMO) energies of
itaconate derivatives with various lengths of side chain.

without erosion of the wood cell walls at a site far from enzymes.
Wood decay proceeds without extensive damage to cellulose
in an environment where free radicals, lignin-derived phenols,
are produced in the presence of O, and Fe ions. Therefore we
hypothesized that this fungus produces inhibitors for Fenton-
based HO® production, and isolated three novel alkylitaconic
acids: 1-heptadecene-2,3-dicarboxylic acid (ceriporic acid A), 1-
nonadecene-2,3-dicarboxylic acid (ceriporic acid B) and (Z)-
1,10-nonadecadiene-2,3-dicarboxylic acid (ceriporic acid C) from
extract-free wood cultures of C. subvermispora.***3¢ In vitro
experiments showed that ceriporic acid B (hexadecylitaconic
acid) inhibited the depolymerization of cellulose by the Fenton
reaction at the physiological pH of wood decay.* In this study, we
comparatively analyzed the physicochemical and redox properties
of itaconic acid derivatives with long, medium and no alkyl side
chains to discuss the structure—function relationship of this series
of metabolites.

Production of HO® was strongly suppressed by octylitaconic
acid and hexadecylitaconic acid in the Fenton reaction starting
from Fe** in the presence of a reductant, cysteine, ascorbic
acid or hydroquinone. Octylitaconic acid has strong surfactant
activity comparable to that of Tween 20 and Tween 80 (Fig. 2).
Hexadecylitaconic acid decreased the initial rate of HO* produc-
tion more intensively than octylitaconic acid did, but differences
between the two alkylitaconic acids in the total amount of HO"
produced during 15 min were negligible. When the carboxyl groups
of hexadecylitaconic acid and octylitaconic acid were esterified,
inhibitory effects on HO" production disappeared, indicating
that free carboxyl groups and the alkyl side chain are essential
components for the suppression of HO" production.

The reactions of Fe** with H,0, in the presence of
(alkyl)itaconic acids exhibited an HO" production profile distinc-
tively different from the reactions initiated by mixing Fe**, H,O,
and a reductant. In reactions starting from Fe?*, the production
of HO" increased rapidly in one minute, regardless of the presence
of alkylitaconic acids; however, the rate of HO® production
decreased to zero within one minute after the reaction. This is
explained by the mechanism by which alkylitaconic acids inhibited
a reductive half cycle from Fe** to Fe?* by coordinating Fe**. As

alkylitaconic acids have oxygen atoms as the sole coordination site,
coordination to Fe?* is much weaker than that to Fe’* as explained
by the HSAB theory.*® For example, stability constants (logK) of
iron-dicarboxylic acid complexes are as follows: Fe(i1)-malonic
acid, 2.8 (k,); Fe(in)-malonic acid, 15.7(k,k,k;); Fe(i1)-oxalic acid,
5.2 (kik,ks); Fe(t)-oxalic acid, 18 (k k,k;).* Therefore stability
constants of Fe(ir)-alkylitaconic acid must be smaller than those
of Fe(1n)-alkylitaconic acid.

Suppression of the reductive half cycle from Fe’* to Fe** by
alkylitaconic acids was clearly demonstrated by oxygen uptake
experiments. In general, iron chelators affected iron-mediated
Haber—Weiss reactions involving the oxidation of Fe** by O, (Fe**
+ 0, — Fe** + 0,"7).* In the experiments of Fe** with H,O, in
the presence of three itaconic acid derivatives, no differences were
found in the initial reaction rate of O, consumption. In contrast,
O, uptake was strongly inhibited by hexadecylitaconic acid and
octylitaconic acid when reactions were started by mixing Fe’*,
H,0, and a reductant, cysteine. No inhibitory effects were found
for itaconic acid in the reaction starting from Fe** as well as in the
reaction from Fe?*.

The effects of (alkyl)itaconic acids on Fe** reduction were
analyzed using a ligand for Fe’*, BPS. At a ligand to Fe*
molar ratio of 30 : 1, Fe** reduction was completely inhibited
by hexadecylitaconic acid (data not shown). No ligand exchange
reactions with NTA and EGTA occurred under this condition due
to steric crowding. When the molar ratio of the ligand to Fe** was
2 : 1, hexadecylitaconic acid and octylitaconic acid suppressed
Fe’* reduction, but the addition of a strong iron chelator, NTA,
abolished these suppressive effects due to a ligand exchange
reaction and the high oxidation potential of the resultant Fe**-
NTA complex.* These observations illustrate that alkylitaconic
acids suppressed the reductive half cycle in the Fenton system
by coordinating Fe** as discussed in the ESR and oxygen uptake
experiments.

Itaconic acid is oxidized by HO® to form the [-hydroxy
itaconate radical, which in turn polymerizes (Fig. 10).** Under
aerobic conditions, part of the radical intermediate reacts with
molecular oxygen to form the B-hydroxy peroxyl radical. The
differential profiles between itaconic and alkylitaconic acids in
oxygen consumption are ascribed to the susceptibility to oxidation
by HO" as expected from the differences in steric effects of the
side chain rather than HOMO energy. GCMS analyses after the
reactions showed that itaconic acid was decomposed due to the
radical reaction but hexadecylitaconic acid and octylitaconic acid
remained intact after the Fenton reaction in the presence and
absence of NTA (data not shown).

COOH
HO® . OH (polymerization)

- —_— s .7

COOH

COOH COOH COOH
(dissolved O, consumption)

\ /\TyCOOH

‘00
COOH

Fig. 10 Proposed pathway for the oxidation of itaconic acid by HO".
In conclusion, the strong redox silencing ability of alkylitaconic

acids—hexadecylitaconic acid and its analogue octylitaconic
acid—driven by the suppression of Fe** reduction has been
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established. Iron is an essential element for living organisms
but iron can damage tissues by catalyzing the production of
reactive oxygen species (ROS). A number of iron chelators
like desferrioxamine (DFO), 1,10-phenanthroline and pyridoxal
isonicotinoyl hydrazone (PIH) have been studied to suppress iron-
mediated oxidative injury. In view of anitioxidative therapy, it is
of considerable interest to control ROS in vivo using a series of
lipophilic and amphipathic alkylitaconic acids with different chain
lengths.

Conclusion

The reactivity of iron varies greatly depending on its ligand envi-
ronment. A selective white rot fungus, C. subvermispora secretes
alkylitaconic acids to suppress the production of hydroxyl radicals
by the Fenton reaction even in the presence of reductants for Fe**.
The alkyl side chain and coordination by the two carboxylic groups
in the metabolite are essential for redox silencing and high stability
against oxidative degradation by HO". These findings indicate that
the alkyl side chain in metabolites functions as a switching “device”
to control antioxidant activities in addition to the hydrophobicity
and amphipathic properties of the metabolites.
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Organic synthesis in microreactors is a novel way of performing reactions in a highly controlled way.
The benefits of microreactors result from their physical properties, such as enhanced mass and heat
transfer as well as regular flow profiles leading to improved yields with increased selectivities.

Introduction

Microstructured reactors are now finding their way into research
laboratories and can offer many advantages to conventional
laboratory techniques.' There are more and more examples where
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microreactors are integrated into pilot plants or even into large
scale production lines.® In this short review, we will focus on the
various benefits this technology can offer for advanced organic
synthesis. The use of microreactors allows the controlled mixing
of reagents and the reaction time with a substrate is directly pro-
portional to the length of the microchannel. Furthermore, control
over thermal or concentration gradients within the microreactor
allows new methods for efficient chemical transformations with

high space-time yields. The generation of hazardous intermediates
in situ is safe as only very small amounts are generated and directly
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reacted in a closed system. First reports have appeared with the
integration of appropriate analytical devices on the microreactor
which allow a rapid feedback for optimisation. Even the synthesis
of solids has been described using microstructured devices.

Stoichiometric reactions
Addition reactions

Reactions involving carbonyl compounds have a long tradition
in organic chemistry but there are advantages of microreactor
technology over conventional batch procedures using flasks. For
example, for 1,4-addition of enolates to o,B-unsaturated carbonyl
compounds, it was found that conversions using a glass microre-
actor are higher compared with those obtained in batch reactions.
1,3-Dicarbonyl compounds 1 were reacted with a mixture of ethyl
propiolate 2 and diisopropylethylamine as a base to yield addition
products 3 in 95-100% conversion whereas conversions using
batch techniques were in the range of 78-91% (Scheme 1).”

(0] (0]
EtProN
o o Il EtOH o i~
+ -
R! MRz 4 examples

COEt 95-100% conversion N

1 2 5 COREt
Scheme 1 1,4-Addition of enolates to ethyl propiolate 2.

Regioselective acylations of enolates can be achieved using
microreactor technology. Usually, such reactions can result in
the formation of C-acylated as well as O-acylated products,
which are difficult to separate. The formation of unwanted side-
products in this acylation can be completely suppressed using
microreactor technology. Silyl enol ethers have been treated with
an anhydrous fluoride source to generate the corresponding
enolates. Depending on the acylation reagent, either C-acylated as
well as O-acylated products can be obtained selectively.® Reaction
of the silyl enol ether of acetophenone 4 with benzoyl fluoride
in a glass microreactor led to an exclusive formation of the
O-acetylated product 5 with 100% conversion, whereas the use
of benzoylcyanide led to the formation of only the C-acylated
product 6 (98% conversion) (Scheme 2).°

. X
X

Ph” F Ph
OTMS 5 (100% conversion)
/& TBAF, THF
Ph \
4 0 o o0
ph)J\CN PhMPh

6 (98% conversion)
Scheme 2 Oxygen versus carbon acylation of silyl enol ethers.

The direct generation of enolates from ketones using other solu-
ble bases was investigated as well. Either phosphazene bases such
as P,-rBu or potassium-zerz-butoxide with 18-crown-6 were used
to generate enolates for alkylation reactions in glass microreactors

using electroosmotic flow (EOF) to control the flow of solvents
(Scheme 3). The conversions were high whereas in the batch
reaction, low conversions and considerable amounts of dialkylated
product were observed.*

KOMBu, 18-crown-6 o)

or
P,-Bu

tBul\k
\
P(NMe

Prdu ez

W\
P(NM92)3
Scheme 3 Direct alkylation of enolates.

Based on these results, stereoselective alkylations of an Evans
auxiliary derivative were performed within a pressure-driven glass
microreactor. These reactions have also been performed at low
temperatures (—100 °C) and better conversions and selectivities
than in batch reactions have been observed."

The synthesis of B-peptides was also achieved in microreactors
and the increase in reaction efficiency over traditional batch
methods is believed to be due to the fact that this reaction
is performed in an electric field, as solvents and reagents are
controlled by electroosmotic flow (EOF).” The peptides syn-
thesized in the microreactor by a conventional carboxylic acid
activation with 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDCI) or dicyclohexylcarbodiimide (DCC) can be
separated from unreacted reagents and byproducts by using the
reverse electrokinetic flow technique which demonstrates an on-
chip separation protocol.”® A different highly efficient coupling
protocol for B-amino acids using microreactors at elevated tem-
perature (up to 120 °C) was reported recently.’* A similar increase
of reactivity by transferring a reaction from batch to microreactor
mode has been observed in a Claisen—Schmidt reaction.'

Seeberger et al. performed glycosylation reactions in silicon
microreactors of 2,3,4-tri-O-benzyl-methyl mannoside 8 with
mannosyl trichloroacetimidate 7 using the trichloroacetimidate
protocol (Scheme 4).* Optimisation studies were performed over
a wide range of conditions with very small amounts of reagents
until maximum conversions to 9 were achieved. Transglycosylation
reactions with enzyme catalysis have also been studied using
microreactor devices."”

OBn
OAc
-0 OBn
BnO OAc
BnO e)
(6] NH n
TMSOT
A L !
+ CCls  CHyOl, OBn
-0
OH
BnO
OBn
s BnO
Bné)no OMe
OMe 9
8

Scheme 4 Glycosylation reactions in microreactors.

Halogenations and metalations

Halogenations using elemental halogens is a fundamental process.
Safety considerations are usually severe limitations especially
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when handling fluorine as a highly reactive fluorination agent. As
fluorine is sparingly soluble in organic solvents, the large volume-
to-surface area in biphasic liquid/gas fluorinations together with
precise temperature control allows the use of microreactors for
halogenations. Special reactors have been designed for these
processes, such as micro bubble columns, which can disperse
the gaseous halogen in a liquid stream of solvent. A controlled
direct fluorination of toluene is possible, but also various carbonyl
compounds 10 can be monofluorinated in the a-position to give
compounds 11 in high conversions as shown in Scheme 5.'%* With
compounds 10 (R* = H), difluorinated products are observed as
minor components.

o 10% Fp in N o
RH)L HCOzH, 5 °C R%
Me 8 examples 3 Me
R2 47-98% conversion R® F
10 1"

Scheme 5 Fluorination using elemental fluorine.

Halogen-lithium exchange reactions and the generation of
Grignard reagents are operations routinely performed in a syn-
thetic laboratory. On a large scale, such processes require extensive
safety precautions and the temperature control is difficult. The
use of microreactor systems for such reactions is therefore highly
desirable as they allow a very efficient heat transfer of extremely
fast and highly exothermic reactions. Especially advantageous is
an in situ quench protocol when using organometallic reagents.
For example, the generation of aryllithium compounds from 12
using n-butyllithium and a subsequent addition to fenchone 13ina
microreactor gave 14in 93% yield (X = N) which is almost identical
to the yield obtained in a batch reaction (92%) (Scheme 6). The
reaction can be performed at low temperatures (—17 °C) with a
residence time in the microreactor of only 5 minutes.?

13 =
AN
(0]
|| +nBuwi Ny
THF
X Br OH
12 X =N, CH, C-OMe 14
Scheme 6 in situ quench protocol using aryllithium reagents.

Oxidations

The generation of singlet oxygen and its use in an addition reaction
to o-terpinene was described using a microreactor device and
rose bengal as a sensitiser. The yields of the reaction are higher
than in the batch mode and inherent dangers of large quantities
of oxygenated solvents are avoided.” The selective oxidation of
alcohols to aldehydes is an important reaction in organic synthesis
and has already been addressed using microreactor technology.
A microreactor system for Swern-oxidation has been developed
taking advantage of the possibility of the subsequent addition of
the reagents to generate first the activated DMSO before adding
the alcohol 15 and finally the base (triethylamine) to liberate the
ketone 16 as shown in Scheme 7.% Different alcohols have been
used in the reaction and all show superior yields with less side

(CF4C0),0 R'R2CHOH 15 NEt,

N R

4 examples
71-89% vyield

DMSO

Scheme 7 Swern oxidations using a microscale flow system.

product formation (Pummerer rearrangement or formation of
the trifluoroacetylated alcohol) in the microreactor flow system.
Furthermore, the microreactor system could be operated at room
temperature whereas in the batch mode, a temperature of —50 °C
is required.

The use of solid supported reagents has already been featured
widely in organic synthesis and the combination of such reagents
with microreactor technology allows a high degree of reaction
control unattainable in traditional flask reactions. The oxidation
of primary alcohols was performed using a silica-supported Jones’
reagent. Depending on the flow rates, a selective oxidation to
either the aldehyde or the corresponding carboxylic acid could be
achieved.” The yields obtained are very high, but the amount of
solid supported reagent in the reactor obviously limits the amount
of alcohol which can be oxidised.

The influence of microwave irradiation on the oxidation of
benzyl alcohol to benzaldehyde using iron(Iil)nitrate was demon-
strated using a continuous isothermal reactor consisting of a heat
transfer and a reaction zone.** The heat generated in the reaction
zone is rapidly absorbed by a heat transfer fluid (water), which
is circulated through the heat transfer area. The construction
materials used for the system were selected carefully in order to
allow full transparency to microwave irradiation in the reaction
area and no transparency in the heat transfer area. This allows
microwave irradiation under isothermal conditions leading to
higher conversion rates especially for longer residence times.

Photochemistry

Photochemical reactions are usually performed in solution using
immersion well reactors. This equipment therefore requires a
batch process and photochemical reactions are not routinely used
in synthesis. The development of flow reactors for continuous
processes now allows large scale reactions. [2 + 2] Cycloadditions
have been performed by combining immersion well equipment
with UV transparent fluoropolymer tubing (Scheme 8). The
cycloadduct 17 has been formed with 83% conversion on a large
(0.7 kg) scale.® Although the device used for this reaction is
better described as a flow reactor than a microreactor, similar
cycloadditions have been performed in a glass microreactor with
microchannels of only 500 um depth with high efficiency.?

0} h e}
(400 W Hg lamp)
| | fluoropolymer tubing
| NH + _— NH
83% conversion
Bu Bu

o 17O

Scheme 8 [2 + 2] Cycloadditions in fluoropolymer tubing photoreactors.

Further miniaturisation using a microchannel with only 100 pm
depth allowed the use of a much less powerful light source as
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demonstrated in the Barton reaction of 18 to compound 19, a key
intermediate for the synthesis of an endothelin receptor antago-
nist (Scheme 9).”” Photochemical chlorinations in microreactors
have been developed for the synthesis of chlorinated aromatic
compounds.®®

hv (352 nm)
(15 W Hg lamp)
pyrex microreactor
e
71% yield :
FYARNN
N NOH
18 19

Scheme 9 Barton reaction under continuous photochemical conditions.

Electrochemistry

Electrosynthesis offers a clean and mild method for the generation
of anion and cation radical intermediates. These are usually
short-lived intermediates and it is well known that the method
of mixing affects product selectivity in such fast reactions.
Microreactors have been used for reactions of electrochemically
generated intermediates with great success.” The formation of
N-acyliminium ions 20 in the presence of allylsilanes, which can
also be generated by using a paired electrochemical flow system,
allowed the synthesis of coupling products 21 in high yields

(Scheme 10).3¢
(2 |

|
D\ " CO,Et
T™Ms — .| _anode R
N /4 cathode R‘/\(\TMS N ,
COEt R2 CO.Et R
diaphragm
5 examples 21

64-79% yield

Scheme 10 Electrochemical coupling reactions of allylsilanes and
N-acyliminium ions.

The integration of electrodes in a microreactor device allowed
the electrochemical coupling of benzylbromides 22 with dimethyl-
fumarate or dimethylmaleate 23 to the C—C-coupling product 24.3!
Adjusting the potential as well as the geometry of the electrodes
led to an almost complete suppression of the homo-dimerisation
as the main side-reaction in this process (Scheme 11).

CO,Me 444V F‘\ CO,Me
[ Pt electrodes | ~
7
CO,Me 7 examples CO,Me
94-99% vield
100% conversion 24

Scheme 11  Electrochemical C-C coupling reactions.

A novel development of electrode arrangement with an electric
current flow parallel to the liquid flow results in successful
reactions in the absence of supporting electrolytes. Two carbon
fibre electrodes were separated with a PTFE membrane by only
75 um allowing methoxylations of various substrates, which have
been investigated as model reactions.*

Multistep syntheses

Various impressive natural product syntheses by continuous flow
processes have been reported by Ley et al. The use of solid-
supported reagents is crucial for these syntheses. In the synthesis
of (4)-oxomaritidine 29 the precursor 25, also synthesised in a
continuous flow process, is subjected to a trifluoroacetylation
reaction in a microreactor (Scheme 12). The product 26 is
subsequently cyclised by passing the solution over polymer-
supported bis(trifluoroacetoxyiodo)benzene 27 and, after amide
cleavage of 28 using a polymer-supported base, (-)-oxomaritidine
29 was obtained.*® This sequence is only limited by the amount
of polymer-supported reagents available in the reagent cartridges
within the continuous flow system.

j@%

(F2CC0),0
N
CH,Cl;
35 pl/min MeO Oél\CFs
26
o}
MeO Q O Ko
I(OCOCF3), NMe;OH
N
}\ MeO
(0] CF3 OMe
28 29

Scheme 12 Multistep continuous flow synthesis of (£)-oxomaritidine 29.

The optimization of synthetic efficiency with microreactor
technology was also used in the development of a rapid synthesis
of ["F]fluoride radiolabelled molecular imaging probes. The *F
isotope has a half-life time of only 110 min and rapid synthetic
steps are required to obtain the imaging probes. Five steps have
been combined on a single reaction circuit unit. Initially, a
preconcentration of fluoride using a miniaturized anion-exchange
column and a solvent exchange took place, then the reaction with
an activated glucose derivative and, after another solvent change,
deprotection yielded 2-desoxy-2-fluoro-D-glucose, a widely used
radiolabelled molecular probe.?* The speed of chemical synthesis is
even more important when incorporating a ['' C]carbon radiolabel
as the ''C isotope has a half-life time of only 20 min. Fast esterifi-
cations of carboxylic acid derivatives have been investigated.*

The synthesis of a library of ciprofloxacin analogues has been
achieved by sequential reactions in a microreactor (Scheme 13).
A primary amine and a secondary amine have been used in this
two-step process and 21 analogues of ciprofloxacin 30 have been
prepared in quantities above 110 mg each.*®* Another approach
allowed the continuous flow synthesis of gram quantities of
4,5-disubstituted oxazoles from acid chlorides and isocyanides as
a rapid on-demand synthesis of valuable building blocks.?’
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Scheme 13  Synthesis of a library of ciprofloxacin analogues 30.
Catalytic reactions
Homogeneous catalysis
Single phase reactions

Copper-free Sonogashira couplings were performed in ionic
liquids using a microflow system. Ryu et al. described how the
coupling reaction of aryl halides with terminal acetylenes proceeds
efficiently without copper salts.® The advantage of using an
ionic liquid is in catalyst recycling as the organic product can
be removed from the catalyst ionic liquid mixture by extraction.
The combination of PdCL(PPh;), as a catalyst with a base
in [BMIm][PF,] (1-butyl-3-methylimidazolium hexafluorophos-
phate), gave optimal conditions for the coupling step. Using
a micromixer, reaction times were reduced dramatically under
continuous flow conditions from 120 min to 10 min to give the
product 31 in 93% yield (Scheme 14). After extraction of 31 the
ionic liquid—catalyst mixture could be reused in a second run with
slightly lower (83% yield) efficiency.

PdCl,(PPhg),

Ar-l + R—— R——Ar
[BMIm][PFg]
base 31

10 examples
85-97% yield

Scheme 14  Sonogashira coupling in microreactors.

Further development with integrated recycling of the ionic
liquid—catalyst solvent was demonstrated with the palladium-
catalysed Mizoroki-Heck reaction of iodobenzene with butyl
acrylate.* The microflow apparatus was combined with a mi-
croextraction system. Pd-carbene complex 33 as a catalyst was
employed, which is more soluble in ionic liquids than other
catalysts such as Pd(PPh;), or PdCI,(PPh;),. The reaction was
initially conducted in a micromixer using the highly viscous
ionic liquid [BMIm][PF] at 130 °C resulting in only poor yields.
Increasing the temperature to 150 °C and attaching an additional
stainless steel tube resulted in 87% yield of 32 within 50 min.
The use of a low viscosity ionic liquid [BMIm][NTTf,] (1-butyl-
3-methyllimidazolium bis(trifluoromethylsulfonyl)imide) allowed
even higher conversion rates to give 97-99% yield of 32 in a
50 min reaction at 130 °C (Scheme 15). For the continuous
reaction, the microdevice was equipped with micromixers and a
residence time unit. Additionally, the workup system consisted of
T-shaped micromixers attached to the microflow unit to aid the
product extraction. After the reaction and extraction, the ionic

Z>co,B
28U PraN | micro- work-up Ph. _—
+ reactor [ |(extraction) \/\COQBu
Ph-I 32

N-gy

N
ionic liquid, - \/

¥
33 PdCly(PPhy)

Scheme 15 Mizoroki-Heck reaction with continuous work-up-extrac-
tion and catalyst recycling.

liquid—catalyst mixture was collected and pumped back into the
microflow unit for further reaction. After running the system for
10 h, more than 100 g of frans-butyl cinnamate 32 was obtained
in 80% yield.

Comer and Organ demonstrated a very simple and practical
method to achieve rate enhancement of homogeneous catal-
ysed reactions by combining both microreactor and microwave
irradiation.* The basic design of the flow reactor consisted of a
stainless steel holder with an attached mixing chamber connected
to a capillary tube inside a microwave cavity. Suzuki-Miyaura
coupling between 4-iodooct-4-ene 34 and 4-methoxyboronic acid
35 (Ar = 4-MeOCH,) with Pd(PPh;), as catalyst yielded product
36 with a reaction time of 28 min (Scheme 16). Intriguingly, in
the coupling of 4-bromobenzaldehyde with phenylboronic acid 35
(Ar = Ph), the palladium catalyst decomposed and formed a thin
metal film coating the inside of the capillary tube. Consequently,
a dramatic increase in temperature during irradiation occurred
resulting in complete conversion to the biaryl product 37 within
4 min. However, when potassium carbonate was used as a base,
no decomposition of the catalyst and hence, no formation of the
thin metal film occurred. The reaction therefore proceeded at a
lower temperature with lower conversion (38%). External coating
of microreactors with a thin gold film to enhance microwave
absorption has also been reported.*!

Br
Ar
|
P )\/n-Pr Ar
CHO T ox
CHO
37

<« A-B(OH), ———  » T
Scheme 16 Suzuki-Miyaura coupling of boronic acids.

Ar=Ph Ar = 4-MeOCgH,
35 36

nPr

A Pd coated microcapillary can also be used in other reactions,
such as the metathesis reaction, improving the conversion when
compared to a reaction in a non-coated microcapillary even when
higher microwave power was applied.

Furthermore, sequential microflow technique combined with
microwave irradiation was introduced to produce libraries of
compounds using a single capillary, whereby compounds were
produced, one after another, through the same reactor channel. An
array of Suzuki-Miyaura cross-coupling reactions were conducted
to afford a biaryl library with very good conversions. Additionally,
flow parallel synthesis was also conducted whereby the reagents
were introduced in sequence into a multicapillary reactor while
being irradiated with microwaves to provide a library of biaryl
compounds in a very efficient way.*?
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A combination of enantioselective catalysis and on-chip analysis
has recently been reported by Belder and Reetz.** The combination
of very fast separations (<1 s) of enantiomers using microchip elec-
trophoresis with enantioselective catalysis allows high-throughput
screening of enantioselective catalysts. Various epoxide hydrolase
mutants were screened in the hydrolysis of 38 to 39 with direct
on-chip analysis of the enantiomeric excess (Scheme 17).

epoxide OH
O  hydrolase .0
Pho < , PhO\/k/OH + PhO ]
rac-38 S-39 R38

Scheme 17 Enantioselective hydrolysis of epoxide 38 with on-chip
analysis of the enantiomeric excess.

The combination of microreactors with online LC-UV-MS
systems has also been reported.* Such techniques allow a rapid
(online) optimisation of reaction conditions. This has recently been
taken a step further by altering reaction conditions in each solvent
segment of a segmented flow and separate MALDI-MS analysis
of the segments.*

Multiphase liquid/liquid reactions

The catalytic reactions discussed so far were carried out in a
single liquid phase within a microreactor. Recently, an interest in
applying microreactors utilizing liquid/liquid multiphase systems
has emerged.***” In a microchannel, the contact interface between
immiscible liquids can follow various flow patterns, due to the
forces generated at the interface. Depending on the geometry of
the mixing device, laminar flow or segmented flow can be formed
in the microchannel.

We have reported the effect of segmented flow in a fluoropolymer
microreactor by demonstrating the increase in the conversion
rate of p-nitrophenyl acetate hydrolysis as a model study.*® We
applied the same concept to homogeneous catalysed reactions
by introducing an immiscible solvent to the flow generating
segmented flow instead of a single flow. As a result, not only
were we able to enhance the yields of various Heck products
40 compared to conventional methods, but we were also able to
further improve the outcome when using segmented flow instead
of single flow (Scheme 18).

5 mol% Pd(OAc),
t+BuONO, AcOH

A-NH, + DR

Ar R
40

CH3CN, hexane
10 examples
64-98% vyield

Scheme 18 Enhancement of Heck reactions using segmented flow.

Okamoto et al. demonstrated the use of alternating pumping
forming segmented flow to provide a more effective mixing and
an increased yield for biphasic organic reactions that use a phase
transfer catalyst.* The aim was to investigate the rate enhance-
ment in alkylation of a malonic ester with tetrabutylammonium
hydrogen sulfate as the phase transfer catalyst. The increase in
yield indicates that the alternating pumping method can be useful
for such reactions.

Isomerization of allylic alcohols into carbonyl compounds was
conducted by using a liquid/liquid process in a micromixer with

interdigitated channels.*® An emulsion was generated between the
aqueous layers where the catalyst is soluble and the organic layer
where the substrate and the product are soluble. Various complexes
of transition metals with a library of water soluble phosphine
ligands were screened for the isomerization of 1-hexene-3-ol to
ethyl propyl ketone. The results clearly demonstrated the efficiency
of the coupled microdevice for discovering new efficient catalysts.
Recently, the synthesis of imprinted polymers using segmented
flow in a microreactor was reported as well.*!

Heterogeneous catalysis

The combination of continuous flow systems along with het-
erogeneous catalysis is a relatively new idea, and, in the cases
of additional microwave irradiation, several modern enabling
techniques are applied alongside each other.?>*

C-C Coupling reactions

Transition metal mediated C—-C coupling reactions and heteroge-
neously catalysed hydrogenations have been the first examples in
organic synthesis to transfer this concept into microdevices. The
key technical problem is the placement of the catalyst in the reactor
and different solutions have been offered.

In initial studies, an unsymmetrical salen-type nickel catalyst
was immobilized on Merrifield resin polymer beads (41) and
inserted into capillary channels, either made of polypropylene
or glass, to form the microreactor device. The resin was kept
within the channels by glass wool on both ends.* The substrates
(solutions of 4-bromoanisole 42 and a Grignard reagent 43)
were inserted with syringe pumps and the reaction mixture was
quenched immediately after leaving the reactor. The reaction
under flow conditions was compared with batch conditions by
GC. The greatest benefits compared to the batch process were that
reaction rates were found to be enhanced by up to three orders
of magnitude in the flow processes and that the Kumada reaction
could be carried out without the need of an inert gas atmosphere.
The drawback of using Merrifield resin within a microreactor is
the constant threat of blockage due to swelling caused by the
solvent, one of the common problems in microreactor applications.
Hence another approach to immobilize this catalyst on silica
was developed.’ The reactor set-up consisted of a small reactor
(25 mm x 3 mm) while the non-swelling catalyst was kept within
the reactor by glass frits on both ends. The product 44 was obtained
in up to 68% yield (Scheme 19).
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Scheme 19  Polymer-supported catalyst 41 for a Kumada reaction.
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Scheme 20 Immobilized Pd-catalysts 46 for hydrogenations in microreactors.

The general feasibility of the Suzuki coupling reaction by
microwave irradiation using a solid Pd-catalyst in a microreactor
was shown in a glass micro reactor provided with a broader catalyst
bed and an additional central port.*® Through this port, the
charging and discharging of the reactor with catalyst was possible
by manipulation with syringes. The flow was pressure-driven by a
syringe pump, which had been charged with the premixed solution
of the substrates. The yields were very good to quantitative.

A Suzuki coupling using a salen-type catalyst immobilized on
Merrifield resin was carried out.”” It was found that phosphine
ligands were not necessary and convenient conversions were
accessible within minutes rather than several hours in the known
batch procedures. In another study, borosilicate capillaries had
been coated with thin Pd films consisting of nanometre-sized Pd
crystallites.”® Within minutes, excellent conversion rates in Suzuki
as well as Heck reactions were achieved by microwave irradiation.

Recently a detailed study was published comparing libraries of
Suzuki products that had been synthesized under batch and con-
tinuous flow conditions supported by microwave irradiation.® In
this reaction, microencapsulated palladium catalysts (Pd EnCat)
in conjunction with tetrabutylammonium acetate in ethanol were
used.

Hydrogenations

The concept of using solid catalysts in microreactors was applied
successfully to an important three-phase system, the catalytic
hydrogenation.®® This system takes advantage of the maximized
interfacial interaction resulting in excellent conversions in short
residence times. Various hydrogenations of alkenes, alkynes or
benzyl ethers were performed and showed high reactivities and
yields as well as very good chemoselectivities. No leaching of the
catalyst was observed and the devices showed constant activity
when used repeatedly. The efficient immobilisation of the catalyst
on the inner surface of the reactor was performed using the
‘polymer incarcerated’ (PT) method.*? Firstly, amino groups were
introduced to the glass wall of the channel (45). A colloidal
solution of microencapsulated palladium was passed through
the reactor to immobilize the catalyst on the amino groups
(46). Finally the reactor was heated to 200 °C to cross-link the
polymer (Scheme 20). More recently this strategy was successfully
applied to fused silica capillaries as microreactors instead of the
far more expensive commercial devices, making this application
more accessible.®® Catalyst immobilization with other metals or
molecular catalysts like ruthenium,* platinum® or scandium
triflate®” is possible giving this work a high potential for future
synthetic research.

Conclusions

Recently, it has become more and more obvious that microreactor
technology has begun to influence the concepts of chemical
processing on both laboratory and industrial scale. Laboratory
researchers have assembled proof during the last few years that
microreactor technology can successfully be applied in nearly
all fields of organic chemistry. The strongest advantages of this
new technology have been identified as being higher yields and
selectivities, more effectiveness in the use of resources (friendly to
the environment) and much enhanced reaction control (avoiding
explosions, makes isothermic reaction control possible). This
opens access to elegant combined reactor arrangements including
online analytical devices or microchannels coated with heteroge-
neous catalysts while taking maximum benefit of the enhanced
surface-to-volume ratio of the microreactors. As the research in
this area is growing, one can expect an increasing interest reflected
in the number of successful projects and publications.
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Kohn-Sham density functional theory (KS-DFT) is nowadays the most widely used quantum chemical
method for electronic structure calculations in chemistry and physics. Its further application in

e.g. supramolecular chemistry or biochemistry has mainly been hampered by the inability of almost all

current density functionals to describe the ubiquitous attractive long-range van der Waals (dispersion)

interactions. We review here methods to overcome this defect, and describe in detail a very successful
correction that is based on damped —Cy-R™® potentials (DFT-D). As examples we consider the
non-covalent inter- and intra-molecular interactions in unsaturated organic molecules (so-called n—n
stacking in benzenes and dyes), in biologically relevant systems (nucleic acid bases/pairs, proteins, and
‘folding’ models), between fluorinated molecules, between curved aromatics (corannulene and carbon
nanotubes) and small molecules, and for the encapsulation of methane in water clusters. In selected
cases we partition the interaction energies into the most relevant contributions from exchange-repulsion,
electrostatics, and dispersion in order to provide qualitative insight into the binding character.

1 Introduction

Non-covalent interactions are playing an increasingly important
role in modern chemical research and are considered as corner-
stones in supramolecular chemistry, materials science, and even
biochemistry.'® Although a very detailed understanding on an
atomic or molecular level is still lacking, important progress
has been achieved in recent years in the quantum-mechanical
description of the relevant forces.” Nowadays, the accurate compu-
tation of structures and interaction potentials for small molecular
complexes (<10 atoms) with wave-function-based methods like
second-order Moller-Plesset perturbation theory (MP2)*° in
combination with coupled-cluster methods (e.g. CCSD(T)") has
become possible (see e.g. the reviews by Sherrill," Tzusuki,"” or
Hobza® et al.). Using these ab initio techniques, even notoriously
difficult systems with dominant van der Waals (vdW, dispersion)
contributions such as dimers of aromatic molecules (of so-called
-7 stacked or CH-7 type, for overviews see refs. 2,14) can be
investigated. Dispersion interactions are ubiquitous, long-range
attractive forces which act between separated molecules even in
the absence of charges or permanent electric moments. They stem
from many-particle (electron correlation) effects that are compli-
cated by the quantum-mechanical wave-nature of matter.'*!*
The interactions between aromatic groups in DNA and RNA
and between aromatic side chains in proteins are significantly
influenced by vdW forces."*"® A further improved understanding
of non-covalent interactions and an even more accurate de-
scription would greatly aid the rational synthesis of functional
supramolecular structures or drug design, e.g. for anti-cancer
agents that intercalate into DNA, also in a n—7 stacking mode.”
Currently, the benzene dimer as a model system is being extensively
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versitit Miinster, Corrensstrafse 40, D-48149, Miinster, Germany. E-mail:
grimmes@uni-muenster.de; Tel: +49-251-8336512

investigated in this context, and at least four high-quality ab initio
studies have appeared within the last year.?*2

However, accurate ab initio-correlated wavefunction methods
are computationally too demanding for routine studies of the non-
covalent interactions in larger (>50 atoms), chemically interesting
systems. Using special techniques, perturbation methods can be
used nowadays for complexes of about 100 atoms, as recently
shown for a Cy—tetraphenylporphyrin single point calculation.?*
In particular, there is great need for effcient and robust quantum-
mechanical approaches that allow structure optimization. Such
structural information usually forms the basis for a deeper
understanding of the system’s functionality but is often difficult to
obtain experimentally.

Kohn-Sham density functional theory* (KS-DFT) is now the
most widely used method for electronic structure calculations in
condensed matter physics and quantum chemistry.?*?” This success
mainly results from significant ‘robustness’, i.e., providing reason-
ably accurate predictions for many properties of various molecules
and solids at affordable computational expense. However, a
general drawback of all common density functionals, including
hybrids like the popular B3LYP, is that they can not describe long-
range electron correlations that are responsible for the dispersion
forces.?®3 The DFT problem for vdW interactions now has
become a very active field of research and therefore, we will provide
a summary of the most recent approaches in Section 2.2. From
the practical point of view, where the focus is on robustness and
computational speed, empirical —Cy-R~® corrections to standard
density functionals seem most promising. The most widely applied
and very well-tested approach is DFT-D,*"*? which provides high
accuracy in many different situations.*-%’

A review and general perspective of the DFT-D method in a
variety of different applications is the main aim of this paper,
which is organized as follows. In Section 2 we present a brief and
qualitative description of the theory of non-covalent interactions.
We explain in some detail the problems of KS-DFT with vdW
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interactions and outline possible solutions to the problem. After a
short review of the DFT-D method in Section 2.4 we discuss some
more technical aspects of the computations that are necessary
to follow and understand this paper. The Results and discussion
section is split into four parts. First, we decompose the interaction
energies for model complexes into physically meaningful compo-
nents and show that the empirical dispersion correction used has
a very solid physical basis. We then compare DFT-D results for
a set of vdW and hydrogen-bonded complexes to coupled-cluster
reference data in order to get some impression about the accuracy
of the methods. The chemical examples are grouped into intra- and
intermolecular cases and have been selected to cover a broad range
of problems in organic or supramolecular chemistry. We consider
n-stacking in triptycenes and in the anthracene dimer, folding of
alkane chains, complexes of small molecules with the bowl-shaped
corannulene and carbon nanotubes, dimers of organic dyes, and
the formation of methane hydrates.

2 Theory
2.1 General

Although there is no rigorous quantum-mechanical definition
of non-covalent interactions, there is common understanding

about an operational definition.” The relevant molecular or
atomic fragments are separated by distances where the overlap
of one-electron functions (orbitals) is so small that the covalent
(quantum-mechanical interference) or charge-transfer character
of bonding is negligible. There are of course borderline cases
where the classification (non-covalent vs. covalent/ionic) strongly
depends on the method used for analysis, but all examples
presented here are uncritical in that respect (for a more detailed
discussion about bonding in such problematic cases the reader is
referred to the recent review of Popelier®).

The term non-covalent interaction (sometimes also misleadingly
called non-bonded in the force-field community) is usually associ-
ated with the formation of weakly bonded complexes, aggregates,
or even condensed phases from separable (individual) units A and
B (intermolecular case, see top of Fig. 1).

This situation is also theoretically most simple because the
interaction energy AE can easily be computed from the complex
and fragment total energies (supermolecular approach)

AE = E(AB) — E(A) — E(B). (1)

A perturbational view can also be appropriate in this case, which
leads to a more detailed picture of binding. If two separate
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A+B

A B

Fig. 1 Non-covalent interaction modes between molecular units or
fragments A and B in the inter- (top) and intramolecular case (bottom).

Hamilton operators for fragments A and B and a Coulombic
interaction term V" as a perturbation are defined,

H = H(A) + HB) + V(AB), )

and the Pauli-principle (anti-symmetry with respect to inter-
electronic permutations) is obeyed, the resulting method is called
symmetry-adapted perturbation theory (SAPT).* SAPT results
are considered in more detail in Section 3.1. Note, however, that
a very important class of non-covalent interactions occurs in
an intramolecular fashion (Fig. 1, bottom), e.g. base-stacking in
DNA/RNA or protein folding. It is quite clear that the interaction
between fragments or groups A and B is not fundamentally
different if they form a complex from two separated entities or
if they are e.g. connected by a flexible and chemically inert alkane
chain. In practice it seems highly desirable to have theoretical
methods that treat inter- and intramolecular cases on an equal
footing. For example, SAPT does not belong to this class because
¥ can not be regarded as a perturbation in the intramolecular case
(and also the popular counterpoise correction is not defined; see
Section 2.4).

Nevertheless, SAPT is very useful as it provides a solid
theoretical basis for qualitative understanding and classification of
non-covalent bonding. In the simplest picture, one can distinguish
three dominant types of non-covalent interactions. The exchange
repulsion (EXR) term stems from the Pauli or anti-symmetry
principle, ie., electrons with the same spin can not occupy the
same region of space. This can be seen in a simple orbital picture
(Fig. 2). The anti-bonding linear combination of the fragment
orbitals (upper level) is always more destabilizing than the bonding
orbital stabilizing, so that in total a repulsive energy contribution
always remains between any closed shells. Because the EXR
mainly involves the overlap between fragment orbitals, it is short-
ranged and decays exponentially with distance. The EXR is quite
accurately described by all theoretical models that treat orbital
overlap exactly, i.e., by Hartree-Fock (HF) and KS-DFT but not
by most semiempirical models (e.g. INDO, MNDO, AM1- - -) that
absorb EXR empirically into core—core repulsion functions.*’

oo

Fig. 2 Closed-shell orbital interaction.

E(destab.) ~1/(1-S)

E(stab.) ~1/(1+S)

The second part is due to electrostatic interactions (ES). These
can be further decomposed into a purely static (first-order)
term that arises from the unperturbed interactions of the charge
distributions of the fragments, and an induction (second-order)
term that results from polarization of one charge distribution
by the electric moments of the other fragment and subsequent
interaction. The ES terms can be repulsive or attractive depending
strongly on the inter-fragment orientation (e.g. parallel or anti-
parallel dipole moments) and are usually long-range. At short
distances and for not very polar molecules, however, the ES
contributions are often attractive because the nuclear charges are
not fully screened by the electrons and thus, they can attract
the electron density from the other fragment. The interaction
potentials resulting from the ES part are accurately described
by all methods that yield good electron densities (molecular
multipole-moments) and reasonable electric polarizabilities. KS-
DFT methods perform in this respect better than HF (which yields
molecules that are too polar and too unpolarizable). This is the
reason to use a KS-DFT description of the monomers in SAPT
(called SAPT-DFT*). An accurate description of the ES effects
is a particular problem for classical force fields that often employ
a crude atomic point-charge model for this purpose and mostly
neglect induction (for the development of polarizable force-fields
see e.g. ref. 44).

Last but not least we must consider the weak but ubiquitous at-
tractions between electron clouds that do not significantly overlap,
arising from instantaneous transition dipoles (where an electron
transiently fluctuates from a filled level to an empty level) on each
system that couple to each other. These dispersion (van der Waals,
vdW) interactions are a quantum-mechanical electron correlation
effect that is completely absent when considering the classical
interactions of separate charge distributions. Their strength can
readily be shown”** to decrease as R~® with the separation, R,
of the two systems in the non-overlapping (asymptotic) regime.
When the charge distributions overlap, electron correlation effects
continue to increase in strength, but are then usually smaller than
strong orbital repulsions between filled levels (EXR) that prevent
the systems from approaching closer than their typical vdW radius.
The accurate account of dispersion effects is most difficult in the
quantum-mechanical treatment of non-covalent interactions and
for weakly bonded complexes in particular. Because the dispersion
terms are often of the same size as but of different sign (attractive)
than the EXR, their neglect or insufficient treatment usually leads
to binding that is too weak, or even to no binding at all. Turning it
the other way around, one can define vdW complexes by their
property of being unbound at the (uncorrelated) HF level of
theory.

Because of their non-local (long-range) character, the dispersion
interactions are accurately accounted for only by correlated
wavefunction methods like MP2, CCSD(T), or by fully correlated
methods like quantum-Monte-Carlo,** but constitute a serious
problem for KS-DFT. This aspect of DFT is considered in more
detail in the next section.

2.2 Density-functional-based methods

More than a decade it has been known that the commonly
used density functionals do not describe dispersion interactions
correctly. 8304751 I the following we first want to discuss the
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problems of KS-DFT with the vdW interactions qualitatively,
as schematically outlined in Fig. 3. We then give an overview
of the existing approaches in the literature that try to overcome
these defects. Note that we are just talking about the correlated
part of the interaction which is more-or-less dispersion; all the
other interactions mentioned in the preceding section are of course
accounted for by KS-DFT.

5 A
1 A
) N
N (virtual) photon exchange N
fluctuating * // fluctuating
c—density ‘\\ ¢ e—density

no electron exchange

/

~Z/r ~Zir

molecule A molecule B

Fig.3 Sketch of electron densities (dashed lines) resulting from molecular
Coulombic potentials (solid lines) for large intermolecular distances and
the possible interaction modes (exchange of virtual photons leading to
dispersion forces and electron exchange leading to charge-transfer and
covalent interactions). Adapted with small modifications from a recent
talk by P. Pulay.

Due to the Coulomb potential of the nuclei in molecules, the
resulting electron densities (or equivalently the corresponding
wavefunctions) exponentially decay with respect to distance from
e.g the center of their electronic charge. When molecules (or
groups) start to interact but are separated by large distances (e.g.
>5-10 A), the electron density between them is approximately the
sum of the fragment densities and is vanishingly small. This is
illustrated in Fig. 3 by the broken arrow that indicates that non-
classical effects like electron exchange (leading to charge-transfer
and covalent interactions) is then more-or-less forbidden due to
the very broad (and also high) ‘tunnelling’ barrier between the
fragments.

More precisely, however, the electron density of the super-
molecule is in fact very slightly different from the sum (in all
regions of space), and thus with the (unknown) exact density func-
tional one can in principle (in agreement with the first Hohenberg—
Kohn theorem®) also compute the correlated part of the interac-
tion energy. With approximate density functionals, however, this
turns out to be extremely difficult because the densities and their
changes are very, very small and furthermore not very specific
with respect to these correlation effects. Fig. 3 also illustrates
that the physics of the dispersion interaction should be described
by exchange of virtual photons stimulated by the fluctuating
(correlated) electrons. By some means, DFT must also account for
this phenomenon by allowing ‘excitations’ in the fragments. This,
however, is out of the range of standard KS-DFT, which does not
contain any information about the necessary virtual orbitals.

Most attempts to correct for the dispersion problem in DFT
can be classified into three groups:

1. Conventional functionals in the generalized gradient approxi-
mation (GGAs) including hybrids or meta-hybrids. Because in real
complexes there often remains a small electron density between
the fragments, adjusted, specially selected or designed density

functionals may account for some dispersion effects. In the last
two years, several such functionals have been proposed.®*” Note
that these methods usually provide quite large errors for pure vdW
complexes and may often not work equally well for all types of
non-covalent interactions (e.g. they may not provide a consistent
picture of stacking vs. H-bonding in nucleic acid (NA)-base pairs).

2. Special correlation functionals or orbital-based DFT methods.
These methods try to incorporate the basic physics of dispersion
via non-local, orbital-dependent ansatzes.”***7* Most of these
approaches are at a quite ‘experimental’ stage and are furthermore
computationally more costly than standard KS-DFT.

3. DFT/molecular mechanics ( MM )-based hybrid schemes. The
researchers in this group try to circumvent the inherent problems
with the electron density by empirical dispersion corrections of
the form —C,-R™ added to existing density functionals.?*7
These methods focus on a realistic description of the asymptotics
of the problem. They have been applied successfully in various
contexts.¥3¢88 The idea originally emerged from Hartree—Fock
calculations.®*®¢ Qur ansatz, called DFT-D,** is also of this type
and is described in more detail in Section 2.3.

In the following, the most important and representative
examples from each of the above-mentioned groups are listed.

Group 1. Becke’s ’half-and-half” functional BH&H repro-
duces binding energies and potential energy surfaces for n-
stacked geometries of substituted benzenes and pyridines, as
well as pyrimidine and DNA bases® within 0.5 kcal mol™ of
MP2 and/or CCSD(T) reference data. This result is presumably
due to error cancellation (as the authors state), and hydrogen
bonding interaction energies are significantly overestimated with
this functional. For vdW complexes of fluorine-containing organic
molecules, only the PBE density functional yields some binding
that is, however, much too weak compared to the quite accurate
MP2 results.’” The X3LYP functional improves the accuracy of
hybrid GGA methods for rare-gas dimers* and the water dimer®®
significantly, but fails qualitatively for stacking*” which contradicts
the original claims of its inventors that it is well-suited for
non-bonded interactions. The Wilson—Levy correlation functional
together with Hartree—Fock exchange reproduces binding trends
for selected rare-gas dimers, isomers of the methane dimer, benzene
dimer, naphthalene dimer, and stacked base-pair structures.*

Some meta-GGAs incorporating kinetic energy density have
been assessed to quantitatively account for dispersion effects.
Zhao and Truhlar® describe a test of 18 density functionals
for the calculation of bond lengths and binding energies of
rare gas-dimers, alkaline-earth metal dimers, zinc-dimer, and
zinc-rare-gas dimers. The authors conclude, from the combined
mean percentage unsigned error in geometries and energies, that
MO05-2X5¢ and MPWBI1K?*” are the overall best methods for the
prediction of vdW interactions in the 17 metal and rare-gas vdW
dimers studied. A set of 13 complexes with biological relevance
is considered in a study of newly developed DFT methods, which
give reasonable results for the stacked arrangements in the DNA
base pairs and amino acid pairs, in contrast to previous DFT
methods, which fail to describe interactions in stacked complexes.”
In ref. 91 multi-coefficient extrapolated density functional theory
methods are used to calculate the interaction energy of benzene
dimers. The TPSS and TPSSh functionals®* produce vdW bonds
in ten rare-gas dimers with Z < 36 and correct the overbinding
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of the local spin density approximation.” Binding energy curves
for the ground-state rare-gas diatomics Ne, and Ar, and for the
alkaline-earth diatomic Be, in reasonable agreement with those
from experiment are found for PBE and TPSS, but they have an
incorrect asymptotic behavior for large internuclear separations.®
Adamo and Barone” achieved an improved description of He,
and Ne, interaction potentials, with accurate results for other
properties too, by refitting the Perdew—Wang exchange functional
and using it in a hybrid model called mPW1PW.

Group 2. Langreth and Lundqvist developed a nonlocal corre-
lation energy functional for dispersion interactions.®7*7%%7 They
applied it successfully to graphitic systems, polycyclic aromatic
hydrocarbon dimers,” parallel polymers,” and benzene dimers.®6?
In ref. 65, vdW interactions in the He and Ne dimers are modelled
within a local-orbital DFT formulation, which is stated to be
suitable for generalization to the case of weakly interacting large
systems.

Range-separated schemes treat electron interactions at short
distances by DFT, while for long distances wavefunction methods
are applied, thereby correcting the incorrect asymptotic behav-
ior of exchange functionals derived from approximate density
functionals.® Potential curves for alkaline-earth dimers with a
range separated hybrid method with perturbational long-range
correlation corrections offer a dramatic improvement over con-
ventional DFT approaches.®® A short-range gradient-corrected
density functional combined with a long-range coupled-cluster
scheme has been applied to all homo- end heteronuclear rare-
gas dimers of He, Ne, Ar, Kr, and Xe atoms.'® The long-
range-corrected density-functional theory with the Andersson—
Langreth-Lundqvist vdW functional was applied to the calcula-
tion of the m-aromatic interaction of the benzene and naphthalene
dimers.”’

Group 3. Elstner et al. extended their self-consistent-charge,
density-functional tight-binding (SCC-DFTB) method by a
damped London-type dispersion formula.”® The C, coefficients
are derived from atomic polarizabilities. Compared to the unaug-
mented SCC-DFTB method, slight improvement is obtained in
case of H-bonded base pairs, while the performance is changed
qualitatively in case of stacked DNA base pairs relative to MP2
data by providing quite accurate interactions that are not present
originally. In ref. 101, a more extensive testing of the procedure
has been recommended. Wu and Yang™ derived the atomic
C, coefficients from Cy coefficients for molecule pairs obtained
from dipole oscillator strength distributions. Using four density
functionals and two forms of the damping function, the method is
applied to rare-gas diatomic molecules, stacking of base pairs,
and the conformational stability of polyalanines, with results
comparable to MP2 results in many cases. Scoles and co-workers™
use a hybrid approach in which the dispersion energy is obtained by
a damped multipolar expansion to calculate interaction energies
and structural parameters of the rare gas dimers Ar, and Kr,,
the water dimer, the benzene dimer, and three metal carbonyls.
The dispersion coefficients are derived from the polarizabilities
and ionization potentials of the interacting molecules. Zimmerli
et al’® compare the performance of the correction terms and
accompanying damping functions of the three aforementioned
approaches™ in combination with different exchange correlation
functionals by application to water—benzene dimer geometries.

Becke and Johnson used a similar method but calculated
the C, dispersion coefficients specifically for the system under
investigation from the dipole moment of the exchange-hole,””®
and distributed these coefficients between the atoms. The approach
also uses a different damping function and was subsequently
extended to include Cg and C,, coefficients as well.”” Calculations
with this method and a specially chosen functional for 45 vdW
complexes resulted in remarkably accurate inter-molecular sepa-
rations and binding energies compared to high-level reference
data.®"#

The method of Lilienfeld er @l is a bit different as it uses
optimized, atom-centered non-local potentials that are normally
used in the context of pseudopotentials for core-electrons. The ap-
plication of this method for modelling attractive long-range vdW
forces is illustrated for argon—argon, benzene-benzene, graphite—
graphite, argon-benzene, Ar,Kr, (n + m < 4) vdW clusters,
cyclooctatetraene, and the hydrogen bromide dimer (HBr),. The
approach has also been applied to calculate interaction energies for
polyaromatic hydrocarbon molecules from monocyclic benzene
up to hexabenzocoronene'®™'* and the adsorption of Ar on
graphite.’”” In contrast to the —Cq- R~ approaches, this dispersion
correction also produces changes in the electronic charge density.
A serious disadvantage is, however, that the potentials do not
show the correct asymptotic R~ behavior and decay too fast
(exponentially) with interatomic distance.

An MP2/DFT hybrid method to study both bond-
rearrangements and vdW interactions is proposed by Tuma
and Sauer.'®'® The embedding scheme combines, similar to
the ONIOM method,'"! MP2 calculations for the reaction site
with DFT calculations for a large extended system, which are
extrapolated to the complete basis set limit and the full periodic
structure, respectively. The approach has been applied to the
protonation of isobutene in zeolites.

2.3 The DFT-D approach

The idea to treat the difficult dispersion interactions classically
and to combine the resulting potential with a quantum chemical
approach (a kind of QM/MM scheme) goes back to the 1970s in
the context of HF theory®** (for more recent HF + disp models see
ref. 112,113). The method has been forgotten for almost 30 years
and was rediscovered a few years ago as the DFT problems became
more evident.?»"*> The basic idea of our work was to develop
a robust dispersion correction that can be applied (without any
laborious highly specific fitting procedure) to common standard
density functionals. Concomitantly, the approach should be as
simple as possible, and in particular allow the easy calculation of
energy gradients for efficient geometry optimization, which is one
of the main purposes of the method.

For the dispersion correction in the KS-DFT formalism we use
a slightly modified version®* of the approach described originally
in ref. 31. The total energy is given by

Eprrp = Exs orr + Edips (3)

where Eygppr i1s the usual self-consistent Kohn-Sham energy
as obtained from the chosen density functional and Eg, is an
empirical dispersion correction given by

Nag—1 Nat ij
Egisy = —S6 Z Z ?:fdmp(Ri/)' @
i=1 j=i+l
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Here, N, is the number of atoms in the system, C! denotes
the dispersion coefficient for atom pair ij, s¢ is a global scaling
factor that only depends on the DF used, and R; is an interatomic
distance. In order to avoid near-singularities for small R and
electron correlation double-counting effects, a damping function
[ amp must be used, which is given by

1
1 + e—d(Rj/R—1) ’

fdmp (Ry) = (5)

where R, is the sum of atomic vdW radii in the ground state. We
recently determined these radii (taken as the radius of the 0.01 ¢,~*
electron density contour from atomic ROHF/TZV computations)
and atomic C; coefficients for the elements H-Xe. For the pairwise
dispersion coefficients we employ a simple geometric mean of the

form
Ci =/ GGy (6)

The interatomic dispersion potential is shown for the two examples
carbon and fluorine in Fig. 4. As can be seen, the damping function
effectively reduces the interactions to zero typically below 200
pm. Asymptotically for large R it approaches unity, and thus the
required R™® dependence is recovered. At intermediate distances
we get a minimum in the potential that lies usually slightly below
the sum of the corresponding atomic vdW radii, e.g. at about
300 pm for carbon. The potential for the two fluorine atoms looks
qualitatively similar but as the atom is smaller and less polarizable,
the interaction potential is overall smaller and the minimum is
found at shorter distances.
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Fig. 4 Dispersion correction (eqn (4)) for two carbon and two fluorine
atoms (s, = 1.0) separated by a distance R. The solid line shows the
undamped potential for comparison.

2.4 Technical aspects

Non-covalent interactions are typically one to two orders of mag-
nitude smaller per atom pair than covalent or ionic interactions.
Furthermore, the interaction energies are tiny compared to the
total electronic energies of the complex and the fragments that are
used in the super-molecular calculation of the interaction energy.
This has been illustrated with the analogy of attempting to ‘weigh
the captain of a ship by weighing the ship with and without the
captain’. Because the individual energies are necessarily computed
by approximate methods, their shortcomings may then show up

as large errors in computed potentials. In practice we must rely on
the fact that the errors for the individual energy computations
(‘weighings’) are systematic and cancel out when taking the
difference.

When using wavefunction-based methods, one usually considers
one-electron (AO basis set incompleteness) and many-particle
errors (electron correlation treatment). Today’s standard proce-
dure is to perform a series of calculations with AO basis sets
of systematically increasing size (e.g. Dunnings'* correlation-
consistent sets (aug-)cc-pVXZ, X = 2,3,4---) with a computa-
tionally cheap but crude correlation model (typically MP2) and
extrapolate the interaction energies to the complete basis set (CBS)
limit which yields AESS. This result is then corrected for higher-
order correlation effects and systematic MP2 errors by a CCSD(T)
calculation with a small basis set and additivity assumptions

AECBS

est.CCSD(T) — MP2

AEW, — (AE;I/E;;l - AEgncas“l')('r))' (7)
The accuracy of this multi-level approach mainly depends on size
of the correction term in parentheses and the quality of the small
basis set (which is sometimes chosen too small in order to keep
the computation tractable). The estimated accuracy is about 3—5%
for AE in dispersion-dominated vdW complexes of medium-sized
molecules.

With small basis sets a further quite serious complication
arises because the description of the monomer wavefunctions is
then very incomplete. When forming a complex (i.e., for shorter
intermolecular distances), this can variationally be improved by
utilizing (unused) basis functions of the interacting partner. This
leads to spurious lowering of the interaction energy, referred
to as basis set superposition error (BSSE). This error can be
approximately removed by using the counterpoise procedure
(CP)"5116 which, however, requires two additional computations
and is furthermore not applicable in the intramolecular case. The
CP correction is absolutely necessary for correlated calculations
on small systems and with small (less than triple-zeta) basis sets.
It can be avoided in most DFT calculations with triple-zeta basis
sets, for larger systems, when CBS extrapolations are performed,
or when local correlation methods?* are used. If not mentioned
otherwise, CP corrections are not performed in this work. We will
come back to this point with some examples in Sections 3.2 and
3.3.2, and also refer the reader to the discussion in ref. 31,32.

We exclusively use here AO basis of at least triple-zeta quality,
i.e., for the DFT-D calculations mostly those of Ahlrichs (TZV)"”
with two (2d,2p) or three (2df,2pd) sets of polarization functions.
Larger sets or those including diffuse basis functions that are
important in wavefunction-based methods have been found to
be unnecessary in DFT-D calculations®® when errors for AE of
about 5-10% are acceptable. We consider standard GGA-type
density functionals like BLYP'*'* or PBE™ and the new B97-
D.*> The latter is based on a re-parameterization of Becke’s
ansatz from 1997,' but now explicitly by including the —Cy-R™¢
dispersion terms. This should by construction avoid double-
counting effects of electron correlation, and the density functional
description is restricted to short-range electron correlations. In
some cases we also present results with the popular B3LY P12
hybrid functional. In the SAPT-DFT computations, we employ the
PBE0™* density functional. When functionals are used together
with the dispersion correction, we add the suffix ‘—D’ to the
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functional name in order to distinguish from conventional DFT
computations (occasionally reported to illustrate the effect of
dispersion).

If not mentioned otherwise, the molecular geometries have been
fully optimized. For a detailed discussion of the problems with
weakly bound complexes in this context and possible sources
of numerical error see ref. 31. The interaction energies given
are purely electronic, i.e., do not contain vibrational zero-point
energies. These corrections from D, (i.e., —AE) to D, range from
about 0.3 kcal mol™! for the weakly bound benzene dimer to e.g.
about 2 kcal mol™! for the more strongly bound water dimer.

All DFT-D and spin component scaled (SCS)-MP2 compu-
tations were performed with slightly modified versions of the
TURBOMOLE suite of programs.’'* In all these calculations
the resolution of identity (RI) approximation for the two-electron
integrals'*”'?® is used, which speeds up the computations by a fac-
tor of 5-15 with an insignificant loss of accuracy. The RI auxiliary
basis sets'* "3 are taken from the TURBOMOLE library.”*! The
SAPT computations were performed with MOLPRO™ and also
employ RI (density-fitting) approximations as implemented by
HeBelmann, Jansen and Schiitz.!'®

3 Results and discussion
3.1 Comparison of DFT-D and SAPT results

In the SAPT method,* the interaction energy (up to the second
order) is expressed as

— FD (1) (2) (2)
AE=ED +EV + E® + E

exr—ind

+ EQ + EY) (8)

exr—disp*

The interaction energy components in eqn (8) are called po-
larization energies and represent different order corrections in
perturbation theory. They have a clear physical interpretation
and correspond to the electrostatic (Coulomb interactions of
charge densities of the unperturbed monomers), exchange (effect
of Pauli repulsion or, equivalently, of anti-symmetrization of
the unperturbed wavefunctions of the monomers), induction
(interactions of induced multipole moments with permanent mo-
ments of the partner, sometimes confusingly called polarization),
exchange-induction (effect of anti-symmetrization of induction
wavefunctions), dispersion (interaction of instantaneous multipole
moments), and exchange-dispersion (effect of anti-symmetrization
of dispersion wavefunctions) interactions, respectively. For conve-
nience and to allow comparison with our partitioning approach
in DFT-D, EV, E?, and E2 ,  are added to yield E,, and
ES 4 and ES added to yield Eg,. The combined discussion
of EV and E?), terms as ‘electrostatic’ is very reasonable for the
neutral systems investigated here (as opposed to e.g cation—rn
complexes) because the induction energy is then typically much
smaller compared to E'! and furthermore not very system-specific.
Note further that in SAPT the complex is never treated as a
full system in one computation, and thus this approach has the
big advantage of being free of BSSE. On the other hand, only
complexes with separable fragments can be treated, which excludes
the important intramolecular case. We use SAPT here not as
a computational method for practical applications but want to
compare the interaction components with those from DFT-D to
show that our DFT treatment of weak interactions has a very solid
physical basis.

We partition the interaction energy from a supermolecular
DFT-D computation by the so-called energy decomposition
analysis (EDA) that goes back to the work of Morukuma.®*'¥
The EDA has been proven to give detailed information about the
nature of chemical bonding,”*® as well as for the interactions in
hydrogen-bonded systems'” and in supramolecular structures.*
The formation of bonding between two fragments is divided into
three physically plausible steps. In the first step, the fragment
electronic densities (in the frozen geometry of the super-molecule)
are superimposed, which yields the quasi-classical electrostatic
interaction energy (E”). Renormalization and orthogonalization
of the product of monomer wavefunctions yields a repulsive energy
term that corresponds to E... In the final step, the molecular
orbitals are allowed to relax to their final form, which yields the
(usually stabilizing) induction energy, and also includes orbital
and charge-transfer terms that are in part absent in second-order
SAPT. In a manner similar to that above, we add this term to
E", which yields then E.. The dispersion energy term (mainly
Eg) in SAPT) is calculated with the DFT-D approach. The total
interaction energy

AE = Eexr + Ees + Edisp (9)

differs from the true interaction energy only by the energy
necessary to bring the optimum monomer geometries into the
form they have in the super-molecule. This deformation energy is
very small in most cases (<2% of AE) and not discussed further.
The three terms E.,, E., E4, and the total interaction energy
from EDA and SAPT are compared for three typical (but small)
complexes in what follows.

Fig. 5 and 6 show that (although SAPT and EDA are very
different approaches) not only the total interaction potentials
but also the different parts are quite close to each other. This
holds in particular for E,, which is remarkably similar in both
approaches (see Fig. 6). At short distances the effect of the
damping function (which is DFT-D-specific to avoid electron
correlation double-counting and thus has no analogue in SAPT)
is clearly visible. Larger systematic differences between SAPT and
EDA are observed for E.,, and E., i.e., the former is higher and the
latter is always lower in EDA. The reasons for this are presently
not clear and deserve more research. Note, however, that besides
an incorrect DFT description of the interaction, other points
must also be considered. For example, the AO basis set used in
SAPT (aug-cc-pVTZ) is not large enough to provide converged
potentials, which is evident from SAPT binding energies that are
in general too small. Also, for more polar systems, higher-order
effects (e.g. charge transfer), which are accounted for in EDA by a
full SCF procedure for the complex, are not considered in second-
order SAPT. Furthermore, one also has to consider that there
is some arbitrariness whether the mixed terms £, , ; and ES)_
should be collected in EXR or in ES/dispersion parts, respectively.

In any case, the individual contributions to the interaction
potentials easily allow a classification of the main bonding motifs
in the three complexes. In the NH; dimer, dispersion is qualitatively
not important and the potential at larger distances is dominated
by E., which is a signature for a complex of polar molecules with
some hydrogen-bonding character. The ethene dimer represents
the other extreme where the interaction energy asymptotically is
given by E, while E is smaller at distances larger than 4 A. The
CH-n complex between ethene and ethyne is intermediate: E. is
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Fig. 5 Comparison of interaction potentials and components from
EDA (B97-D/TZV(2df,2pd), marked by stars) and SAPT-DFT(PBE0)/
aug-cc-pVTZ (marked by open circles) computations for the ammonia
dimer (top), the ethene—ethyne (CH-m, middle) complex, and the ethene
dimer (bottom). In all cases fixed (optimized) monomer geometries are
used and the intermolecular distance R is defined by an arrow.

very important near the minimum but E, is still significant, and
at larger distances both contribute almost equally to the binding.

3.2 Benchmark sets and model complexes

Before turning to examples of concrete experimental relevance
we want to show how accurate the DFT-D method is for typical
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Fig. 6 Comparison of dispersion contributions to the interaction energy
from EDA (B97-D/TZV(2df,2pd)) and SAPT-DFT(PBEO)/aug-cc-pVTZ
computations for the ammonia dimer, the ethene—ethyne complex, and the
ethene dimer.

non-covalent bonding interactions. For this purpose, benchmark
sets of molecular complexes are considered. We first investigate a
set of systems with biochemical relevance and secondly compare
substituted benzene-benzene complexes investigated in detail by
Sinnokrot and Sherrill.'"!3#

A database dubbed JSCH-2005 with CCSD(T) complete basis
set limit intermolecular interaction energies of 165 non-covalent
complexes has been released recently by Jurecka et al'*® The
majority of complexes are DNA base pairs (128), but 19 amino
acid pairs and 18 other small complexes are included, too. The
size of the complexes varies from six atoms in the water dimer
to 54 atoms in the phenylalanine-tryptophan pair. Also, the
range of interaction energies covered is remarkable: hydrogen-
bonded DNA base pairs have an average interaction energy of
—21 kcal mol™', stacked base pairs of —8 kcal mol™, and inter-
strand base pairs of —1 kcal mol™'. For amino acid pairs, the
interaction energies reach values up to —113 kcal mol™' between
oppositely charged glutamic acid and lysine residues. This set has
recently been investigated successfully with the improved DFT-D
method and several common functionals.”” We present here only
data for a smaller subset of complexes that nevertheless covers
most types of non-covalent interactions in bioorganic chemistry.
The results for interaction energies with B97-D and BLYP-D
methods are shown in Table 1. Note that the reference values also
have an estimated error of 2-3% of AE. A close inspection of the
data in Table 1 reveals that both DFT methods are very accurate.
The root-mean-square deviations of the DFT-D AFE values from
the reference are 0.6 and 0.5 kcal mol™' for the BLYP-D and
B97-D functionals, respectively. For the typical binding energies
of —10 to —20 kcal mol™', this corresponds to less than 5% of
AE. The differences between the largest positive and the largest
negative deviations are 2.0 and 2.1 kcal mol~'. For the B97-D
functional, the largest positive deviation occurs for the hydrogen-
bonded uracil dimer with 1.2 kcal mol™', which is only 6% of the
reference value. The largest negative deviation is obtained for the
benzene-H,0O complex, and amounts to —0.86 kcal mol~!, which
is the largest relative deviation (26%) in this small dataset found
with B97-D. Similarly small errors (root-mean-square deviations
of about 1 kcal mol™") have also been observed for the full data
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Table 1 DFT-D/TZV(2df,2pd) intermolecular interaction energies and deviations with respect to reference values (in kcal mol™)

B97-D BLYP-D  Est. CCSD(T)/CBS
No. Complex (symmetry) AE“ Cp? AE“ AE. ¢
Hydrogen-bonded complexes
I (NH;), (Cy) 372 —0.44 ~4.16 ~3.17
2 (H,0), (C,) 507  —0.68 ~5.80 ~5.02
3 Formic acid dimer (Cs,) —18.25 —0.64 —-19.34 —18.61
4 Formamide dimer (Cs,) —15.28 —0.58 —16.39 —15.96
5 Uracil dimer (Cs;) —19.45 —0.45 —-20.73 —20.65
6 2-Pyridoxine-2-aminopyridine —17.13 —0.59 —18.05 —16.71
7 Adenine-thymine WC —16.20 —0.58 -17.19 —16.37
Complexes with predominant dispersion contribution
8 (CH,), (D3y) —0.57 —0.02 —0.36 —0.53
9 (CH,)s (Day) 155 —0.05 ~1.55 ~1.51
10 Benzene-CH, (C5) —1.51 —0.04 —1.37 —1.50
11 Benzene dimer (Cy,) —267  —022 —2.35 —2.73
12 Pyrazine dimer (C,) —4.07 —0.25 —4.05 —4.42
13 Uracil dimer (C,) —10.02 —0.63 —10.50 —10.12
14 Indole-benzene —4.72 —0.38 —4.55 -5.22
15 Adenine-thymine stack —12.11 —0.80 —12.85 —12.23
Mixed complexes
16 Ethene ethyne (Cs,) ~173  —0.07 ~1.62 ~1.53
17 Benzene-H,0 (C;) —4.14 —0.71 —4.16 —3.28
18 Benzene-NH; (C) -2.75 —0.35 —2.66 -2.35
19 Benzene-HCN (Cy) —4.88 —0.08 —4.87 —4.46
20 Benzene dimer (C,,) —-2.93 —0.13 —-2.76 —2.74
21 Indole-benzene T-shape —6.26 —0.30 —6.16 —5.73
22 Phenol dimer —6.60 —0.55 —7.35 —7.05
“Not corrected for BSSE. ® Counterpoise correction. ¢ Estimated CCSD(T)/CBS.'*
set of 165 complexes.”” Noteworthy is also the very consistent L S s B L e
description of complexes of different bonding type, e.g. H-bonded C ® stacked ‘,, 1
compared to n-stacked structures. The second column of the table L A T-shaped b
also includes the counterpoise correction for BSSE, which is in - I v T-shaped 2 P 1
all cases very small (absolute value <1 kcal mol~") and negligible E F . 1
for the larger molecules in particular. Typically, the CP correction g asf o -
with properly polarized triple-zeta basis sets is <5% of AE, which E L v 1
is on the order of normal basis set effects and which does not < - ‘A v ]
warrant the additional CP computations. E. 2 R A 7
Our second test consists of hetero-dimers of benzene with 2 I ° v ]
substituted benzenes (R = CH;, OH, F, CN) in stacked (face-to- sl v ]
face) and T-shaped conformations (T with the substituted benzene [ ]
as the CH donor and T2 in reverse mode). These systems have been [ A ]
4 P R R [ I

used to understand the substituent effects on n—m interactions!!
(for the analysis of a similar pyridine-substituted benzene model
system see ref. 140,141). The theoretical results of Sinnokrot
and Sherrill (est. CCSD(T)/aug-cc-pVTZ), which contradict the
empirical rules of Hunter and Sanders,"* are fully supported by
the present B97-D calculations. Independent of the nature of the
substituent (electron-donating or -withdrawing) all stacked dimers
are more strongly bound than the unsubstituted benzene dimer.
For the T-shaped arrangements, CH;/OH and F/CN substituents
fall in two classes, as expected when ES effects are dominant (see
below).

As it is evident from Fig. 7, the DFT-D method provides very
accurate binding energies, and not only on an absolute scale; the
substituent effects are also described very well. The systematically
stronger binding provided by B97-D (i.e., all data points are
located below the dashed line by about 0.3 kcal mol~' on average)
can be traced back to under-binding of the reference method that
used only an aug-cc-pVTZ AO basis. We also decomposed the

IS
&
W

3 25
est. CCSD(T)/aVTZ [kcal/mol]

n

Fig. 7 Comparison of binding energies (frozen monomer geometries)
for benzene-substituted benzene (R = H, OH, CH;, F, CN) from
B97-D/TZV(2df,2pd) and estimated CCSD(T)/aug-cc-pVTZ methods.
The dashed line has a slope of unity and an intercept of zero.

binding energies using EDA, and plot in Fig. 8 the energetic
changes compared to the corresponding benzene dimer due to
EXR, ES, and dispersion contributions.

This analysis, that is also relevant to intramolecular cases as in
the triptycene derivatives discussed in Section 3.3.1, reveals the
different nature of binding in stacked and T-shaped structures. In
agreement with the results of Sinnokrot and Sherrill, we see for the
stacked forms that the ES contribution is more stabilizing for all
substituents. The very strong binding for R = CN can be explained
by better ES interactions compared to the other substituents, while
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Fig. 8 Contributions to the interaction energy relative to the benzene
dimer for heterodimers with one mono-substituted benzene (R = OH,
CH;, F, CN) in the stacked (top), T-shaped (middle) and T-shaped(2)
(bottom) configuration. The components to AE are computed by EDA at
the B97-D/TZV(2df,2pd) level using geometries from ref. 11.

the relatively good binding for R = CH; mainly results from a large
dispersion term. For both T-shaped arrangements (and for T(2)
in particular) one can see the dominant contribution of ES for
the substituent effect, which emphasizes the simple picture of the
interaction of the slightly polar CH donor bond with the n-density
of the acceptor ring. The exceptionally large difference of ES and
EXR components in the T-shaped case for R = CN is mainly
attributed to the short inter-ring distance of 4.9 A instead of 5.0 A
as for the other complexes.

Before discussing the results for intramolecular examples, we
want to comment on the commonly used terms ‘n—7 stacking’ or
‘- interactions’, which are rather mysterious and are often used
when a deeper understanding of the system is missing (see also the
comment in ref. 11). In our opinion, the term n—= stacking should
merely be used as a geometrical descriptor when aromatic or
other unsaturated organic molecules have their molecular planes
in a more-or-less parallel orientation. In essence, our view is that
special - interactions in aromatic vdW complexes simply do not
exist (for borderline cases see ref. 143). Let us note first that e.g.
the stacked (parallel-displaced) benzene dimer has an even smaller
binding energy (about —2.8 kcal mol™") than the completely
saturated pentane dimer (about —3.9 kcal mol™"),"** which has
the same size. This result is incompatible with the assumption
of special n—m interactions. Instead, both systems (unsaturated
and saturated) are typical vdW complexes where dispersion is
absolutely essential for the binding. For larger aromatic systems,
the stacked orientation just minimizes the interatomic distances
for optimal dispersion interactions. Because in this arrangement
not many orbitals overlap (just significantly the 1-MOs), the EXR
is quite small (e.g. compared to the pentane dimer or the T-shaped
arrangement), and this helps to compensate for unfavorable ES
effects in this orientation.

The most special property of n-systems compared to saturated
systems is their better interaction with polar molecules, as
illustrated by the comparison of the electrostatic potentials (ESP)
of benzene and pentane in Fig. 9.

It is clearly seen that benzene has pronounced negative regions
above and below the molecular plane that are attributed to the
n-electrons. These regions may serve e.g. as an H-bond acceptor
similar to the lone-pairs of oxygen and nitrogen, which explains
the quite strong binding of benzene with water and ammonia (see
Table 1 and also Section 3.4.1).

Such regions are obviously missing in pentane, which only has
very shallow minima in the ESP of about —3 kcal mol™! depth.
These plots also help to understand why an EDA of the interaction
energy terms reveals the electrostatics to be more attractive in the
pentane dimer than in the benzene dimer. They further explain why
the arene units in vdW complexes are mostly displaced with respect
to each other, which minimizes the repulsive ES interactions
between the mid-parts of the rings.

3.3 Examples for intramolecular interactions

3.3.1 ‘m-Stacking’ in triptycene derivatives. The equilibrium
between syn- and anti-forms of the triptycene derivative shown
in Fig. 10 have been investigated by Gung et al.'* using NMR
spectroscopy in chloroform. The two conformers differ mainly
by the orientation of the -CH,CPh ring with respect to the R—
PhCOO moiety. The two aromatic units in the syn-form are located
in a stacked, parallel-displaced arrangement. This inter-ring
interaction, which also includes components from the carbonyl
moiety should, however, stabilize the syn-conformer relative to
the anti-conformer; a result which is indeed found experimentally.

The experimental AG values for the anti — syn rotation have
been obtained for different para-substituents R on the PhCOO
moiety (a further substituent on the experimentally investigated
compounds in para-position to the PhCOO group has been
discarded for the calculations). The experimental values of the
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Fig. 9 Contour-line plot of the electrostatic potential of pentane (top,
in the CCCCC plane) and benzene (bottom, orthogonal to the molec-
ular plane). Dashed lines indicate a negative (positive-charge-attracting)
potential in steps of £2 kcal mol~'.

%5

syn (stacked) R

anti H

Fig. 10 Structures of the two conformers of the triptycene derivatives.

compounds considered here (R = NO,, CN, F, H, Me) range
from —0.69 kcal mol™! (stacked form more stable) for R = NO,
to 0.14 kcal mol™' (R = Me). It is important to note that these
values have been obtained in chloroform solution and thus contain
solvation effects that are not fully considered in the our gas-phase
dielectric continuum model (COSMO') calculations. While in the
anti-form both arene rings are expected to have an almost complete
solvation shell, this is in part lost in the stacked arrangement.
Thus, compared to the gas phase, the anti-form is stabilized in
solution more than the syn-form. Therefore, our theoretical results

Table 2 Comparison of theoretical® and experimental conformational
energies anti — syn (kcal mol™"). Values in parentheses are those without
the dispersion correction

R AE AE(shifted) ® AG(exp) ¢
NO, —2.02 (2.44) —1.03 (=0.37) —0.69
CN —1.80(1.99) —0.81 (—0.82) —0.55
F —1.24 (2.81) —0.25 (0.00) —0.14
H —0.97 (2.83) 0.02 (0.02) 0.02
Me —0.96 (2.55) 0.03 (—0.26) 0.14

“B97-D + COSMO(e = 4.81)/TZV(2d,2p) level. For all atoms of the
triptycene moiety, a smaller SV(d,p) AO basis set is used. * 0.99 kcal mol™
or —2.81 kcal mol™' (pure DFT) added (values derived from R = H) to
account for the solvent effect. < In CDCl;, error £0.05 kcal mol ™" (ref. 145).

are shifted with respect to the experimental value by the difference
in the free solvation enthalpies. This shift is estimated from the
difference between AE(calc) and AG(exp) for R = H, and these
corrected values are shown in the second column of Table 2.
Perusing Table 2, one finds an excellent agreement between the
corrected theoretical values and experiment, i.e., the substituent
effect is described accurately to within 40.3 kcal mol™'. The
solvent effect of about 1 kcal mol™' seems reasonable for the loss
of one solvation shell for a substituted benzene in chloroform.
Note that the DFT values without the dispersion correction are
much too high (the anti-form is too stable by 3-4 kcal mol"), and
furthermore the computed substituent effects are incorrect for
R = NO, and R = Me. This underlines that only a comprehensive
treatment of all interaction terms including dispersion can provide
quantitatively correct non-covalent interactions. Note also that
much of the success for this system results from the complete DFT-
D geometry optimizations that could be performed. Without the
dispersion correction, very distorted geometries are obtained that
are useless for the evaluation of the conformational energies. This
is an appealing feature of the DFT-D method; the dispersion term
simply can be switched off and the effects on geometry or energy
can be monitored. This is shown for example in Fig. 11 for the
compound with R = H.

Fig. 11 Side view of the optimized structures (B97-D/TZV(2d,2p)-
SV(p,d) of the syn-conformer (R = H) with (left) and without (right)
the dispersion correction. The arrows indicate the distance between the
para-carbons of the two rings (417 and 619 pm) and the carbonyl carbon
atom and the ortho-carbon of the lower ring (309 and 343 pm).

The inter-ring distances that are relevant in the stacking depend
dramatically on the dispersion contribution, as can be seen by
lengthening of the carbonyl-group-ring distance by 34 pm and
between the two para-carbon atoms of more that 200 pm. Without

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 741-758 | 751





the dispersion potential, the strongly repulsive EXR terms are not
compensated for and the entire R—-PhCOO moiety tries to avoid the
ring by bending up and undergoing torsion. This example shows
clearly that with conventional functionals qualitatively wrong
geometries can be obtained.

3.3.2 Folding in alkane chains. The folding of molecular
structures from spatially extended linear arrangements to those
that are more dense and space-filling is an important elementary
process in proteins (for a related study on a- vs. 3,y-helix conversion
see ref. 147). We study the energetic consequences of a simple
folding event here in a non-polar model system in order to monitor
in particular the effects of dispersion.

For small chain lengths, non-branched alkanes C,H,,., are most
stable in the linear (L), C,,-symmetric form (z even). In the case of
butane, the relative energy to the higher-lying gauche minimum is
about 0.9 kcal mol~'." When the alkane becomes longer, a gauche-
type torsion in the middle of the chain can lead to an arrangement
of two spatially close-lying ‘arms’ of the molecule, as shown for
example for C;Hg, in Fig. 12.

Fig.12 Optimized structures (BLYP-D/TZV(d,p)) of the linear (C,,) and
folded (C,) conformers of C;,Hg,.

The intramolecular interactions between these parts can over-
compensate the linear—gauche energy difference for larger chains,
so that folded alkanes become more stable than linear conformers.
We investigate here the energy difference between linear (L)
and gauche (singly-folded, F) forms AE,; as a function of the
chain length (n = 14, 22 and 30). Full geometry optimizations
were performed at the BLYP-D/TZV(d,p) level. Single-point
energies were obtained with several functionals, and the results
are compared to those from the MM3 force field™* and the MP2
method (Table 3). Because the counterpoise correction (important
in MP2 calculations) cannot be applied here, we present MP2
results with two AO basis sets of different size. Note that the
calculation for C;Hg, with the large aug-cc-pVTZ AO basis
involves about 3000 orbitals, which is not far from the limit of
what routinely can be carried out on today’s computer hardware.

Having already pointed out in the previous examples the
importance of dispersion for larger molecules, it comes as no
surprise that the effect for these long alkane chains is dramatic.
With HF or BLYP, which neglect vdW interactions completely,
the linear form becomes increasingly more stable as the chain
length grows. For C;Hg,, the folded conformer is between 20
and 30 kcal mol™! less stable, which can be mainly attributed to
the intramolecular EXR between the chains. This is drastically
different with methods that account for dispersion interactions,
where even for n = 14 the linear form is slightly more stable. The
crossing point is between n = 14 and n = 22 where the folded forms

Table 3 Energy difference’ between linear and folded forms AE,,
(in kcal mol™")

AEy
Method C,H; CyHys CsHe,
HF* —8.9 —23.8 —30.6
BLYP* -6.9 —16.5 -20.8
BLYP-D* —1.4 6.8 12.7
B97-D* -1.5 4.8 9.8
MP2 ¢ -2.6 1.8 5.9
MP2 ¢ -22 3.6 8.8
Force field (MM3) ¢ -5.1 -2.9 12.7

“BLYP-D/TZV(d,p)-optimized structures. A negative sign indicates that
the linear form is more stable. * TZV(2d,2p) AO basis. ¢ TZV(2df,2pd) AO
basis. ¢ aug-cc-pVTZ AO basis. ¢ Fully optimized.

become more stable. For the longest chain, the energy gain due to
folding is very significant and amounts to 5-10 kcal mol~'. Note
also that for the smallest system, HF and BLYP relative energies
deviate by 5-7 kcal mol™! from the other methods. We also tested
a common force field (MM3) for that problem and found a
reasonable but not perfect agreement with the quantum chemical
data. The basis set effect when going from the TZV(2df,2pd) to
the aug-cc-pVTZ AO basis is in the expected direction (stabilizing
the folded forms due to a better description of intramolecular
dispersion) but the changes are relatively small. Tentatively, this
can be explained by a compensating effect of larger BSSE and
missing diffuse functions (to describe dispersion and induction)
in the TZV(2df,2pd) calculation. Note also the almost perfect
agreement between the B97-D and MP2/aug-cc-pVTZ values.

3.3.3 The dimerization of anthraceme. The photo-dimeri-
zation of anthracene, a clean and reversible reaction that yields
in a [4 + 4] cycloaddition manner the covalently bound polycyclic
dimer, has been known for about 140 years' (see Fig. 13). The
dimer is thermally labile at elevated temperatures and reverts back
to the two monomers, which has raised hopes for its use in solar
energy storage devices.

Fig. 13 Dimerization and thermal dissociation of anthracene.

The dissociation energy (D.) of the dimer has recently been
investigated in great detail theoretically in ref. 151, in which
experimental solution data have also been discussed. Here we just
want to compare DFT-D data with the most accurate theoretical
reference value of about 9 kcal mol™' for D, that has been
obtained with coupled-cluster and quantum-Monte-Carlo-based
methods.’!

The results of calculated D, values are summarized in Table 4.
Quite surprisingly for a seemingly simple organic reaction, all
density functionals except PBE-D yield the wrong sign for D.,
i.e., two anthracene molecules are computed to be more stable
than the dimer. Particularly striking is the bad performance of
the commonly used BLYP and B3LYP functionals, which lead to
huge and unacceptable errors of 35-45 kcal mol~'. The first hint to
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Table 4 Dissociation energies D, (in kcal mol™") for the anthracene dimer

Method* AO basis D,

B3LYP cc-pVTZ —25.8
BLYP TZV(2df,2pd) —35.3
HF cc-pVTZ —20.7
PBE TZV(2df,2pd) —14.5
BLYP-D TZV(2df,2pd) -9.1
B97-D TZV(2df,2pd) -7.2
PBE-D TZV(2df,2pd) 1.9
SCS-MP2 cc-pVTZ 13.4
MP2 cc-pVTZ 21.4

Best theoretical estimate (ref. 151) 943

“Single point calculations using the MP2/TZV(2d,2p) geometry.

the problem of the discrepancy between wavefunction theory (e.g.
SCS-MP2"?) and DFT comes from the large dispersion correction
obtained from the DFT-D method. Also, the large D, value
obtained by MP2 (which overestimates dispersion interactions
involving m-systems; see e.g. ref. 153,154) is in line with the
interpretation that dispersion is at the heart of the problem. This
can easily be understood by considering the large size of the
molecules (especially the dimer), with many interatomic distances
close to those of typical vdW minima. When used together with
the PBE density functional, the new dispersion correction lowers
the dimer relative to two separated anthracene molecules by
about 16 kcal mol™', leading to a D, value with a correct sign.
Obviously (and ultimately quite understandably) there are strong
intra-molecular vdW interactions in the dimer. From the structure,
one can clearly see that the four outer benzene rings are in a
stacked arrangement (C—C distances are between 270 and 450 pm),
which should add roughly 5-10 kcal mol™! internal stabilization
compared to two monomers. These effects are entirely due to long-
range electron correlation, and thus are absent in HF and standard
DFT, which both yield a dimer that is too unstable (D, < 0), while
all correlated wavefunction methods that accurately include them
yield D, > 0. Note that the wrong sign provided by B97-D and
BLYP-D is mainly attributed to an incorrect description of the o—m
transformation and the aromatization energies in the reaction. It
is clear that the DFT-D model can only improve the long-range
part of the dispersion interactions, and in such a case medium
range-correlation effects also play a major role. In any case, this
example shows clearly how important intra-molecular dispersion
effects in reactions with medium-sized molecules really are, and
furthermore, the limits of the simple (orbital-independent) DFT-D
treatment.

3.4 Examples for intermolecular interactions

3.4.1 Complexes of polar aromatic molecules: corannulene.
Van der Waals complexes of polar aromatic molecules are partic-
ularly interesting because of a subtle balance between dispersion
and electrostatic effects. This has previously been investigated for
pyridine** and azulene® dimers. One of the most interesting and
exotic hydrocarbons in this context is corannulene. Because of the
(geometrical) ring-strain it is non-planar and has a bowl-shape
form. Furthermore, due to the 20 m-electrons it does not obey
the Hiickel 4n + 2-rule. Nevertheless, it benefits from a reasonable
resonance energy stabilization which can be explained by, for
example, the mesomeric structures shown in Fig. 14.

& BB

Fig. 14 Resonance structures of corannulene.

Another important characteristic of this molecule is the high
dipole moment of about 2.1 debye (B97-D/TZV(2d,2p) level)
caused by its vaulted shape and the electron distribution that
reflects the significant participation of the aforementioned me-
someric structures. This makes corannulene a candidate for rela-
tively stable vdW complexes, as considered in an early theoretical
study of its dimer by Tsuzuki et al.'>

Because this molecule can serve as a model for fullerenes
and nanotubes, we initiated a systematic study of corannulene
complexes with a series of small molecules (H,O, NH;, and CH,).
Corannulene has two distinct binding sites at the inside (i) and
at the outside (o) of the bowl. As can be seen in Fig. 15, the
electrostatic potential of corannulene is more negative on the
outside (minimum value of about —12 kcal mol™') than on the
inside (minimum value of about —8 kcal mol™"), which should be
compared to the corresponding value of about —10 kcal mol~!
for the similarly sized (but planar) coronene. Tentatively, this can
explain the slight preference for outside-complexes of corannulene
with (electron deficient) transition metal fragments observed in
recent X-ray studies.'® Fig. 16 shows the optimized geometries of

Fig. 15 Contour-line plot of the electrostatic potential of corannulene on
a plane containing the C; axis through the middle of the molecule. Dashed
lines indicate a negative (positive-charge-attracting) potential. The step
between the contour-lines is —2 kcal mol~'. The global ESP minimum on
the outer side of the bowl is —12.4 kcal mol~'.

£ o
4 o’ -

Fig. 16 Geometries of inside-bound (top) and outside-bound (bottom)
corannulene complexes with (left to right) water, ammonia, and methane.
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Table S Energy contributions to binding from EDA (BLYP-D/
TZV(2d,2p)) for the different corannulene complexes and total binding
energies from DFT-D and SCS-MP?2 (all data in kcal mol™"). The values
in parentheses are without the dispersion correction

DFT-D SCS-MP2°

Complex with: *  E, E., Esp AE ¢ AE

CH, (1) 180 —125 —11.0 —=55(5.5) —4.3

NH; (i) 164 —13.1 —-10.5 -7.3(3.3) —4.8

H,O0 (i) 11.5 —10.6 —-8.6 —7.7(0.9) —4.6

CH, (o) 6.0 -39 -39 -—1.8(2.1) —-1.6

NH; (o) 6.9 —6.3 —-3.8 —3.2(0.6) —

H,0 (0) 88 —95 —43 -50(-07) —

“ Abbreviations: (i): inside; (o) outside. * CP-corrected aug-cc-pVTZ values
using BLYP-D/TZV(2d,2p) optimized geometries. ¢ Fragment deforma-
tion energies not included.

all six complexes considered. In Table 5 the corresponding binding
energies are collected, and also includes SCS-MP2 values for
comparison. This method yields the same trends and qualitative
picture, but the inner values are 2-3 kcal mol~' smaller than with
DFT-D. A slight overbinding of water and ammonia by DFT-D
is noted even for benzene, which may be attributed to a charge-
transfer character that is slightly too large; this is a general DFT
problem. The SCS-MP2 values on the other hand may be slightly
too small due to basis set incompleteness effects.

The structures of the complexes are geometrically quite similar
to each other. The hydrogen atoms always point towards the
rings, and on the outside the small molecules tend to choose the
‘wall’ rather than the ‘bottom’. Concerning the special shape of
corannulene, all three molecules prefer the inside of the bowl. The
binding energies are 2-4 kcal mol~' lower than on the outside.
This is somewhat counter-intuitive because one would expect
the outer rim to be a better hydrogen bond donor (¢f. Fig. 15).
Note also the intriguing result that NH; and H,O bind almost
equally strongly (but only inside), while for e.g. benzene the binding
linearly increases from CH, to NH; to H,O.

For further understanding an EDA has been performed, which
is also given in Table 5. Obviously, all inside complexes are
stabilized more by dispersion than the outside ones, i.c., at the
pure DFT level the outside is always energetically favored and the
ratio E../Ey, is also larger outside (at least for H,O and NHs).
We note in passing that without the dispersion correction only
H,O is bound (at the outside). In agreement with the conclusions
drawn from the ESP plot, the ES contributions on the outside
increase from CH, to H,O, while they are almost constant for the
inside structures (the larger absolute values are due to the shorter
intermolecular distances). The unusual result that ammonia forms
about the same (or an even stronger) bonds than water can again
be attributed to the large contribution of dispersion that is: i)
more important for NH; and CH, than for H,O (decreasing
polarizability); ii) that is clearly stronger inside with more shorter
interatomic contacts; and iii) that overcompensates the relative ES
effects.

3.4.2 Dimerization of large n-systems. Large organic m-
systems have a tendency to form aggregates (dimers) even in
solution under ambient conditions. The corresponding spectro-
scopic consequences in the case of merocyanine dyes have been
investigated in detail by Wiirthner et al'” We take here one

of his examples, to show how difficult structure calculations
with other methods are. The formula of the investigated dye is
shown in Fig. 17 together with results from DFT-D and AM1'%#
optimizations of its dimer.

Fig. 17 Formula of the investigated merocyanine dye and two views of
the optimized structures (B97-D/TZV(d,p), top) and AMI1 (bottom).

The monomer has a large dipole-moment of 18.6 debye
(B97-D/TZV(2d,2p)) and thus, the preferred arrangement of
the molecules in the dimer is the anti-parallel orientation with
C; symmetry. The monomers are not fully face-to-face but
slightly displaced relative to each other, as found in many other
aromatic dimer complexes.” Their relatively strong interaction
is indicated by inter-plane distances between 3.2 and 3.3 A
and a small distortion of the inherently planar chromophore.
These theoretical results are in qualitative agreement with the
spectroscopic measurements'’ as well as (quite crude) MP2/6-
31G(d) optimizations.'*

Such large m-systems represent difficulties for simpler computa-
tional methods. Force-fields are in general not applicable because
they can not account for the special unsaturated (delocalized)
character that leads to a very non-uniform charge distribution.
The only alternatives are simpler MO methods like AM1'* but
these fail completely in this case, as it is evident from the very
distorted geometries shown in the bottom of Fig. 17. With AM1
the monomers are shifted with respect to each other, there is a
strong bend along their long axis in order to avoid contact that
is too close and obviously, the system is held together mainly by
Coloumbic forces from the ends of the units.

These failures are understandable by considering the results
from an EDA at the DFT-D level. Due to the polar character of the
merocyanine dye, one intuitively expects ES to be very dominant
for the binding. This picture is more-or-less wrong, i.e., the large
E., term of —68.8 kcal mol™' is almost completely quenched by
EXR (65.9 kcal mol™), such that only a very weak interaction
of —2.9 kcal mol™' remains at the pure DFT level. The major
part of the very large total interaction energy of —43.8 kcal mol™!
(—40.5 kcal mol™! including the fragment deformation) is due to
dispersion, which stabilizes the dimer relative to the monomers
by about 41 kcal mol™'. This is absent in AMI, leading to a
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very unbalanced treatment of the interaction terms and finally
to completely unreliable structure predictions. Note also that such
complex n-systems with many heteroatoms lead to complicated ES
interactions that may not be modelled correctly by semiempirical
approximations. In any case, the huge dimerization energy of
—41 kcal mol™! (about half the dissociation energy of a covalent
C-C bond) is a good example how misleading the term ‘weak
interaction’ is, even for medium-sized systems.

3.4.3 Adsorption of methane on carbon nanotubes. The ad-
sorption of small molecules on graphene sheets and carbon
nanotubes makes these carbon allotropes attractive as potential
gas storage materials. The best estimate for the adsorption en-
thalpy of methane on graphene under low pressure (low coverage)
conditions is —3.0 kcal mol~"'."! The binding on carbon nanotube
material was found to be 76% larger (—5.1 kcal mol™")."** The
better binding on the tubes was explained by adsorption in
channels of nanotube bundles and interaction with more than
one (outer) cylinder surface.

We have performed DFT-D calculations (B97-D/TZV(d,p)) to
estimate the absolute and relative adsorption energy of methane
on a planar polycyclic aromatic compound (coronene) and on
the surface and in the inner void of a small single-walled carbon
nanotube. Our model tube has a length and diameter of about
15 and 8.4 A respectively, and comprises 144 carbon atoms. The
adsorption energy of one molecule of CH,, centered on coronene,
amounts to —3.1 kcal mol™', a value that agrees very well with that
from experiment.

The optimization of the nanotube complexes (see Fig. 18)
revealed adsorption energies of —2.2 kcal mol™ (AE®Y) when CH,
is attached to the outer surface of the tube, and —10.1 kcal mol™!
(AE™,) when CH, is located inside the tube. The outside binding
energy is smaller than that for coronene. Interestingly, for the
outside complex, the contribution of AEy, to AES! is only
—3.8 kcal mol™', which is less than in the coronene complex
(—5.8 kcal mol™"). For the inside complex, the contribution of
AE,, to binding is —12.7 kcal mol™', which explains the large
total interaction energy. Thus, the electrostatic/induction terms
induced by the curved surface seem to be similar inside and
outside, which is corroborated by an ESP plot (not shown). Our
calculations for AE?}! are in good agreement with experimental
reference enthalpies. That our value is smaller supports the
conclusion from experiment that more than one tube surface is (on
average) involved. Note that without the dispersion correction, the

Fig. 18 Model complex of methane with a [6,6] carbon nanotube
(B97-D/TZV(d,p)). Left: CH, adsorbed on the outer surface, AE% =

—2.2 kcal mol™'. Right: CH, located inside the tube, AE" =
—10.1 kcal mol™".

methane molecule is in any case unbound, and furthermore, the
large difference between inside and outside situations disappears.

3.4.4 Gas hydrates. Clathrate hydrates are inclusion com-
pounds consisting of guest molecules (such as noble gases or
hydrocarbons) in an ordered network of water molecules. Methane
hydrate is of special interest as it may represent a large reservoir
of fossil fuel that could be exploited in the future.

Fig. 19 Model complexes of methane in structure I gas hydrate. Left:
CH, in a 5" cage ((H,0),y). Right: CH, in a 526 cage ((H,0),,).

The most abundant structure of methane hydrate (type I) has
been found to contain a pentagonal dodecahedron (5 cage) and a
tetrakaidecahedron (5'26% cage).'®® These two cages are used here as
methane hosts in supermolecular DFT-D computations (Fig. 19).
As the two cages have many isomers with various permutations
of internal and external hydrogen atoms, we have proceeded
by optimizing only one arbitrarily chosen isomer of each cage
with an included methane molecule. Subsequently, single point
calculations and structure optimizations of the empty water cage
were performed. We compare the energy of the optimized, empty
water cage with the energy of the methane complex and the energy
of the water cage after CH, removal (see Table 6). Here, AE is the
binding energy of the guest (compared to the optimized empty
water cage) and AEy;, the corresponding dispersion contribution.

The binding energy is not significantly smaller in the 5'> cage
(—6.9 kcal mol™") than in the (larger) 5'26° cage (—7.0 kcal mol™").
The larger AEy, in the dodecahedral cage is apparently a
consequence of the smaller void: the average C-O distance is
3.88 A in CH,@(H,0), and 4.27 A in CH,@(H,0),. From
solid-state NMR spectra, a population ratio of 0.916 has been
determined for the occupation of 5 vs. 526% positions.'® The
relative energy difference of methane residing in one of the two
cavities is therefore below 1 kcal mol™', in agreement with our
data. Furthermore, the energy change of the water network after
optimization of the empty cage (—AE,) is negligibly small for

Table 6 Energies (B97-D/TZV(2d,2p)) of methane hydrate models
in kcal mol™!

CH,@H,0),,  CH,@(H0).
AE ~6.9 ~7.0
AE, ~10.9 74
AE,.(H,0) * 0.07 0.09

“Difference between the energies between empty water cages in the
complex geometry after optimization (Eqyx — Eop)
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both water cages. One can conclude that the inclusion of CH,
neither significantly distorts the cluster structure, nor influences
the stability of the water cages. Similar binding energies were
reported at the MP2 level (—7 kcal mol™), but only a double-
zeta basis set without BSSE correction was used.'®® Tt is obvious
from AE and AE,, that DFT calculations without the dispersion
correction would incorrectly predict an unbound CH,.

4 Conclusions

The present work and the developments of dispersion corrections
to Kohn-Sham density functional theory in particular adheres
to the general ambition of making quantum chemical methods
applicable to major parts of chemistry. We have presented several
examples from organic chemistry, supramolecular chemistry, and
biochemistry where non-covalent interactions are a very important
issue. We have pointed out that an accurate description of the inter-
and intramolecular interactions requires a balanced treatment of
all basic physical processes, i.e., exchange-repulsion, electrostatics,
and dispersion. The inherent problem of current KS-DFT—still
the most promising quantum chemical method for large systems—
is the description of the dispersive (van der Waals) part, and
remedies for this problem have been proposed by many groups. Our
simple approach to add damped —C¢-R™® potentials to the KS-
DFT energy captures the essential physics of the problem, as has
been shown by comparisons to symmetry-adapted perturbation
theory analysis. Allin all, the DFT-D method with B97-D or BLYP
functionals yields interaction energies that are very close to the best
CCSD(T) reference data, and there is convincing evidence that this
also holds for the computation of molecular geometries. One of
the reasons for this success is that the complicated, non-additive
and system- (and orientation-) dependent exchange-repulsion,
electrostatic, and induction effects are very accurately described
by the current density functionals. Dispersion forces on the other
hand have a much more isotropic, system-independent (additive)
character, and can thus be described with a rather simple, classical
ansatz.

Currently we see little reason to make the model more com-
plicated, e.g. by inclusion of higher-order terms in the dispersion
correction. This would in any case require more accurate CCSD(T)
reference data that would currently be too computationally
demanding for most of the tested complexes. In the area of
very large unsaturated systems such as carbon nanotubes or
fullerene aggregates, our dispersion correction will very likely
underestimate the interactions due to the large (system-dependent)
polarizabilities of the fragments.

In summary, we have tried to show with some representative
examples how important dispersion effects in chemistry are. These
often so-called ‘weak interactions’ are intuitively underestimated
by most chemists, but may sum up to significant relative contri-
butions, such that their neglect can lead to qualitatively wrong
conclusions. This will become more and more important as the
size of the experimentally investigated molecules increases, because
dispersion effects have a much longer range than the competing
exchange repulsion. We hope that this work (and in particular
the results of the energy decomposition analysis) will contribute
to a better understanding of non-covalent interactions in large
molecules. In addition, it might give experimentalists (and also

theoreticians) a reality check on the importance of dispersion,
and not just for density functional theory.
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Microwave-promoted esterification reactions have been monitored using in sitzu Raman spectroscopy.
Having optimised a reaction on a 23 mmol scale, it was transferred to a larger reaction vessel and scaled
up to 0.26 mol, again with Raman monitoring. With conditions in hand, an automated stop-flow

apparatus was used to prepare 5.7 moles of product.

Introduction

Microwave heating is becoming a widely accepted tool for
synthetic chemists. It is possible to improve product yields and
enhance the rate of reactions as well as being a safe and convenient
method for heating reaction mixtures to elevated temperatures.’?
A problem with performing a reaction using scientific microwave
apparatus is that monitoring its progress is not easy. With
conventional heating, where the reaction proceeds slowly, aliquots
can be removed and analyzed over time, but with microwave
heating the reaction may be complete within a matter of minutes
or even seconds and accessing a sealed vessel during a reaction is
not possible. As a result, optimization of reaction conditions such
as time and temperature can often be a matter of trial and error.
Techniques including neutron and X-ray scattering,** and near IR
spectroscopy’ have been interfaced with microwave apparatus for
monitoring reactions as they progress. While having applications,
particularly in materials chemistry, they are not trivial to set
up. Pivonka and Empfield have reported the use of Raman
spectroscopy as a tool for monitoring organic transformations.?
They studied an imine formation reaction and a Knovenagel
condensation. Building on this work, we recently reported a
simple apparatus for the monitoring of reactions under microwave
irradiation using in situ Raman spectroscopy. Our apparatus
comprises a scientific monomode microwave apparatus and a
commercially available Raman module. It is possible to follow
ligand substitution reactions in organometallic complexes using
this apparatus® as well as palladium-mediated Suzuki couplings in
water—ethanol solvent mixtures.’” To date, we have used standard
10 mL glass tubes as reaction vessels. The Raman tool allows us to
optimise reaction conditions very easily and this motivated us to
perform an exercise to see how quick it was to take a reaction, test
conditions on a small scale, transfer it to a larger 80 mL reaction
vessel, optimise reaction parameters and then prepare significant
quantities of product using an automated stop-flow apparatus
interfaced with the same 80 mL reaction vessel. We present our
results here.

“Department of Chemistry, University of Connecticut, 55 North Ea-
gleville Road, Storrs, CT, 06269-3060, USA. E-mail: nicholas.leadbeater@,
uconn.edu, Fax: +1 860 486 2981; Tel: +1 860 486 5076

PCEM Microwave Technology, 3100 Smith Farm Road, Matthews, NC,
28106, USA. E-mail: mike.barnard@cem.com; Fax: +1 704 821 7894,
Tel: +1704 821 7015

Results and discussion

For our study, we decided to focus on esterification reactions since
these elementary, yet multifaceted, reactions find wide application
in organic synthesis.!’ They are used on small and large scales
in the chemical industry, in particular the fine chemicals and
flavour and fragrance business.’*"* Microwave heating has been
used to facilitate acid-, base- and enzyme-catalysed esterification
reactions.'*!* We also wanted to study this reaction because it has
been the subject of previous scale-up attempts using microwave
heating.'s™"

We started by studying the reaction of acetic acid with butanol
using sulfuric acid as a catalyst in our monomode microwave ap-
paratus equipped with the Raman monitoring interface. Initially,
to drive the reaction to completion we used 13 mmol butanol, a
2.5-fold excess of acetic acid (32.5 mmol) and 30% sulfuric acid
by volume based on acetic acid (19% based on entire volume).
Using an initial microwave power of 150 W, we heated the reaction
mixture to 130 °C and held it at this temperature until a total time
of 10 min had elapsed. Working on a 13 mmol scale, quantitative
conversion to butyl acetate was obtained (Table 1, entry 1). We
recorded Raman spectra approximately every 6 s during the course
of the reaction. The Raman spectrum of acetic acid shows a
characteristic peak at approximately 800 cm™' that is not found
in either butanol or butyl acetate. Therefore, we chose this as
the primary signal that we would follow during the course of the
reactions. We subtracted the time = 0 spectrum from subsequent
spectra of the series. As a result, features that are not impacted by
the reaction do not appear in the profile. Selected spectra in the
region 800-1000 cm~' are shown in Fig. 1. From this, it can be
seen that the reaction is essentially complete after approximately
18 s. The relative intensity of the peak due to the acetic acid
that we were monitoring did not grow further after this time. To
confirm that the esterification was indeed complete after this short
period, we re-ran the reaction but stopped it after 18 s had elapsed.
Analysis of the reaction mixture showed a quantitative conversion
to butyl acetate (Table 1, entry 2). The temperature and power vs.
time profiles are shown in Fig. 2. The reaction does not reach the
target temperature of 130 °C in this short time, yet it is complete.
With microwave irradiation, since the energy is interacting with
the molecules at a very fast rate, the molecules do not have time
to relax and the heat generated can be, for short times, much
greater than the overall recorded temperature of the bulk reaction
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Table 1 Microwave-promoted esterification

L. L.
OH H,S04 °©

Entry Reaction scale and conditions “-* Conversion (%)
1€ 10 mL vessel, 13 mmol scale, 2.5 : 1 ratio of acetic acid to butanol, 130 °C, 10 min Quant.

2 10 mL vessel, 13 mmol scale, 2.5 : 1 ratio of acetic acid to butanol, heated for /8 s Quant.

3¢ 10 mL vessel, 13 mmol scale, / - I ratio of acetic acid to butanol, 130 °C, 10 min 71

4 10 mL vessel, 13 mmol scale, / : I ratio of acetic acid to butanol, heated for 42 s 69

5¢ 80 mL vessel, 0.26 mol scale, 1 : I ratio of acetic acid to butanol, 150 °C, 10 min 73

6 80 mL vessel, 0.26 mol scale, 1 : 1 ratio of acetic acid to butanol, heated for 74 s 73

“ Reactions were run in a sealed tube. An initial microwave irradiation power of 150 W was used. * For clarity, changes in reaction conditions from entry
1 are noted in italic type. ¢ The temperature was ramped from room temperature to 130 °C and held until a total reaction time of 10 min had elapsed.

Sulfuric acid concentration was reduced to 1.6%.
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Fig. 1 In situ Raman monitoring of the reaction of acetic acid with
butanol.
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Fig. 2 Temperature and power vs. time profiles for the reaction of acetic
acid with butanol.

mixture. There will be sites of instantaneous localised superheating
where reactions will take place much faster than in the bulk.

Therefore, a high bulk temperature is not necessarily required in
order to facilitate the reaction. Similar observations were made on
our study of the Suzuki reaction, the coupling being essentially
complete by the time the reaction mixture reached the target
temperature.'

We next performed the reaction using a 1 : 1 stoichiometric
ratio of acetic acid to butanol and 1.6% sulfuric acid by volume
based on acetic acid (0.64% based on entire volume), since these
were conditions that we would want to use in any larger scale
syntheses. On a 23 mmol scale, we heated the reaction mixture to
130 °C using an initial microwave power of 150 W and held it at
this temperature until a total time of 10 min had elapsed. A 71%
conversion of butyl acetate was obtained (Table 1, entry 3). Raman
analysis showed that the reaction essentially reached completion
after 42 s of microwave irradiation. Repeating the reaction for
42 s resulted in an almost identical yield, confirming this assertion
(Table 1, entry 4).

In order to scale up the reaction, we moved from working in a
10 mL vessel to a larger 80 mL vessel. Increasing the maximum
applied microwave power from 150 W to 300 W, and the maximum
set temperature to 150 °C, we performed the reaction of acetic
acid with butanol, again with Raman monitoring. This was the
first time that attempts had been made to record Raman spectra
of a reaction mixture in the larger 80 mL vessel, and we were
pleased to find that it was possible to achieve this, with little
modification. We were concerned that the thickness of the glass
walls of the larger vessels (5 mm) would impede our ability to
record Raman spectra of the contents. However, we found this not
to be a problem. Working on a 0.26 mol scale, a 73% conversion
to butyl acetate was obtained after heating the reaction mixture
to 150 °C and holding it at this temperature until a total time of
10 min had elapsed (Table 1, entry 5). Raman analysis showed that
the reaction essentially reached completion after 74 s of microwave
irradiation, again being confirmed by running the reaction for this
set time (Table 1, entry 6). Using the same reaction conditions, we
performed the reactions of acetic acid with methanol, ethanol and
propanol obtaining 81%, 72% and 73%, respectively. Returning to
the reaction between acetic acid and butanol, we probed the effect
of increasing the quantity of sulfuric acid used on the reaction
rate. Using 5.12% H,SO, by volume, it was possible to obtain
a quantitative conversion to butyl acetate. Using 2.56% H,SO,
by volume, the reaction was complete within 48 s and a 71%
conversion is obtained. Thus, it is possible to perform reaction
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scouting quickly based around catalyst concentration as well as
reaction time. If an expensive catalyst was being used, to have this
additional ability may prove important.

To scale up the reaction further we used an automated stop-flow
apparatus. This combines the advantages of a batch reactor with
those of a continuous flow reactor.” It uses the same microwave
system and the same 80 mL vessel that was used in the reaction
optimisation studies and thus the chemistry is directly transferable
without the need for changing any parameters. The reaction
mixture is pumped into and out of the vessel by a peristaltic pump,
these functions, as well as running the reaction, being controlled
using a computer. This gives a high degree of automation to
the process. The reaction mixture could be introduced into the
microwave vessel from two separate feed lines. After the reaction
is complete, the reaction vessel can be vented to remove an
overpressure and then the contents of the reactor pumped into
a collection vessel. Since only one reaction vessel is used, the time
taken to cool the reaction mixture to room temperature at the
end of the run is significantly shorter than those reported for the
parallel batch reactors using multimode apparatus.?2* We set the
apparatus to run 22 cycles of a 0.26 mol reaction using acetic acid
and butanol as substrates (1 : 1 ratio) and sulfuric acid as catalyst
(0.64% based on entire volume). Pumping of the reagents into the
reaction vessel was easy, the acetic acid and sulfuric acid being
introduced from one reservoir and butanol from another. The
reaction was run for 74 s and, after the reaction mixture had cooled
to 80 °C, the excess pressure in the reaction vessel was vented and
the entire contents pumped into a cool collection vessel. Each
cycle took approximately 6 min; 36 s to load the reaction vessel,
4.2 min for the reaction (74 s microwave irradiation and 3 min for
cool-down to 80 °C) and 45 s to pump the product out. The overall
conversion from the combination of all 22 product mixtures was
71%. Thus, in 2 h 12 min, 5.7 moles of product was obtained
(816 mL).

Conclusions

In summary, this study illustrates that, using the Raman module as
atool, it is possible to optimise a reaction on a small scale, transfer
itto alarger reaction vessel and scale it up. Since the reaction can be
monitored continually using the Raman spectrometer, it is possible
to use this for quality control during automated stop-flow scale-up.
While the reaction studied here is fairly simple, the potential ease
of optimisation and time savings possible using this protocol make
it attractive for a wide range of other organic transformations. The
whole procedure could be completed within one day, going from a
test reaction in the morning to moles of product in the afternoon.

Experimental

General

All reagents were obtained from commercial suppliers and used
without further purification. "H- and “C-NMR spectra were
recorded at 293 K on a 400 MHz spectrometer.

Description and use of the microwave apparatus

Microwave reactions were conducted using a commercially avail-
able monomode microwave unit (CEM Discover). The machine

consists of a continuously focused microwave power delivery
system with operator selectable power output from 0-300 W. Re-
actions were performed either in 10 mL tubes (maximum working
volume 7 mL) or in a thick-walled glass vessel (capacity 80 mL,
maximum working volume 50 mL). Small tubes were sealed with a
septum, and the pressure controlled by a load cell connected to the
vessel. The temperature of the contents of the vessel was monitored
using a calibrated infrared temperature control, mounted under
the reaction vessel. Large vessels were sealed with a septum with
ports for pressure and temperature measurement devices. The
pressure was controlled by a load cell connected directly to the
vessel. The pressure limit was set to 300 psi for all reactions,
beyond which the apparatus shuts down. This upper limit was
never reached in any of the runs but is set as a safety measure.
The temperature of the contents of the vessel was monitored using
a calibrated fiber-optic probe inserted into the reaction vessel by
means of a sapphire immersion well. In all cases, the contents
of the vessel were stirred, when required, by means of a rotating
magnetic plate located below the floor of the microwave cavity and
a Teflon-coated magnetic stirrer bar in the vessel. Temperature,
pressure and power profiles were monitored using commercially
available software provided by the microwave manufacturer. For
the automated stop-flow batch reactions, the basic running of the
microwave steps remains the same as with the single experiments;
the reactions being performed in the same thick-walled glass vessel,
the pressure being controlled by a load cell connected directly to
the vessel and the temperature monitored using a fiber-optic probe.
One additional port allowed for introduction of the reagents into
the reaction vessel via a PFA tube of 1.6 mm internal diameter
(i.d.) and venting of the vessel at the end of the reaction. At the
end of the reaction, the product was pumped out using the same
PFA tube as that used for introduction of the reagents. Movement
of material in and out of the vessel was by way of a peristaltic
pump and an automated valve mechanism.

Raman apparatus and interface with the microwave unit

A commercially available Raman apparatus was used for the
studies. It comprises an NIR, frequency-stabilised, narrow line-
width diode laser at 785 nm (laser power at sample ~200 mW),
a permanently aligned two single fiber combination 100 pm
excitation fiber, 200 um collection fiber, high sensitivity linear CCD
array, symmetrical crossed Czerny—Turner design spectrograph
(resolution ~10 cm~' at 785 nm, excitation spectral coverage of
300 cm™! to 2400 cm™') and collection software. To interface the
microwave unit and Raman spectrometer, a hole (0.8 cm i.d.) was
drilled in the microwave cavity and an RF stub attached to the
outer cavity wall (to prevent microwave leakage) and an extender
(2.16 cmi.d.) attached to this, reaching through to the outer casing
of the microwave unit. The fiber-optic probe was placed into the
cavity and the laser focused through a quartz light tube.

General experimental procedure

Representative example of an esterification reaction using a 10 mL
vessel for optimisation. In a 10 mL glass tube was placed acetic
acid (1.32 mL, 23 mmol), 1-butanol (2.10 mL, 23 mmol) and
sulfuric acid (0.02 mL). The vessel was sealed and placed into
the microwave cavity. Initial microwave irradiation of 150 W was
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used, the temperature being ramped from room temperature to the
desired temperature of 130 °C. Once this was reached, the reaction
mixture was held at this temperature until a total time of 10 min
had elapsed. Raman spectra were recorded approximately every
6 s throughout the reaction. Both the microwave and the Raman
apparatus were started simultaneously. After allowing the reaction
mixture to cool to 50 °C, the vessel was opened, NMR spectra of
the contents were recorded and product conversion determined.

Representative example of an esterification reaction using an
80 mL vessel for optimisation. In a 80 mL thick-walled glass
tube was placed acetic acid (15 mL, 260 mmol), 1-butanol (25 mL,
260 mmol) and sulfuric acid (0.25 mL). The vessel was sealed
and placed into the microwave cavity. Microwave irradiation to a
maximum of 300 W was used, the temperature being ramped from
room temperature to the desired temperature of 150 °C. Once this
was reached, the reaction mixture was held at this temperature
until a total time of 10 min had elapsed. Raman spectra were
recorded approximately every 6 sec throughout the reaction.
Both the microwave and the Raman apparatus were started
simultaneously. After allowing the reaction mixture to cool to
50 °C, the vessel was opened, and NMR spectra of the contents
were recorded and product conversion determined.

Reaction of acetic acid with butanol using the automated stop-flow
apparatus. Two stock solutions were prepared, stock solution
one containing acetic acid (450 mL) and sulfuric acid (7.5 mL), and
stock solution two containing 1-butanol (600 mL). The apparatus
was programmed to run a series of operations sequentially. Firstly,
15.25 mL of stock solution one was introduced into the reaction
vessel followed by 25 mL of stock solution two. Next, in a heating
step, microwave irradiation to a maximum of 300 W was used
to heat the reaction mixture for 74 s; a maximum temperature
of 150 °C was set as a safety measure. The temperature was
ramped from room temperature to the desired temperature of
150 °C. Thirdly, in a cooling step, the reaction mixture was cooled
to 80 °C using forced air passing around the glass reaction vessel
and then any remaining overpressure was vented. Next, the whole
contents of the vessel were pumped out into a collection container.
This was the end of the procedure. The whole addition, heating,
and removal process was then repeated a further 21 times to give a
total of 22 cycles of 0.26 mol reactions. Each product mixture could
be collected individually and the product conversion monitored
or all pooled into one collection container. The product was
characterised using the same procedure as in case of the 0.26 mol
optimisation reactions.
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Inhibitors of NAALADase have shown promise for a variety of diseases associated with glutamate

excitotoxicity, and could be useful for the diagnosis and therapy of prostate cancer. A series of novel
enantiomerically pure 2-(phosphonomethyl)pentanedioic acid (2-PMPA) based NAALADase
inhibitors were synthesized. These compounds were prepared from previously reported
(S)-2-(hydroxyphosphinoylmethyl)pentanedioic acid benzyl ester 4. Biological test results showed that
the new compounds are good to outstanding NAALADase inhibitors. Compounds 8b and 10b showed
activity similar to the known potent inhibitor (S)-2-PMPA. Fluorescently labeled inhibitor 19b may
potentially be used to study binding to prostate cancer cells by fluorescence microscopy, and
siderophore-containing inhibitor 21b may be useful for detection of prostate-derived cancer cells by

magnetic resonance imaging (MRI).

Introduction

The metalloprotease glutamate carboxypeptidase II (GCP II,
also known as N-acetylated alpha-linked acidic dipeptidase,
NAALADase) releases N-acetyl aspartate and glutamate from
both the neuronal peptide N-acetylaspartylglutamate (NAAG)
and folate polyglutamate (Scheme 1).! Inhibitors of NAALADase
have shown efficacy in a variety of animal models of neurological
disease associated with glutamate excitotoxicity.?

o CO,H o CO,H COH
H
)J\ i\ coH  NAALADase )j\ OH +
H \(\/ or PSMA H
O COH o H,N" ~CO,H
NAAG Ac-Asp Glu
Scheme 1

NAALADase is also expressed in the human prostate
parenchyma, from where it was first cloned and named prostate
specific membrane antigen (PSMA).® Tt has been shown that
inhibitors of NAALADase also strongly bind to PSMA. As a
representative member of the phosphinate-based series of binders,
VA-033 was found to serve as a potent inhibitor of NAALADase
activity associated with PSMA that is expressed on LNCaP human
prostate cancer cells and by tumor cells in vivo.* These inhibitors
themselves do not affect the viability of the LNCaP cells, nor do
they significantly alter cell cycle kinetics. They therefore provide
a biologically innocuous scaffold that can be used to target
diagnostic markers or chemotherapeutic drugs to the surface
membrane of prostate tumor cells. Recent studies have shown that
the NAALADase inhibitors may also have more direct therapeutic
potential.*

Over the past decade, tremendous efforts have been made in the
development of potent inhibitors of GCP II (Fig. 1).5 The first

Walther Cancer Research Center and Department of Chemistry & Biochem-
istry, University of Notre Dame, 251 Nieuwland Science Hall, Notre Dame,
Indiana 46556, USA. E-mail: mmiller|@nd.edu; Fax: +1 574 631 6652;
Tel: +1574 6317571

potent and selective inhibitor was 2-(phosphonomethyl)-
pentanedioic acid (2-PMPA) reported by Jackson et al. in 1996.°
Since then, extensive structure—activity relationship studies have
been carried out using 2-PMPA as a template, and a few
potent inhibitors of GCP II, such as urea-based compounds’
and GPI5232® were identified. Berkman’s group reported the
synthesis of phenylalkylphosphonamidates as prostate-specific
membrane antigen (PSMA) inhibitors.” Further studies on 2-
PMPA have demonstrated that potent inhibition of glutamate
carboxypeptidase IT (GCP II) is specific to (S)-2-PMPA, which has
an absolute configuration corresponding to L-glutamate.'® Recent
studies on GPI5232 also showed that the (S)-enantiomer is 40-
fold more potent than the (R)-enantiomer in a GCP II inhibitory
assay.'! Therefore, it is essential to synthesize the enantiomerically
pure inhibitors prior to further preclinical characterization in
order to eliminate the potential for undesired pharmacological
effects or other interferences by the inactive enantiomers.

COzH CO,H
ll:; 1]
-F B
©/\o on” cosH HO L "copH
VA-033 2-PMPA
CO,H
F CO,H
F F o Q
n LN o R COH
F i CO,H R OH ?
OH 2
F 1
GPI15232 (Designed inhibitors)

Fig. 1 Inhibitors of NAALADase.

Based on these known results, we became interested in the syn-
thesis of enantiomerically pure phosphonates having the general
structure 1 and possessing the (S)-configuration. First, the phos-
phonate group of 1 was intended to both mimic the tetrahedral
intermediate formed during hydrolysis of NAAG and inhibit
catalytic activity of the enzyme by binding the essential zinc in the
active site. Second, the ability to derivatize the inhibitor at position
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R by linking a suitably labeled head group was anticipated to allow
detection of prostate derived cells in circulation by fluorescence or
by magnetic resonance imaging (MRI) whilst not impairing the
ability of the inhibitor to access the active site.? In this paper, we
describe the synthesis of a series of novel enantiomerically pure
2-PMPA based derivatives 1 and their inhibitory potencies in a
GCP II assay.

Results and discussion

Our first synthesis of a form of 1 focused on preparation of
8a (Scheme 2). The synthesis of TBS protected alcohol 3 has
been previously accomplished by selective deprotection of the
corresponding bis(TBS) derivative with I, in methanol.”® We used
the route shown in Scheme 2 to obtain this product in excellent
yield. The starting material 2 was readily prepared from ethyl 4-
hydroxyphenylacetate." The coupling reaction between 3 and op-
tically pure (S)-2-(hydroxyphosphinoylmethyl)pentanedioic acid
dibenzyl ester 4° afforded phosphinate 5 smoothly. Product 5 was
then subjected to oxidation by NalO, to provide phosphonic acid
6. Treatment of 6 with BnBr-K,CO; in DMF gave benzyl ester
7 in 85% yield, while the esterification reaction employing ben-
zylisourea or using BOP as an activating agent did not give good
yields.” Desilylation using HF in CH,CN'® gave phenol 8a cleanly.

COan
oTBS oTBS COzBn
LiAH,, THF co Bn TBSO\Q\/\ \/ﬁ
N DCC, DMAP, 70% 0 P~"~co,Bn
COzEt
CO,Bn
TBSO.
_ Nalo; \<)\A BnBr, K,CO3
dioxane-H,0 0’P CO,BN 85%
COBn CO,Bn
TBSO
o> (o
o CO,Bn T es% OB CO,Bn
8a
Scheme 2

By modification of the above three-step approach for the
preparation of benzyl ester 7, the four benzyl esters 9a—12a
(Fig. 2) were obtained in the indicated overall yields from the
corresponding commercially available phenalkanols.

CO,Bn CO,Bn
F. BocHN

A SN T3
o- o- 5
o Con oer o

9a (60%) 10a (71%)
COBn CO,Bn

o-
o-P ©/\/\ ">C0,8n

o7 "cozBn OBn

11a(80%) 12a (76%)

Fig. 2 Benzyl esters 9a—12a.

Several additional analogs were obtained by elaboration of
10a (Scheme 3). Thus, Boc deprotection of 10a gave aniline 13
as a crude oil that was used directly in the next step without
purification. Acetylation of 13 provided 14a. Boc-Gly-OH, Boc-
Gly-Pro-OH and Boc-(Gly);-OH were also coupled to aniline 13
to give compounds 15a—17a in excellent yields.

CO,Bn CO,Bn
BocHN
CO,Bn 2. Nazcoa CO,Bn

~90%

HOAL, EDCI. DIPEA
CO,Bn AG,0, Pyr., CH,Cl
76%

RHN
o-P AcHN.
o T,
o
OBn

15a, R = Boc-Gly-, 89%; 16a, R = Boc-Gly-Pro-, 90%; COofin
17a, R = Boc-(Gly)s-, 92% 14a
Scheme 3
Removal of the benzyl groups from each of the protected
products gave the corresponding potential inhibitors 8b, 9b, 10b,
11b, 12b, 14b, 15b, 16b, and 17b (Table 1). *'P NMR analysis
of each final acid revealed one sharp singlet, supporting the
formation of a single diastereomer.

Table 1 Inhibition of GCP II by the proposed inhibitors generated by debenzylation

CO,Bn CO.H

| H,, Pd/C, MeOH .

B R
~o-P 1 atm, rt ~o-P
Opy "COBn L
a b

Compound R 1Cs,/nM SEM ne
8b CH,CH,(4-OH-C,H,) 0.2 0.05 4
9b CH,CH,(4-F-C¢H,) 300 0 2
10b CH,CH,(4-BocNH-C4H,) 0.1 0.01 4
11b CH,CH,C¢H; 0.8 0.05 2
12b CH,CH,CH,CH; 4 2 4
14b CH,CH,(4-AcNH-C¢H,) 4 1
15b CH,CH,(4-Boc-Gly-NH-C¢H,) 0.7 0 2
16b CH,CH,(4-Boc-Gly-Pro-NH-C¢H,) 7 1
17b CH,CH,[4-Boc-(Gly);-NH-CH,] 8 1
19b 2 0.8 4
21b 5 2 4
(S)-2-PMPA 0.4 0.09 4

“n = the number of times the assay was performed.
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As shown in Scheme 4, fluorescent-labeled compound 19b
was prepared in two steps. Refluxing the mixture of free
amine 13 and commercially available 7-(diethylamino)coumarin-
3-carbonyl-azide 18 in benzene followed by column chromato-
graphic purification in the presence of Et;N provided the fully
protected intermediate 19a in good yield."” To avoid overreduction,
debenzylation was performed by using 1,4-cyclohexadiene in the
presence of 10% Pd—C catalyst in MeOH-EtOH (v/v 3 : 1) to give
the desired product (19b). As will be subsequently reported, this
fluorescently labeled compound will be used to study binding to
prostate cancer cells by fluorescence microscopy.

Siderophore-containing moiety 21b was readily obtained in two
steps as shown in Scheme 5. The coupling reaction between aniline
13 and tripeptide acid 20" gave the fully protected precursor 21a.
Upon removal of the benzyl protecting groups under standard
catalytic hydrogenolysis conditions, conjugate 21b was obtained
in quantitative yield. The iron and gadolinium complexes of this
compound will be studied for the detection of prostate cancer cells
by MRI.

o} OBn
N-Ac
N‘OBn
HOA, EDCI, DIPEA, CH3CN H CO2Bn
13+ _ Ac(N N
A°<N o 89% H 03\@/\ g
H 4/s O‘C-)Bn CO,Bn
20 21a
OH
N-Ac
Pd-C, Hz, MeOH " coH
quant. Ac&N N
07 coM
21b
Scheme 5

The in vitro GCP II inhibitory potencies of these obtained
PSMA inhibitors were measured at Guilford Pharmaceuticals
Inc. using N-acetyl-L-aspartyl-?H]-L-glutamate as a substrate
and human recombinant GCP 11" as previously reported.”® The
assay results are shown in Table 1 along with the assay reference
compound (S)-2-PMPA. Eight concentrations of each inhibitor in
the 0.1 pM~! uM range were evaluated for each ICy, determination.
Xecelfit software was used to calculate the ICs, values. We plotted
log of concentration vs. % inhibition. The fluoro compound 9b
showed low activity, whereas compounds 8b and 10b demonstrated
the best activity with ICs, values of 0.2 nM and 0.1 nM,
respectively. Compared to compound 11b, compound 12b with
the increased number of methylene units was five-fold less active.
Acetyl derivative 14b possessed good activity with an ICs, value of
4 nM. Again, compared to compound 15b, compounds 16b and
17b, with the increased side chain length of the amide attached to
the phenyl group, had ten-fold decreased activity. Fluorescently
labeled inhibitor 19b and siderophore-containing inhibitor 21b

displayed activity with ICs, values of 2 nM and 5 nM, respectively,
indicating that potentially diagnostically useful labeling groups
are compatible with inhibitor design.

Conclusions

Based on the known potent NAALADase inhibitor (S)-2-
(phosphonomethyl)pentanedioic acid (2-PMPA), we synthesized
a series of eleven enantiomerically pure forms of phosphonate
1. Most of the final products showed good to outstanding
NAALADase inhibitory activity. Our studies clearly demonstrate
that the bulky, phenyl-derived linker group is tolerated in the newly
prepared NAALADase inhibitors. These results should facilitate
future development of other NAALADase and PSMA inhibitors.
Additional future studies will determine the feasibility of using
fluorescently labeled inhibitor 19b to study prostate cancer cells
by fluorescence microscopy. Siderophore-containing inhibitor 21b
will be studied as iron and gadolinium complexes for the detection
of prostate cancer cells by MRI. These and other chemical agents
are being developed for the early detection and treatment of
prostate cancer.

Experimental

All reactions were carried out under argon by using standard
techniques. Solvents were dried under nitrogen by standard proce-
dures, distilled before use and stored under argon. NMR spectra
were recorded on a Varian Unityplus 300 MHz spectrometer
or Varian Inova 500 MHz spectrometer. Optical rotations were
recorded on a Perkin Elmer model 343 polarimeter. Mass spectra
were recorded on a Jeol JIMS-AX505 HA Double Sector mass
spectrometer.

2-(4-tert-Butyldimethylsilyloxyphenyl)ethanol (3)

To a suspension of LiAlH, (1.08 g, 28.46 mmol) in THF (70 mL)
was added a solution of 2* (4.00 g, 13.58 mmol) in THF (15 mL)
portionwise at 0 °C, and the resulting mixture was stirred at that
temperature for 1.5 h. Then H,O (1.1 mL) was added slowly,
followed by 1.1 mL of 15% NaOH solution and 1.65 mL of
H,O. After stirring for another 30 min at 0 °C, the mixture was
filtered through a Celite pad to remove the resulting white solid.
The solid was washed with THF. The combined organic layers were
concentrated to provide the crude product which was purified by
flash column chromatography on silica gel (hexanes—EtOAc 3 : 1
— 2:1)to afford 3.18 g of the product as a colorless oil (93%). 'H
NMR (500 MHz, CDCl;) 6: 7.08 (d, J = 8.5 Hz, 2H), 6.79 (d, J =
8.5Hz, 2H), 3.82 (t,J = 6.5 Hz, 2H), 2.81 (t, / = 6.5 Hz, 2H), 1.27
(brs, 1H), 0.99 (s, 9H), 0.19 (s, 6H); *C NMR (125 MHz, CDCl;)
0:154.46,131.11,130.13, 120.36, 64.03, 38.57, 25.89, 18.39, —4.22.

General procedure for the synthesis of benzyl esters (7, 9a, 10a,
11a, and 12a) from the corresponding phenalkanols

(5)-2-|(4-tert-Butyldimethylsilyloxyphenyl)ethoxy]-phosphinoyl-
methyl-pentanedioic acid dibenzyl ester (5). To a solution of 3
(200 mg, 0.792 mmol) and (S)-(—)-2-[hydroxyphosphinoylmethyl]-
pentanedioic acid dibenzyl ester 4° (309 mg, 0.792 mmol) in THF
(9 mL) were added DCC (172 mg, 0.833 mmol) and DMAP
(12 mg, 0.095 mmol). The reaction mixture was stirred overnight,
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and the resulting white solid (DCU) was filtered and washed with
THF (7 mL). The filtrate was concentrated and purified by flash
column chromatography on silica gel (hexanes—EtOAc 3 : 1 —
1 : 1) to afford 346 mg of 5 as a colorless oil (70%). '"H NMR
(500 MHz, CDCl;) o: 7.38-7.35 (m, 10H), 7.08 (dd, J = 553,
10 Hz, 1H), 7.07-7.04 (m, 2H), 6.80-6.77 (m, 2H), 5.14 (s, 2H),
5.12 (s, 2H), 4.30-4.05 (m, 2H), 3.01-2.80 (m, 3H), 2.43-1.80 (m,
6H), 0.99 (s, 9H), 0.20 (s, 6H); HRFABMS calcd. for C;,H,,O,PSi
(M + H)* 625.2750, found 625.2731.

(S)-2-[[(4-tert - Butyldimethylsilyloxyphenyl)ethoxy] - phospho -
noyljmethyl-pentanedioic acid dibenzyl ester (6). Compound 5
(327 mg, 0.534 mmol) was dissolved in dioxane-water (5: 1, 6 mL),
and NalO, (134 mg, 0.628 mmol) was added. The reaction mixture
was stirred at room temperature for 20 h, and then diluted with
EtOAc (150 mL) and water (20 mL). The layers were separated,
and the organic layer was washed with saturated aqueous KHSO,
(25mL), 0.3 M Na,S,0; (25mL), H,O (20 mL) and brine (25 mL).
After being dried, filtered, and concentrated, 335 mg of the product
was obtained as a semi-solid (100%). '"H NMR (500 MHz, CDCl;)
0: 7.36-7.22 (m, 10H), 7.02 (d, J = 8.0 Hz, 1H), 6.67 (d, J =
8.0 Hz), 5.09-4.98 (m, 4H), 3.95-3.85 (m, 2H), 2.80-2.70 (m, 3H),
2.32-2.22 (m, 2H), 2.03-1.80 (m, 4H), 1.65-1.55 (m, 1H), 0.93 (s,
9H), 0.11 (s, 6H); “C NMR (125 MHz, CDCl;) 6: 176.96 (d, J =
6.2 Hz), 174.65, 155.56, 137.72, 137.66, 132.95, 131.18, 129.65,
129.42, 129.31, 129.22, 121.06, 67.74, 67.46, 66.16, 41.90, 37.76,
32.75, 29.71, 29.58, 26.34, 19.15, —4.08; HRFABMS calcd. for
C3,H,sKOPSi (M + K)* 679.2253, found 679.2258.

(S)-2-[[(4-tert - Butyldimethylsilyloxyphenyl)ethoxy] - phospho -
noyljmethyl-pentanedioic acid tribenzyl ester (7). Compound 6
(70 mg, 0.109 mmol) was dissolved in DMF (4 mL), and K,CO;
(90 mg, 0.655 mmol) and benzyl bromide (78 uL, 0.665 mmol) were
added. The resulting mixture was stirred at room temperature for
10 h, diluted with CH,Cl,, and washed with cold water and brine.
After being dried, filtered, and concentrated, the residual DMF
was evaporated under high vacuum. The residue was purified by
flash column chromatography eluting with hexanes—ethyl acetate
2:1—1:1— 1:2)to afford 64 mg of product as a colorless oil
(85%). "H NMR (500 MHz, CDCl;) 0: 7.42-7.25 (15H, m), 7.06—
6.97 (2H, m), 6.80-6.72 (2H, m), 5.18-4.90 (6H, m), 4.17-4.06
(2H, m), 2.84-2.80 (3H, m), 2.35-2.24 (3H, m), 2.07-1.80 (3H,
m), 1.00 (9H, s), 0.20 (6H, s); HRFABMS calcd. for C, H;,O4PSi
(M + H)* 731.3169, found 731.3138.

(S)-2-[[(4-Hydroxyphenyl)ethoxy|phosphonoyljmethyl-pentane-
dioic acid tribenzyl ester (8a). To a flask containing 7 (280 mg,
0.383 mmol) was added 40% HF-CH;CN (5:95) (21 mL), and the
reaction mixture was stirred at room temperature for 6 h and then
diluted with EtOAc (100 mL). The layers were separated, and the
organic layer was washed with saturated NaHCO; solution and
brine. After being dried, filtered, and concentrated, the residue was
purified by flash column chromatography eluting with hexanes—
ethyl acetate (2: 1 — 1: 1 — 1 :2) to afford 200 mg of product
as a colorless oil (85%). '"H NMR (500 MHz, CDCl;) J: 7.99—
7.93 (1H, m), 7.37-7.32 (15H, m), 6.94-6.91 (2H, m), 6.82-6.80
(2H, m), 5.11-4.94 (6H, m), 4.20-4.01 (2H, m), 2.90-2.78 (3H,
m), 2.40-2.23 (3H, m), 2.02-1.77 (3H, m); *'P NMR (121 MHz,
CDCl;) 6: 29.30, 29.19; HRFABMS calcd. for C;sHyxOgP (M +
H)* 617.2304, found 617.2324.

General procedure for the synthesis of final acids (8b, 9b, 10b, 11b,
12b, 14b, 15b, 16b, 17b and 21b)

(S)-2-|[(4-Hydroxyphenyl)ethoxy]phosphonoyl|methyl-pentane-
dioic acid (8b). To asolution of 8a (25 mg, 0.031 mmol) in MeOH
(5 mL) was added 10% Pd-C (30 mg). The reaction mixture was
stirred under an atmosphere of H, for 3 h. The resulting mixture
was filtered through a pad of Celite and washed with methanol.
The combined solution was evaporated to afford 10.1 mg of the
product as a colorless oil (95%. [a]y = +4.4° (¢ = 0.75, MeOH);
'H NMR (500 MHz, CD;0D) ¢: 6.98 (2H, d, J = 8.5 Hz), 6.62
(2H, d, J = 8.5 Hz), 3.98 (2H, q, / = 7.0 Hz), 2.76 2H, q, J =
7.0 Hz), 2.63-2.58 (1H, m), 2.30-2.18 (2H, m), 2.08-2.00 (1H,
m), 1.90-1.65 (3H, m); *C NMR (125 MHz, CD;0D) ¢: 177.93,
176.65, 157.26, 131.24, 129.89, 116.37, 67.41, 40.78, 37.33, 32.37,
29.76, 28.62; *'P NMR (121 MHz, CDCl;) d: 26.05; HRFABMS
caled. for C,H, O4P (M + H)* 347.0896, found 347.0913.

(S) - 2 - [[(4 - Fluorophenyl)ethoxy|phosphonoyljmethyl - pentane -
dioic acid tribenzyl ester (92). Yield: 60%. '"H NMR (500 MHz,
CDCl;) o: 7.42-7.31 (15H, m), 7.13-7.09 (2H, m), 6.98-6.95 (2H,
m), 5.17-4.95 (6H, m), 4.20-4.02 (2H, m), 2.85 (2H, q, J = 7.0 Hz),
2.83-2.78 (1H, m), 2.40-2.24 (3H, m), 2.04-1.96 (2H, m), 1.93—
1.77 (1H, m); *P NMR (121 MHz, CDCl;) d: 29.78; HRFABMS
calcd. for C;sH;,FO,P (M + H)* 619.2261, found 619.2272.

(S) - 2 - [[(4 - Fluorophenyl)ethoxy]phosphonoyl|methyl - pentane-
dioic acid (9b). Yield: 93%. [a]¥) = +20.4° (¢ = 0.5, MeOH); 'H
NMR (500 MHz, CD,0D) ¢: 7.10-7.04 (2H, m), 6.83-6.77 (2H,
m), 3.96 2H, q, J = 6.5 Hz), 2.75 (2H, t, J = 6.5 Hz), 2.52-2.43
(1H, m), 2.23-2.05 (2H, m), 2.02-1.93 (1H, m), 1.80-1.58 (3H,
m); *'P NMR (121 MHz, CDCl,) ¢: 27.23; HRFABMS calcd. for
C,H,FO,P (M + H)* 349.0852, found 349.0834.

(S)-2-|[(4- N -tert-Butoxylcarbonylphenyl)ethoxy|-phosphonoyl]-
methyl-pentanedioic acid tribenzyl ester (10a). Yield: 71%. 'H
NMR (500 MHz, CDCl;) d: 7.36-7.24 (17H, m), 7.12-7.02 (2H,
m), 6.52 (1H, NH, brs), 5.10-4.92 (6H, m), 4.20-4.01 (2H, m),
2.90-2.73 (3H, m), 2.37-2.19 (3H, m), 2.02-1.72 (3H, m), 1.54
(9H, s); *'P NMR (121 MHz, CDCl;) 6: 29.03, 28.96; HRFABMS
calcd. for C,oHy;;NOGP (M + H)* 716.2988, found 716.2963.

(S)-2-[[(4- N -tert-Butoxylcarbonylphenyl)ethoxy]-phosphonoyl]-
methyl-pentanedioic acid (10b). Yield: 97%. [a]}) = —32.0° (¢ =
0.5, MeOH); '"H NMR (500 MHz, CD;0OD) ¢: 7.32-7.26 (2H,
m), 7.18-7.12 (2H, m), 4.15-3.97 (2H, m), 2.95-2.85 (3H, m),
2.42-1.63 (6H, m), 1.49 (9H, s); *'P NMR (121 MHz, CDCl;) ¢:
24.33; MS calcd. for C;,H,sNO,P (M + H + Na)* 469.1478, found
469.1490.

(S)-2-|(2-Phenylethoxy)phosphonoyl]methyl-pentanedioic  acid
tribenzyl ester (11a). Yield: 80%. '"H NMR (500 MHz, CDCl;)
0: 7.41-7.17 (20H, m), 5.12-4.92 (6H, m), 4.25-4.11 (2H, m),
291 (2H, q, J = 6.5 Hz), 2.88-2.78 (1H, m), 2.38-2.22 (3H,
m), 2.03-1.96 (2H, m), 1.88-1.77 (1H, m); *'P NMR (121 MHz,
CDCl;) d: 29.58, 29.51; HRFABMS calcd. for C;sH3;O,P (M +
H)* 601.2355, found 601.2349.

(S)-2-|(2-Phenylethoxy)phosphonoyl]methyl-pentanedioic  acid
(11b). Yield: 91%. [a]¥ = +5.8° (¢ = 1.2, MeOH); 'H NMR
(500 MHz, CD;0D) ¢: 7.08-6.95 (SH, m), 3.93 (2H, q, J =
7.0 Hz), 2.76 (2H, t, J = 7.0 Hz), 2.58-2.40 (1H, m), 2.19-2.01
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(2H, m), 1.99-1.51 (4H, m); P NMR (121 MHz, CDCL,) d:
26.75; HRFABMS caled. for C,,H,,O,P (M + H)* 331.0947,
found 331.0959.

(S) - 2 - [(3 - Phenylpropanoxy)phosphonoyl|methyl - pentanedioic
acid tribenzyl ester (12a). Yield: 76%. 'H NMR (500 MHz,
CDCl;) 6: 7.40-7.17 (20H, m), 5.12-5.02 (6H, m), 4.03-3.88 (2H,
m), 2.97-2.83 (1H, m), 2.70-2.62 (2H, m), 2.44-2.28 (3H, m),
2.12-1.82 (5H, m); 'P NMR (121 MHz, CDCl;) d: 29.59, 29.54;
HRFABMS calced. for C;H,O,.P (M + H)* 615.2512, found
615.2487.

(S) - 2 - [(3 - Phenylpropanoxy)phosphonoyljmethyl - pentanedioic
acid (12b).  Yield: 93%. [a]¥ = +5.3° (¢ = 1.1, MeOH); '"H NMR
(500 MHz, D,0) ¢: 7.40-7.21 (5H, m), 3.90-3.38 (2H, m), 2.80—
2.33 (5H, m), 2.20-1.74 (6H, m); 3'P NMR (121 MHz, CDCl;) ¢:
26.04; FABMS calcd. for C;sH,,O,P (M + H)* 345, found 345.

(S) - 2 - [[(4 - Aminophenyl)ethoxy]phosphonoyljmethyl - pentane -
dioic acid tribenzyl ester (13). To a solution of 10a (440 mg,
0.714 mmol) in CH,Cl, (10 mL) was added 1 mL of TFA. The
resulting reaction mixture was stirred at room temperature for 1 h
and then diluted with CH,Cl, (100 mL). The mixture was washed
with saturated aqueous Na,COj; to remove the excess TFA. The
separated aqueous layer was extracted with CH,Cl, twice, and
the combined extracts were washed with 30 mL of brine, dried
over MgSQO,, filtered and concentrated. The crude product was
obtained as a colorless oil, which was not stable and used directly
for the next steps without further purification. HRFABMS calcd.
for C;sHyNO,P (M + H)* 616.2464, found 616.2469.

(S)-21{[(4-A cetaminophenyl)ethoxy|phosphonoyljmethyl-pentane-
dioic acid tribenzyl ester (14a). To a solution of crude 13 (80 mg,
0.13 mmol) in CH,Cl, were added Ac,O (37 uL, 0.39 mmol) and
pyridine (32 pL, 0.39 mmol) at 0 °C. The reaction mixture was
stirred and warmed to room temperature overnight. The volatiles
were evaporated and the residue was purified by flash column
chromatography eluting with hexanes—ethyl acetate (1 : 2 — 1 :
3) to afford 65 mg (76%) of product as a colorless oil. '"H NMR
(500 MHz, CDClL,) ¢: 7.20-7.15 (16H, m), 7.25-7.22 (2H, m),
7.05-7.03 (2H, m), 5.09-4.92 (6H, m), 4.24-4.06 (2H, m), 2.92
(2H, q, J = 6.5 Hz), 2.88-2.80 (1H, m), 2.40-2.78 (3H, m), 2.27
(3H,s), 2.05-1.80 (3H, m); *'P NMR (121 MHz, CDCl;) ¢: 29.29;
HRFABMS calcd. for C;;H,NOgP (M + H)* 658.2570, found
658.2568.

(5)-2-[[(4-A cetaminophenyl)ethoxy]phosphonoyljmethyl-pentane-
dioic acid (14b). Yield: 83%. [a]¥ = —12.1° (¢ = 0.3, MeOH);
'"H NMR (500 MHz, CD;0D) ¢: 7.41 (2H, d, J = 8.0 Hz), 7.14
(2H, d, J = 8.0 Hz), 4.12-4.03 (2H, m), 3.66 (2H, t, / = 7.0 Hz),
2.73-2.68 (1H, m), 2.30-2.20 (3H, m), 2.04 (3H, s), 1.98-1.85
(3H, m); *P NMR (121 MHz, CDCl;) J: 26.88; FABMS calcd.
for C,sH,;NOgP (M + H)* 388.1, found 388.1.

General procedure for the synthesis of 15a, 16a and 17a

Compound 15a. To a suspension of aniline 13 (210 mg,
0.341 mmol) and Boc-Gly-OH (72 mg, 0.409 mmol) in CH;CN
(5 mL) were added diisopropylethylamine (71 pL, 0.409 mmol),
HOAt (56 mg, 0.409 mmol) and EDCI (79 mg, 0.409 mmol).
The reaction mixture was stirred at room temperature for 18 h.
After removal of the solvent, the residue was purified by flash

column chromatography eluting with hexanes—ethyl acetate (1 : 4)
to provide the product as a colorless oil in 89% yield (234 mg). 'H
NMR (500 MHz, CDCl;) §: 8.47 (1H, NH, brs), 7.46-7.24 (17H,
m), 7.10-7.05 (2H, m), 5.46 (1H, NH, brs), 5.09-4.94 (6H, m),
4.16-4.02 (2H, m), 3.93 (2H, brs), 2.84-2.72 (3H, m), 2.38-2.20
(3H, m), 1.99-1.71 (3H, m), 1.49 (9H, s); *'P NMR (121 MHz,
CDCl,) : 29.17, 29.07; HRFABMS calcd. for C,,H;N,O,,P (M
+ H)* 773.3203, found 773.3229.

Compound 15b. Yield: 97%. [a]? = —5.4° (¢ = 1.0, MeOH);
"H NMR (500 MHz, CD;OD) §: 7.28-7.24 (2H, m), 7.14-6.92
(2H, m), 3.95 (2H, q, J = 6.5 Hz), 3.66-3.55 (2H, m), 2.75 (2H,
t, J = 6.5 Hz), 2.63-2.58 (1H, m), 2.26-1.50 (6H, m); *P NMR
(121 MHz, CDCl,) ¢: 26.04; EI-MS calcd. for C, H;,N,NaO,,P
(M + H + Na)* 526, found 526.

Compound 16a. Yield: 90%. '"H NMR (500 MHz, CDCl;) o:
9.32 (bs, 1H), 7.50-7.01 (m, 19H), 5.51 (bs, 1H), 5.12-4.91 (m, 6H),
4.71 (m, 1H), 4.18-3.90 (m, 4H), 3.59-3.38 (m, 2H), 2.85-2.75 (m,
3H),2.50-1.79 (m, 10H), 1.45 (s, 9H); P NMR (121 MHz, CDCl,)
0:29.59,29.53;*'PNMR (121 MHz, CDCl;)6: 26.41; HRFABMS
caled. for C,;Hs;N;O,,P (M + H)* 870.3731, found 870.3768.

Compound 16b. Yield: 99%. [a]?¥ = —6.7° (¢ = 0.6, MeOH);
'H NMR (500 MHz, CD;OD) ¢: 7.60-7.13 (m, 4H), 4.64-
4.52 (m, 1H), 4.20-3.80 (m, 3H), 3.39-3.28 (m, 1H), 2.99-1.64
(m, 15H), 1.45 (s, 9H); 3'P NMR (121 MHz, CDCl,) J: 26.41;
HRFABMS calcd. for C,sH33KN;O,,P (M + H + K)* 639.1959,
found 639.1942.

Compound 17a. Yield: 92%. '"H NMR (500 MHz, CDCl,) o:
9.05 (bs, 1H), 7.95-7.05 (m, 19H), 6.03 (bs, 1H), 5.12-4.90 (m,
6H), 4.20-3.77 (m, 8H), 3.01-2.93 (m, 4H), 2.40-2.21 (m, 3H),
2.05-1.78 (m, 3H), 1.39 (s, 9H); P NMR (121 MHz, CDCl,) ¢:
29.40, 29.35; HRFABMS calcd. for C,sHssN,NaO,,P (M + Na)*
909.3452, found 909.3440.

Compound 17b. Yield: 96% yield. [a]? = —7.2° (¢ = 0.7,
MeOH); 'H NMR (500 MHz, CD,0D) 6: 7.56-7.38 (m, 2H),
7.20-7.02 (m, 2H), 4.05-3.93 (m, 3H), 3.80-3.60 (m, 3H), 2.88—
1.15 (m, 11H), 1.36 (s, 9H); *'P NMR (121 MHz, CDCl;) §: 26.04;
HRFABMS caled. for C,sHy;N,NaO,,P (M + Na)* 639.2043,
found 639.2011.

Fluorescent-labeled compound precursor (19a). To a solution
of aniline 13 (100 mg, 0.162 mmol) in dry benzene (5 mL) were
added commercially available (Fluka) 7-(diethylamino)coumarin-
3-carbonyl azide 18 (25 mg, 0.087 mmol) and DMAP (16 mg,
0.131 mmol). The resulting mixture was heated to reflux for 12 h.
After cooling to room temperature, the solvent was evaporated.
The residue was subjected to column chromatographic purification
(EtOAc-hexanes—triethylamine 100 : 25 : 1 to 100 : 25 : 0.5) to
afford 35 mg of the product as a yellow solid (46%): mp 63-65 °C;
'"H NMR (500 MHz, CDCl;) d: 8.90 (bs, 1H), 8.60-8.40 (m, 2H),
7.46-7.03 (m, 23H), 6.80-6.45 (m, 1H), 5.14-4.98 (m, 6H), 4.20—
4.04 (m, 2H), 3.58-3.41 (m, 3H), 3.01-2.80 (m, 3H), 2.50-2.31 (m,
3H), 2.09-1.74 (m, 4H), 1.42-1.12 (m, 7H); *'P NMR (121 MHz,
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CDCl;) d: 29.741; HRFABMS calcd. for CoyHs;;N;O P (M + H)*
874.3469, found 874.3489.

Fluorescent-labeled compound (19b). To a solution of 19a
(30 mg, 0.034 mmol) in MeOH-EtOH (3: 1, 8 mL) were added 1,4-
cyclohexadiene (0.25 mL) and 10% Pd—C (30 mg). The reaction
mixture was stirred at room temperature for 2 h. After filtration
through filter paper, the solvents were removed to give the product
as a colorless solid in 100% yield (21 mg): mp 4245 °C; [a]y =
+72.4° (¢ = 0.5, MeOH); 'H NMR (500 MHz, CDCl,) ¢: 7.40—
7.02 (m, 4H), 4.17-4.05 (m, 2H), 3.61-3.24 (m, 4H), 2.97-2.84 (m,
2H), 2.79-2.60 (m, 1H), 2.40-1.60 (m, 5H), 1.40-0.81 (m, 8H);
'P NMR (121 MHz, CDCl;) : 28.307; HRFABMS calcd. for
CyxHyuN;0, P (M*) 603.1982, found 603.1969.

Tripeptide compound precursor (21a). To a suspension of
aniline 13 (52 mg, 0.085 mmol) and tripeptide acid 20* (60 mg,
0.071 mmol) in CH;CN (7 mL) were added diisopropylethylamine
(18 uL, 0.106 mmol), HOAt (12 mg, 0.085 mmol) and EDCI
(16 mg, 0.085 mmol). The reaction mixture was stirred at room
temperature for 24 h, and then diluted with EtOAc (60 mL).
The solution was washed successively with 1 N HCI (5 mL),
satd. ag. NaHCO; (5 mL), brine (10 mL), and then dried.
Following concentration, the residue was purified by flash column
chromatography eluting with EtOAc-MeOH (10 : 1 to 8 : 1) to
provide 91 mg of the product as a colorless oil (89%). '"H NMR
(500 MHz, CDCl;) J: 7.78-7.25 (m, 34 H), 7.03-6.80 (m, 3H),
5.10-4.78 (m, 12H), 4.72-4.40 (m, 3H), 4.18-3.40 (m, 7H), 2.90—
2.60 (m, 6H), 2.40-20 (m, 4H), 2.12-1.92 (m, 12H), 1.90-1.58 (m,
14H); P NMR (121 MHz, CDCl,) §: 29.522; EI-MS calcd. for
CyHyN;0,,P (M*) 1444, found 1444.

21b.  Yield: 100%. [a]* = —5.1° (¢ = 2.4, MeOH); 'H NMR
(500 MHz, CD,OD) 8: 7.54-7.38 (m, 2H), 7.20-7.11 (m, 2H),
4.43-4.02 (m, 6H), 3.78-3.40 (m, 8H), 3.84 (bs, 2H), 2.38-2.20 (m,
2H), 2.18-1.52 (m, 26H); *'P NMR (121 MHz, CDCl,) J: 28.382;
HRFABMS calcd. for Cy,HyyN,0,,P (M + H)* 904.3705, found
904.3675.
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The enzymatic cyclizations of (3R)- and (35)-2,3-squalene diols by squalene cyclase afforded bicyclic
compounds and epoxydamamranes in a ca. 3 : 2 ratio. Formation of the epoxydammarane scaffold
indicates that a 6/6/6/5-fused tetracyclic cation is involved as the intermediate in the polycyclization
reaction. 2,3:22,23-Dioxidosqualenes also afforded an epoxydammarane skeleton, i.e., 30- or
3B-hydroxyepoxydammaranes, but the amount of bicyclic compounds produced was markedly lower
than that of the squalene diols, indicating that the larger steric bulk of the diols had a more significant
influence on the polycyclization pathway than the smaller bulk of the expoxide. All the
epoxydammaranes had 17R,20R stereochemistry except for one product, demonstrating that these
analogs were folded into an al/l-chair conformation in the reaction cavity. The mechanistic insight into
the observed stereochemical specificities indicated that the organized all-chair conformation is rigidly
constricted by squalene cyclase and, thus, free conformational change is not allowed inside the reaction
cavity; a small rotation of the hydroxyl group or the epoxide toward the intermediary cation gave a high
yield of the enzymatic products, while a large rotation led to a low yield of the product. The
stereochemistries of the generated epoxydammaranes are opposite to those from natural sources, and

thus almost all of the enzymatic products described here are novel.

Introduction

Triterpenes are abundant in nature and confer important bi-
ological functions. Polycyclic triterpenes and steroid scaffolds
are biosynthesized by ring-forming reactions (polycyclization)
of the linear C;, molecules squalene 1 or 2,3-oxidosqualene.'
The structural diversity of triterpene skeletons is remarkable;?
lanosterol from vertebrates and fungi, cycloartenol and a,-amyrin
from plants, and hopene from prokaryotes are well known.
The polycyclization reactions proceed with complete regio- and
stereospecificity, leading to the formation of new C-C bonds
and chiral centers; seven chiral centers and four C-C bonds
for lanostane skeleton, and nine stereocenters and five C-C
bonds for hopanoids. Site-directed mutations of squalene-hopene
cyclase (SHC) from Alicyclobacillus acidocaldarius led to the early
truncation of the polycyclization cascade'*® and/or to aberrant
cyclization products whose stereochemistry was opposite to that
of the normal cyclization intermediates, strongly indicating that
the stereochemical result of the polycyclization cascade is directed
by the steric bulk of the active site residues.* We have isolated many

Department of Applied Biological Chemistry, Faculty of Agriculture, and
Graduate School of Science and Technology, Niigata University, Ikarashi,
Niigata, 950-2181, Japan. E-mail: hoshitsu@agr.niigata-u.ac.jp, Fax: +81-
25-262-6854

T Electronic supplementary information (ESI) available: Analytical meth-
ods, incubation conditions, GC and HPLC details, syntheses of 18-22,
purification procedures for the enzymatic products, detailed 2D NMR
analyses, and assignments of the minor peaks found in the reaction mixture
of 20 and 21. See DOI: 10.1039/b615897h

truncated cyclization products from various site-directed mutants
in which the electronic and steric environments were altered.'
Based on the number of rings of the isolated enzymatic products,
i.e., mono-, bi-, tri- and tetracyclic skeletons, we have proposed
that the cyclization pathway of 1 to pentacyclic hopene 2 and
hopanol 3 is as shown in Scheme 1."

Carbocationic intermediates are involved in these multi-step
reactions, and ring expansion processes occur (7 — 8 and 9
— 10) during hopene biosynthesis. By incorporating unnatural
amino acids (fluorophenylalanines) into the catalytic sites,* we
have recently succeeded in providing strong evidence that the
intermediary cations are stabilized by the m-electrons of the
aromatic residues and that the ring enlargement process (9 —
10) takes place as a result of stabilization of the secondary cation
10 by the m-electrons of the Phe605 residue, that is, a cation—rn
interaction plays a key role in the catalytic mechanism.

Prokaryotic squalene cyclase (SHC) is of particular note from
the aspect of molecular evolution, because it is believed that
eukaryotic cyclases evolved from the prokaryotic SHC.® Recently,
we demonstrated that the substrate specificity of prokaryotic
cyclase can be successfully altered into that of the eukaryotic type,
which is specific to (3.5)-2,3-oxidosqualene.®

In addition to the mutagenesis experiments, numerous studies
on substrate analogs also have provided important information
on the reaction mechanism and substrate recognition.”" The
methyl group(s) on the squalene backbone have a crucial role in
the normal polycyclization reaction.”™ SHC tolerates a variety
of carbon chain lengths (C,s—C;s) and analogs with aromatic
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Scheme 1 Cyclization pathway of squalene 1 to pentacyclic hopene 2 and hopanol 3.

rings."''® Previously, we reported trapping experiments of the
cationic intermediates by using squalene analogs with a highly
nucleophilic hydroxyl group (Fig. 1). The truncated analogs
12 (C,,) and 13 (C,) were efficiently cyclized into heterocyclic
skeletons with a 6/6/5 + tetrahydrofuran (THF) ring 23'*%* and a
6/6/6/5+ THF ring 24, respectively (Fig. 2), demonstrating
that carbocations 7 and 9 are involved in the polycyclization
reaction of 1. In the preceding paper,'” we reported the enzymatic
reactions of threo-squalene diols, e.g. 6,7-dihydroxysqualenes 14
and 15, and 10,11-dihydroxysqualenes 16 and 17 (Fig. 2). By
employing diols 16 and 17, the monocyclic cation 5 and the
bicyclic cation 6 were successfully trapped to give 26, 27, 28
and 29. Compound 26 has an octahydrochromene core, i.e.,
a 6/THP-fused bicycle (THP: tetrahydropyran), and 28 has a
dodecahydrobenzo[f]chromene core (a 6/6/THP-fused tricycle).
Through enzymatic experiments with 14 and 15, acyclic 4 and
tricyclic cation 7 were trapped, affording 25 and 30; 30 has a 3-
deoxymalabaricol nucleus (acyclic cation 4 had never been trapped
before). Thus, it can be now proposed that hopene biosynthesis
consists of nine steps including acyclic cation 4, as shown in
Scheme 1. Moreover, the enzymatic reactions of diols 1417 were
more or less product- and substrate-specific.'’

Next, we examined the enzymatic reactions of (3.5)-18, (3R)-
2,3-diols 19 and dioxidosqualenes 20-22 in a series of trapping
experiments of carbocation intermediates. These analogs were
converted into 6/6-fused bicyclic compounds and/or epoxydama-
maranes (these are pentacycles, viz. a 6/6/6/5-fused tetracycle
and a THF or THP ring), which indicates that carbocation

intermediate 9 is generated during hopene biosynthesis. The
17R,20R stereochemistry of epoxydamamranes produced from
18-22 was opposite to those from plant sources. Herein, we discuss
the formation mechanisms of the epoxydammaranes by squalene
cyclase.

Results and discussion

Preparation of squalene diols 18 and 19 and dioxidosqualenes
20-22

Methods for the synthesis of 18 and 19 are described in a previous
paper.'” Treatment of 1 with the chiral ligand (DHQ),PHAL gave
14, 16 and 18, while treatment with (DHQD),PHAL afforded 15,
17 and 19. Isolation of 18 and 19 was easily achieved by SiO,
column chromatography (eluting with a mixture of hexane and
EtOAc), because the R; values of 18 or 19 were lower than those
of 14-17. Reaction of 1 with an excess amount of NBS in THF
gave a dibromohydrin, which, followed by treatment with K,CO;
in MeOH, gave rise to diastereomeric mixtures of diepoxides 20-22
(see ESIT).

Incubation of 18-23 with the wild-type SHC, and product profiles

Diols 18 and 19 (1.0 mg each) were separately incubated with the
cell-free homogenates, which were prepared from an E. coli clone
encoding the wild-type SHC. The incubations were carried out at
optimal catalytic conditions (under which 1 was fully converted
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Fig.1 Structures of squalene diols and dioxidosqualenes employed in the
cation-trapping experiments.

into 2 and 3) and then terminated by adding methanolic KOH. The
hexane extracts from the reaction mixture were subjected to short
SiO, column chromatography with hexane-EtOAc (100 : 30) to
remove an excess of Triton X-100, which was included in the
incubation mixture. The lipophilic fraction thus prepared was
subjected to GC analysis (Fig. 3). Four major products, 31, 32,
33 and 34, were detected from the reaction mixture of (35)-diol
18, the yields being estimated as 22, 21, 5 and 25%, respectively,
by GC analysis (Fig. 3A). The diol 18 was recovered in 27% yield.
Fig. 3B shows that (3R)-diol 19 gave four products, 35, 36, 37 and
38, in yields of 33, 15, 18, and 12%, respectively, with unreacted
19 being recovered in 22% yield. After removing Triton X-100
from the incubation mixtures of diepoxides 20-22, the lipophilic
materials were acetylated with Ac,O/Py, and then submitted to
GC analysis (Fig. 4A), which showed two major peaks, but HPLC
analysis indicated that four acetate products, 39-42, were actually
involved (Fig. 4B). Many small peaks (total amount 15%) were
observed in the retention time region 14-28 min (Fig. 4A), but
the amount of each product was small. The yields of 39, 40,
41 and 42, the total amount of minor products and recovered
20-22 was 13, 13, 23, 24, 15 and 12%, respectively. It should be
noted that the conversions of diepoxides 20-22 were higher (88%,
Fig. 4A) than those of diols 18 and 19 (ca. 73-78%, Fig. 3A
and 3B).

26 R;=H, R,=OH
R1=OH, R2=H

R4

Ra Hy R

H

27 Ry=Me, R,=OH 28 Ry=Me, Ry=OH
R1=OH, R,=Me R1=OH, R2=Me
H RiRe

O~

30 Ri=Me, R2=OH
R1=OH, Rp,=Me

Fig. 2 Enzymatic products of squalene analogs with highly nucleophilic
hydroxyl group(s). Products 23 and 24 were generated from the truncated
C,,-analog and the C,;-analog with a hydroxyl group, respectively.'®*16
Products 25-30 were isolated from the reactions of threo-diols of squalene
14-17 with the wild-type SHC."

Structures of enzymatic products 32-43

Products 31-42 were purified by SiO, column chromatography
together with HPLC (see ESIT). The structures of the enzymatic
products were determined by detailed NMR analyses, including
DEPT, COSY, HOHAHA, NOESY, HMQC and HMBC. Diols
18 and 19 have eight methyl groups. For product 31, one methyl
group was missing, and two vinyl protons appeared (0 5.10 and
4.84, each 1H, s). The terminal diol moiety remained unchanged.
The presence of two allylic methyl groups and the terminal diol
moiety, in conjunction with the detailed analyses of HMBC and
NOESY spectra, indicated that 31 has the 6/6-fused bicyclic
skeleton as shown in Fig. 5. The 'H, ¥*C NMR and MS spectra
were identical between 35 and 31 and between 32 and 36 (ESIY),
indicating that the structures of 31 and 35 and those of 32 and
36 are identical except for the C-21 stereochemistry. The detailed
HMBC analyses of 32 and 36 supported the 6/6-fused bicyclic
nucleus, and the allylic methyl group at dy 1.92 (Me-26) had
HMBC cross-peaks with C-9, C-8 and C-7, verifying that a double
bond is introduced between C-7 and C-8. The complete structures
of 32 and 36 are illustrated in Fig. 5. Products 31 and 35 have
an o-polypodatetraene core,'®2* while those of 32 and 36 have a
v-polypodatetraene skeleton.'®2

Products 33, 34, 37 and 38 had no olefinic proton or sp? carbon,
suggesting that a full polycyclization reaction had occurred.
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Fig.3 GC traces of the reaction mixtures of diols 18 (A) and 19 (B) with
the wild-type SHC. An excess of Triton X-100 included in the incubation
mixture was removed by short SiO, column chromatography.

Detailed HMBC analyses confirmed that all the products had
a 6/6/6/5-fused tetracycle. Products 33, 34 and 37 had strong
NOEs for Me-18/H-13/H-17, indicating a 17B-H orientation
(17R). In contrast, product 39 had no NOE between H-13 and
H-17, but a clear NOE between Me-30 and H-17, and thus an
170-H (17S) stereochemistry was inferred. All products 33, 34, 37
and 38 showed three C-O carbons in the *C NMR spectra, despite
substrates 18 and 19 having only two C-O carbons, suggesting that
the secondary or tertiary alcohol of 18 and 19 participated in the
polycyclization reaction to afford either THF or THP rings.
Product 33 had an OH proton (dy 2.73, br s, in acetone-ds,)
that had no COSY cross-peak with any other proton, suggesting
that the tertiary alcohol of 18 did not participate in the cyclization
reaction, and that the secondary alcohol was responsible for the
oxygen bridge, affording a five-membered THF ring. The HMBC
cross-peak between Me-21 and C-17 supported that the THF ring
was linked to C-17. The clear NOEs of Me-21/H-24 proved the
cis-orientation between Me-21 and H-24, indicating that the C-24
stereochemistry of 33 must be S, because of the S stereochemistry
of C-3 in 18, thus leading to an assignment of 20R for 33.
Therefore, detailed 2D NMR analyses unambiguously showed
that 33 is (17R,20R,24S5)-20,24-epoxydammarane-25-ol (Fig. 5).
As for product 34, the OH proton appeared as a broad doublet
Oy 3.78, br d, J 4.4) in acetone-d,, which correlated with H-24
in the COSY spectrum, strongly suggesting that the secondary
alcoholic OH at C-3 of 18 remained intact; thus 35 possesses a
six-membered THP ring. The coupling constant (ddd, J 11.5, 4.4,
4.4) of H-24 indicated an axial orientation. The strong NOEs of

(A)

40Ac & 42Ac
3 39Ac & 41Ac
3 20-22 ”
g 1 |
| | |
"’l .\V;\*"'A"’\-'\/\A [ i\_
10 20 30 4;)
Retention Time (min)
42Ac
(B) a1Ac
=
o
8
g 39Ac
e ¢
3
2
n
s AJ L
3
20 (min)

Fig. 4 (A) Gas chromatogram of the reaction mixture obtained by
incubating diastereomers 20-22, which was obtained after the lipophilic
materials were acetylated with Ac,O/Py. In addition to major two peaks,
many small peaks appeared between 14 and 28 min. HPLC analysis (B)
revealed that the peak at 34.6 min was a mixture of the acetates of 40
and 42, while the peak at 44.5 min was a mixture of the acetates of 39
and 41 (see Fig. 4B). Compounds 20-22 were recovered in 12% yield. The
total amount of the minor products between 14 and 28 min was 15%. The
amounts of the former and the latter major peaks were estimated to be
37% and 36%, respectively. (B) Normal phase HPLC profile of the enriched
fraction of the acetates of 39—42. The distribution ratio of the acetates was
as follows: 39 : 40 : 41 : 42 and recovered 20-22 =1.08:1.92:1.08:2.0: 1.

38: 3-deoxyocatillol

41: R=3p-OH
42 R=3¢.-OH

Fig. 5 Structures of all the enzymatic products from 18-22.
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Me-27/Me-21, Me-21/H-23ax and H-24ax/H-22ax showed
the axial disposition of Me-21, implying a 20 R-stereochemistry.
Thus, the complete structure of 34 was proposed to be
(17R,20R,24.5)-20,25-epoxydammarane-24-ol (Fig. 5). A 20,25-
epoxydammarane nucleus involving a six-membered THP ring
is very rare in nature. To the best of our knowledge, only
two examples has been reported,” < but the C-17 and C-20
stereochemistries are opposite to that of 34, which is thus
novel.

The involvement of THF ring in 37 was confirmed by the
absence of a COSY correlation between the OH proton (0 2.79, br
s) and H-24 in acetone-d. In addition, the absence of an NOE be-
tween H-24 and Me-21 (implying a trans arrangement), indicated
a 20 R-stereochemistry for 37 due to the defined configuration (3R)
of substrate 19. The structure of 37 is therefore (17R,20R,24R)-
20,24-epoxydammarane-25-ol (Fig. 5).

The involvement of THF ring in 38 was also confirmed by the
absence of a COSY correlation between the OH proton (dy 3.29,
br s) and H-24. A strong NOE between Me-21 and H-24, in con-
junction with the 3R stereochemistry of substrate 19, supported
the proposal for 20S,24R stereochemistry. Thus, the complete
structure of 38 was determined to be (17S,20S,24R)-20,24-
epoxydammarane-25-ol (Fig. 5), i.e., 3-deoxyocotillol, which has
been isolated from Pyrrosia lingua.®* The 'H and *C NMR data of
38 were in full accordance with those published in the literature®
(see ESIY).

The acetates of products 39—42 had one acetyl group (d; 1.98—
2.00, 3H, acetone-d) and a 6/6/6/5-fused tetracyclic skeleton,
which was revealed by HMBC analysis. The C-17 stereochemistries
of all the 39—42 acetates were shown to be R (178-H) due to a clear
NOE between H-13 and H-17. The H-3 signal (6, 4.48, acetone-
ds) of the acetates of 39 and 41 was a double doublet (/ 11.1, 5.1),
indicating the B-orientation of 3-OAc, while H-3 of the acetates
of 40 and 42 was a broad singlet (0 4.56, acetone-d,); thus 3-
OAc of 40 and 42 was in an o-disposition. Three C-O carbon
signals other than 3-OAc were detected in the "C NMR spectra

of all the 39—42-acetates. The OH protons of the 39-42-acetates
were detected as broad singlets in acetone-d,, and showed no
correlation with any other proton in the COSY spectra, in contrast
to 34. Thus, the 39—42-acetates contain a tertiary alcohol (i.e., a
THF ring), which agrees with the fact that attempted acetylation
of a tertiary alcohol with Ac,O/Py at room temperature does
not occur. As shown in Table 1, Me-21 and H-24 had the same
chemical shifts in the 39—42-acetates (0y 1.18-1.19 and 3.71-3.72,
respectively), but the splitting pattern of H-24 was different and
was classified into two categories: t, J 7.3 for 39-acetate and 40-
acetate; and dd, J 10.5, 5.2 for 41 and 42 acetates. The former
is identical to that of 33, while the latter is the same as that of
37. A strong NOE for H-24/Me-21 for 39-acetate and 40-acetate
indicated a cis-orientation between them, while the absence of an
NOE for H-24/Me-21 for 41-acetate and 42-acetates revealed a
trans-geometry. When the “C chemical shifts of 39-42-acetates
were compared with each other, the J. difference of C-24 was
remarkable (Table 1): 6. 84.6 for the acetates of 33, 39and 40,
but o 88.2-88.3 for the acetates of 37, 41 and 42. These findings
strongly indicate that the THF rings of 39-acetate and 40-acetate
have the same 20R,24S stereochemistry as that of 33, while 41-
acetate and 42-acetate possessed the same 20R,24 R-configuration
as 37. The structures of 39—42 are depicted in Fig. 5: (17R,20R,
24.5)-20,24-epoxydammarane-3f,25-diol for 39; (17R,20R,24S)-
20,24-epoxydammarane-3a,25-diol for 40; (17R,20R,24R)-20,24-
epoxydammarane-38,25-diol for 41; and (17R,20R,24R)-20,24-
epoxydammarane-3a,25-diol for 42.

EI-MS spectra of all the epoxydammaranes showed ion
m/z 143 as a base peak (see ESIT) corresponding to the 2-
(5-methyltetrahydrofuran-2-yl)propan-2-ol moiety,"»* which is
characteristic of the epoxydammarane nucleus (see ESI). The
minor products, which appeared at a retention time of 14-28 min
in the GC (Fig. 4A), were presumed to mainly consist of 6/6-fused
bicyclic and 6/6/5-fused tricyclic compounds, because the EI-MS
showed fragment ion m/z 189 and 229 suggestive of the bi- and
tricyclic compounds (see ESI).

Table 1 Chemical shifts of products 33, 34 and 37-42 in acetone-d "

Position 33 (20R,24S) 34 (THP ring) 37 (20R24R)  38(20S,24R) 39 (20R24S) 40 (20R,24S) 41 (20R24R) 42 (20R.24R)

C-13 44.36 44.83 44.53 43.56 44.41 44.36 44.63 44.59

C-14 49.95 49.74 49.80 50.78 49.89 49.94 49.77 49.83

C-15 33.13 33.11 33.08 32.09 33.17 33.13 33.14 33.11

C-16 27.28 27.71 28.25 26.33 27.27 27.25 28.27 28.23

C-17 49.20 51.41 49.30 50.56 49.19 49.16 49.33 49.31

C-20 85.75 75.83 86.01 86.68 85.75 85.75 86.01 86.03

C-21 25.21 27.53 28.87 23.45 25.19 25.23 28.89 28.90

C-22 38.45 35.05 38.65 36.36 38.43 38.44 38.64 38.68

C-23 26.20 25.89 26.37 26.33 26.18 26.19 26.36 26.38

C-24 84.60 75.36 88.16 84.21 84.59 84.63 88.24 88.28

C-25 71.62 75.83 70.44 71.49 71.60 71.61 70.39 70.43

C-26 26.66 22.49 25.84 26.73 26.71 26.71 25.82 25.79

C-27 26.33 30.49 27.28 26.29 26.32 26.34 27.36 27.34

H-21(Me) 1.183 1.284 1.188 1.222 1.183 1.191 1.189 1.193

H-24 3.72(t, J = 3.28 (ddd, J = 3.71(dd, J = 371 (t,J = 3.72(t,J = 3.72(t, J = 3.71(dd, J = 3.72(dd, J =
7.3 Hz) 11.5,44,44Hz) 10.5,52Hz) 7.3 Hz) 7.3 Hz) 7.2 Hz) 10.6,52Hz)  10.6, 5.3 Hz)

“The *C chemical shift differences between 33, 39 and 40, and those between 37,41 and 42 are negligible, indicating that the C-20 and C-24 stereochemistries
of 39 and 40 are the same as that for 33, while those for 41 and 42 are identical to that for 37. In contrast, the chemical shifts of 38 are different from
those of 33, 37 and 3942, reflecting the different stereochemistries, (20R,24S) and (20R,24R). The 'H and "C NMR data of 34 are markedly different
from 33 and 37-42 (which have a THF ring), especially with respect to the d. of C-20 and C-24, suggesting the involvement of a THP ring.
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Mechanism of formation of products 32—43

Diols 18 and 19 gave bicyclic products via cation 43 in yields of
43% and 48%, respectively (Fig. 3A and B), but diepoxides 20—
22 afforded very small or marginal amounts of bi- and tricyclic
products (Fig. 4A). This difference could be ascribed to the
steric bulk difference of the substituents, which had an additional
influence on the conversion ratios of the substrates; the recovered
yield of diols 18 and 19 (22-27%) were higher than those of
epoxides 20-22 (12%) (compare Fig. 3 with Fig. 4A). In previous
work,'™” we demonstrated that the cyclization yields depends
on the bulk sizes of the substituents on the squalene backbone.
The somewhat larger bulk would have led to termination of the
polycyclization cascade at the bicyclic stage (6, see Scheme 1),
possibly due to poor positioning of 18 or 19 inside the reaction
cavity. As shown in Scheme 2A, deprotonation of Me-26 in
cation 43 could give 31 and 35 (path «), while that of H-7 could
afford 32 and 36 (path b). A portion of the diol substrates (30%)
underwent further cyclization reactions to give the 6/6/6/5-fused
tetracyclic cations 44-46 (like 9), which were then trapped by
the highly nucleophilic hydroxyl group, leading to pentacycles
33 and 34 from 18, and to pentacycles 37 and 38 from 19. An
all-chair conformation of 18 in the reaction cavity led to cationic
intermediate 44, with 178-H (17R) configuration (Scheme 2B).
According to Baldwin’s rule,** formation of the five-membered
THF ring is generally preferred to that of the six-membered
THP ring, but production of 34 (THP ring) was higher than
33 (THF ring) by a factor of 5 (Fig. 3A). The explanation for
this inconsistency is as follows. The equatorial C-3 OH of 44
must rotate (by ca. 180°) through the C-3-C-4 bond to afford
33 (path a), while the C-2 OH of 45 could readily access cation 44
to give 34 by a smaller motion of C-2 OH through the C-2-C-3
bond (<60°) (path b), thus leading to higher production of 34. It
should be highlighted that the C-20 and C-24 stereochemistries
of 33 and 34 predicted from the C-C bond rotation (Scheme 2B)
were in good accordance with those determined independently by
NMR analyses. Scheme 2C depicts the cyclization pathway of 19
into pentacycles 37 and 38. Intermediary cation 45 (like 9) was
produced through the folding of an all-chair structure, leading
to a 17B-H configuration. The re-face attack of axially oriented
3R-OH upon the cation by a small motion (ca. 60°) through the
C-3-C-4 bond afforded 37 (18%) with 20R,24R stereochemistry
(path @). On the other hand, the folding of 19 into a chair-chair-
chair-boat conformation with an extended side chain could give
cation 46 with the 170-H stereochemistry (12%). The si-face attack
of 3R-OH on 46 could give 38 with 205,24 R stereochemistry (path
b). In conformation 46, the axially oriented OH had a repulsive
interaction with the E-ring formation site of the cyclase cavity,
which could guide the disorganization of a chair structure for
the D-ring to some extent, thus giving rise to the formation
of an extended side chain to prevent the repulsive interaction.
Furthermore, the unfavorable 1,3-diaxial interactions of Me-
30/Me-21/Me-27 occur in the all-chair conformation 45, but there
is little repulsion in 46.*™'° Therefore, the organization of chair-
chair-chair-boat conformation 46 would be more favorable than
that of all-chair conformation 45, but the amount of 37 produced
was ca. 1.5 times higher than that of 38. SHC cyclase could
still confer an all-chair structure to 19 despite these unfavorable
interactions. In the case of 44, where the OH is equatorial, the

A
18 — Bicyclic products
19 — 31+ 32:43% from 18
ik 35 + 36:48% from 19
43 like 6 H 32
(B): (35)2,3diol 18
re-face
attack

a (180°)

18 —
30% = b (<60°)

N 25% Q
4 reface
OH attack
At
Oz 1S
224
34 % OH

44 alcharlike 9

Ratio of 34 to 33=5:1

(C): (3Ry2,3-diol 19

re -face
attack

E—

4 B60°

17
30 1—

HO 2 é R
27
45 allchairlike 9 37

18%

19 —

sHace
attack

46 chal?-cha(i'-ch—air-tx)at-
extended side chain

Ratio of 37 to 38=1.5:1

Scheme 2 Cyclization mechanisms and folding conformations of squa-
lene diols 18 and 19. (A) Formation mechanism of the 6/6-fused bicyclic
products 31 and 32 from 18, and that of the bicycle 35 and 36 from
19. (B) The cyclization mechanisms of 18 into 33 and 34. (C) The
cyclization pathways of 19 into 37 and 38. Plain carbon labels: squalene
diol numbering. Underlined carbon labels: dammarane numbering. An
all-chair conformation leads to the formation of (17R)-epoxydammaranes
33, 34 and 37, while a chair-chair-chair-boat conformation leads to
(17S)-epoxydammarane 38.

repulsive interaction with the cyclase cavity would be minimal,
and thus epoxydammarane with 170-H (like 38) was not produced
from 18.

(35)-2,3-Oxidosqualene is converted into 3B-hydroxyhopene
through an all-chair conformation by SHC, while the 3R form
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is converted into 3o-hydroxyhopene through a boat-chair-chair-
chair-chair conformation.” Each of the diastereomers 20-22 also
underwent the polycyclization reaction to afford the 6/6/6/5-
fused tetracyclic cation, with a 17B-H configuration. Scheme 3
shows the polycyclization mechanism of 20-22. Diepoxides
(35,225)-20 and (35,22 R)-21 could be organized into an all-chair
conformation by SHC. The re-face attack of the 22-epoxide on to
the tetracyclic cation could provide the new tertiary cation after
the THF ring formation. A water molecule attacked the cation
to afford 39 and 41 in yields of 13% and 23%, respectively. A
large rotation of the (225)-epoxide (ca. 180°) is required to form
39, but a small motion (ca. 60°) of the (22R)-epoxide is enough
to produce 41, thus leading to ca. two-fold higher production of
41. Diepoxides (3R,22R)-22 and (3R,22S5)-21 were folded into a
boat-chair-chair-chair-chair conformation to give 42 (24%) and 40
(13%), respectively. A higher production of 42 could be explained
in terms of the smaller motion of the (22R)-epoxide of 22.

ca. 180°
—_
rotation

boat-chair-chair- 40
chair-chair
R
o,
22 24%
3R, 22R rotation
boat-chair- aH
chair-chair- I o=
chair IR
H,0 HO"| 42

Scheme 3 Cyclization mechanism and folding conformations of dioxi-
dosqualenes 20-22.

It is likely that diol and epoxide groups donate or accept
hydrogen atoms to form hydrogen bonds with the cyclase, and this
may have an influence on the conformations of substrates adopted
in the reaction cavity. However, the distribution of yields and the
stereochemistries of the products can be best explained in terms of

the angles of motion of the nucleophilic oxygen atoms and/or the
conformation of the substrates, as discussed above. Thus the steric
factor (viz. the repulsive interaction with the cyclase), would be
the dominant effect on the polycyclization pathway; the electronic
effect (hydrogen bond formation) on the conformational structure
would be small in this case. This idea is in good agreement with
our earlier paper.!’

Conclusions

In this study, carbocation intermediate 9 was successfully trapped
by the nucleophilic oxygen atom of squalene diols and diepoxides,
resulting in the production of epoxydammaranes. In the
incubation mixtures of 18-22, dammarene-type triterpenes (such
as 20(21)-, 13(17)- and 12(13)-dammarenes and 7(8)-euphene that
are generated from deprotonation reactions at the corresponding
positions) were not detected. This finding strongly indicates that
the folding of the side chain of 9 into a chair structure quickly
occurs prior to the 1,2-hydride shift of 173-H to the C-20 cation
to give these dammarene skeletons, resulting in the proximity
of the oxygen atom(s) to the C-20 cation of 9, preferentially
affording epoxydammaranes. Previous experiments with 6,7- and
10,11-diols have provided the definitive evidence that cations 4,
5, 6, 7 are involved as intermediates during the polycyclization
cascade of 1.7 Thus, we have now succeeded in trapping all the
tertiary cations 4, 5, 6, 7 and 9 shown in Scheme 1. The trapping of
secondary cations 8 and 10 have failed, suggesting that the lifetime
of these secondary cations, formed after the ring-expansion of
7 and 9, is short. A recent study on Arabidopsis lupeol synthase
showed that the 6/6/6/6-fused secondary baccharenyl cation
is actually involved in the polycyclization reaction;* (3S5,22.5)-
2,3;22,23-dioxidosqualene was converted into the following
three products: (17R,20R,24S)-17,24-epoxybaccharane-33,25-
diol, (17S,20S,24R)-20,24-epoxydammarane-3f3,25-diol  and
(178,20S8,2455)-20,24-epoxydammarane-3f,25-diol in a 3 : 4 : 2
ratio.”® This simultaneous trapping of the secondary and the
tertiary cations in a high yield unambiguously demonstrates
that lupeol biosynthesis occurs by a ring enlargement process.
It should be noted that all of the enzymatic products, except for
38, have 17B-H (17R) and 20R stereochemistry. Plant triterpenes
are usually biosynthesized via a 170-H (17S) dammarenyl cation,
formed by the folding into a chair-chair-chair-boat conformation.
This conformation usually leads to 20S stereochemistry, as
depicted in 46 (Scheme 3C). Some papers have referred to the
isolation of (20R)-epoxydamamranes from natural sources, but it
was recently suggested that there is no documented evidence for
the 20R stereochemistry,” implying that the C-20 stereochemistry
of natural epoxydammaranes is actually S (see the Supporting
Information of ref. 25). On the other hand, prokaryotic hopene is
generated via a 17-epi-dammarenyl cation 9 (with 178-H (17R)
stereochemistry), which is formed by the folding of an all-chair
conformation, leading to a (17R,20R)-epoxydammaranes, as
seen in 33, 34, 37 and 39-42 produced from cations 44 and 45.
Thus, all the epoxydammaranes described here are novel except
for 3-deoxyocotillol 38. Squalene cyclase has a great potential
for creating unnatural natural terpenoids, in addition to one-pot
syntheses of natural products, by the enzymatic reactions of
numerous squalene analogs.
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Experimental

Please see the ESI for additional experimental data.¥

NMR and EI-MS spectroscopic data of enzymatic products 31-42

Products 33, 34, 37 and 38 were measured in both C;D, and
acetone-ds. NMR data of 39-42-monoacetates were acquired in
both CDCl; and acetone-d.

Product 31. Oil. '"H NMR (C,D,, 600.13 MHz), 6 5.46 (2H,
brs, H-17 and H-13), 5.10 (br s, H-26), 4.84 (br s, H-26), 3.35 (dd,
10.4, J 1.8, H-21), 2.52 (m, H-7), 2.45 (m, H-12), 2.44 (m, H-19),
2.34 (2H, dt, J 7.6, 7.6, H-16), 2.26 (2H, t, J 7.8, H-15), 2.21 (m,
H-19),2.15 (m, H-12), 2.11 (m, H-7), 1.83 (m, H-1), 1.78 (m, H-9),
1.770 (3H, s, H-27), 1.75 (m, H-6), 1.725 (3H, s, H-28), 1.69 (m,
H-11), 1.66 (m, H-2), 1.62 (m, H-11), 1.61 (m, H-20), 1.55 (m,
H-2), 1.50 (m, H-20), 1.49 (m, H-3), 1.41 (m, H-6), 1.27 (m, H-3),
1.154 (3H, s, H-30), 1.148 (3H, s, H-29), 1.14 (m, H-5), 1.08 (m,
H-1),0.965 (3H, s, H-23), 0.921 (3H, s, H-24), 0.868 (3H, s, H-25).
BC NMR (C¢Dy, 150.9 MHz), 6 148.87 (s, C-8), 135.29 (s, C-18),
134.95 (s, C-14), 125.80 (d, C-13), 125.13 (d, C-17), 106.66 (t, C-
26), 78.28 (d, C-21), 72.56 (s, C-22), 56.52 (d, C-9), 55.65 (d, C-5),
42.43 (t, C-3), 40.21 (t, C-15), 39.31 (t, C-1), 39.84 (s, C-10), 38.73
(t, C-7), 37.24 (t, C-19), 33.66 (s, C-4), 33.72 (q, C-23), 30.13 (t,
C-20), 27.43 (t, C-12), 27.13 (t, C-16), 26.40 (q, C-29), 24.76 (t, C-
6), 24.24 (t, C-11), 23.58 (q, C-30), 21.89 (q, C-24), 19.76 (t, C-2),
16.16 (q, C-27), 16.06 (q, C-28), 14.75 (q, C-25). The assignments
of H-29, H-30, C-29 and C-30 are exchangeable. EI-MS m/z (%0):
69 (50), 81 (100), 95 (53), 109 (40), 135 (34), 137 (42), 153 (30),
189 (13), 191 (23), 411 (11), 426 (10), 444 (5, M*). HR-EI-MS:
m/z (M*), caled. for C3 Hy,0,, 444.3967; found, 444.3972. [a]y =
+79.6 (¢ 0.40, EtOH).

Product 32. Oil. "H NMR (C¢Dq, 600.13 MHz), § 5.58 (br s,
H-7), 5.46 (br t, J 6.8, H-17), 5.45 (br t, J 6.8, H-13), 3.34 (br d,
J 9.5, H-21), 2.45 (m, H-19), 2.42 (m, H-12), 2.34 (2H, m, H-16),
2.25(2H, t, J 7.4), 2.21 (2H, m, H-19 and H-12), 2.06 (m, H-6),
1.99 (m, H-6), 1.98 (m, H-1), 1.916 (3H, s, H-26), 1.79 (m, H-9),
1.773 (3H, s, H-27), 1.731 (3H, s, H-28), 1.65 (2H, m, H-2 and H-
11), 1.61 (m, H-20), 1.55 (m, H-2), 1.51 (m, H-3), 1.50 (m, H-20),
1.44 (m, H-11), 1.32 (dd, J 11.9, 4.9, H-5), 1.27 (ddd, J 14,13.9,
3.9, H-3), 1.150 (3H, s, H-30), 1.145 (3H, s, H-29), 1.08 (m, H-1),
1.000 (3H, s, H-24), 0.980 (3H, s, H-23), 0.955 (3H, s, H-25). The
assignments of H-29 and H-3 are exchangeable. *C NMR (C;Dj,
150.9 MHz), 6 135.39 (s, C-8), 135.34 (s, C-18), 134.89 (s, C-14),
125.52 (d, C-13), 125.07 (d, C-17), 122.54 (d, C-7), 78.28 (t, C-21),
72.54 (s, C-22), 54.57 (d, C-9), 50.37 (d, C-5), 42.64 (t, C-3), 40.17
(t, C-15), 39.49 (t, C-1), 37.23 (t, C-19), 37.02 (s, C-10), 33.35(q,
C-23), 33.08 (s, C-4), 30.76 (t, C-12), 30.14 (t, C-20), 27.74 (t, C-
11),27.09 (t, C-16), 26.39 (q, C-29), 24.20 (t, C-6), 23.58 (q, C-30),
22.46 (q, C-26), 22.03 (q, C-24), 19.21 (t, C-2), 16.24 (q, C-27),
16.06 (q, C-28), 13.77 (q, C-25). The assignments of C-8 and C-18
and those of C-29 and C-30 are exchangeable. EI-MS m/z (%): 69
(50), 81 (100), 95 (53), 109 (58), 135 (34), 153 (42), 189 (42), 191
(54),204 (38), 411 (6), 426 (7), 444 (5, M*). HR-EI-MS: m/z (M*),
calcd. for C3Hs,0,, 444.3967; found, 444.3966. [a]Z = —33.3 (c
0.41, EtOH).

Product 33. Oil. '"H NMR (C,D,, 600.13 MHz), § 3.74 (t, J
7.3, H-24), 2.16 (m, H-17), 2.07 (m, H-13), 1.93 (m, H-12), 1.91

(m, H-23), 1.82 (m, H-16), 1.75 (m, H-1), 1.74 (2H, m, H-23 and
H-22), 1.74 (m, H-22), 1.68 (m, H-7), 1.66 (2H, m, H-6 and H-11),
1.61 (m, H-16), 1.58 (m, H-15), 1.55 (m, H-12), 1.52 (m, H-3),
1.50 (2H, m, H-2 and H-6), 1.48 (m, H-22), 1.47 (m, H-9), 1.448
(3H, s, H-27), 1.38 (2H, m, H-2 and H-7), 1.30 (m, H-3), 1.276
(3H, s, H-26), 1.273 (3H, s, H-21), 1.22(m, H-15), 1.20 (m, H-11),
1.151(3H, s, H-30), 1.15 (3H, s, H-18), 1.039 (3H, s, H-28), 1.01
(3H, s, H-19), 0.998 (3H, s, H-29), 0.919 (br d, J 12.5, H-5), 0.87
(m, H-1). The assignments of H-2 and H-6 and those of H-26 and
H-27 are exchangeable. *C NMR (C,D,, 150.9 MHz), 6 85.31 (s,
C-20), 83.98 (d, C-24), 71.28 (s, C-25), 57.29 (d, C-5), 51.15 (d,
C-9),49.43 (s, C-14), 48.66 (d, C-17),43.81 (2C, t for C-3 and d for
C-13),41.17 (s, C-8), 40.81 (t, C-1), 38.22 (t, C-22), 37.69 (s, C-10),
35.63 (t, C-7), 33.63 (q, C-28), 33.54 (s, C-4), 32.72 (t, C-15), 27.78
(q, C-27),27.08 (t, C-16), 26.21 (t, C-12), 25.79 (t, C-23), 25.29 (q,
C-26), 25.23 (q, C-21), 22.65 (t, C-11), 21.76 (q, C-29), 19.12 (t,
C-2), 19.08 (t, C-6), 17.20 (q, C-30), 16.47 (q, C-19), 16.13 (q, C-
18). The assignments of C-2 and C-6 and those of C-26 and C-27
are exchangeable. EI-MS m/z (%): 69 (10), 81 (11), 95 (11), 125
(15), 143 (100), 191 (10), 385 (10), 429 (3, M* — Me). HR-EI-MS:
m/z (M* — Me), calcd. for C,yHy0,, 429.3733; found, 429.3730.
[a]s = —72.5 (¢ 0.090, EtOH).

Product 34. Solid. '"H NMR (acetone-d,, 600.13 MHz) d 3.78
(very broad d, J 4.4, OH), 3.28 (ddd, J 11.5, 4.4, 4.4, H-24), 2.04
(m, H-13), 2.02 (m, H-12), 1.93 (ddd, J 9.3, 8.5, 7.8, H-17), 1.78
(m, eq, H-23), 1.68 (m, H-22 ax), 1.64 (m, H-1), 1.62 (m, H-2), 1.60
(m, H-23 ax), 1.59 (2H, m, H-7 and H-16), 1.56 (2H, m, H-11 and
H-12), 1.51 (m, H-6), 1.44(m, H-9), 1.41 (m, H-2), 1.40 (m, H-16),
1.39 (m, H-6), 1.38 (m, H-15), 1.35(m, H-3), 1.32 (m, H-22¢q.),
1.284 (3H, s, H-21), 1.23 (m, H-7), 1.179 (3H, s, H-27), 1.17 (m,
H-11), 1.151 (3H, s, H-26), 1.15 (m, H-3), 1.034 (3H, s, H-30),
1.03(m, H-15), 0.946 (3H, s, H-18), 0.87 (m, H-1), 0.853 (3H, s,
H-19), 0.845 (3H, s, H-28), 0.82(m, H-5), 0.813(3H, s, H-29). “C
NMR (acetone-dg, 150.9 MHz), 6 75.83 (2C, s, C-20 and C-25),
75.36 (d, C-24), 57.80 (d, C-5), 51.62 (d, C-9), 51.41 (d, C-17),
49.74 (s, C-14),44.83 (d, C-13),42.89 (t, C-3),41.61 (s, C-8), 41.33
(t, C-1), 38.14 (s, C-10), 36.07 (t, C-7), 35.05 (t, C-22), 33.93 (s,
C-4), 33.75 (q, C-28), 33.11 (t, C-15), 30.49 (q, C-27), 27.71 (t,
C-16), 27.53 (q, C-21), 26.95 (t, C-12), 25.89 (t, C-23), 23.22 (t, C-
11),22.49 (q, C-26), 21.83 (q, C-29), 19.21 (t, C-2), 19.12 (t, C-6),
17.29 (g, C-30), 16.61 (q, C-19), 16.28 (q, C-18). The assignments
of C-2 and C-6 are exchangeable. '"H NMR (C,D,, 600.13 MHz)
03.22(dd, J 11.5,4.4, H-24), 2.18(m, H-12), 2.14 (m, H-13), 1.91
(m, H-17), 1.78 (3H, m, H-1, H-6 and H-7), 1.77 (m, H-12), 1.75
(m, H-2), 1.74 (2H, m, H-11 and H-16), 1.68 (2H, m, H-22 and
H-23eq), 1.66 (m, H-16), 1.62 (m, H-9), 1.58 (m, H-14), 1.55 (m,
H-6), 1.52 (m, H-3), 1.50 (m, H-2), 1.46 (m, H-23ax), 1.44 (m,
H-7), 1.419 (3H, s, H-27), 1.35 (m, H-11), 1.336 (3H, s, H-21),
1.32 (3H, s, H-26), 1.30 (m, H-14), 1.29 (3H, s, H-30), 1.28 (m,
H-3), 1.22 (m, H-22), 1.123 (3H, s, H-18), 1.03 (6H, s, H-19 and
H-28), 1.004 (3H, s, H-29), 0.973 (dd, J 12.0, 2.4, H-5), 0.94 (m,
H-1). The assignments of H-2 and H-6 in C;,D, are exchangeable.
BC NMR (C¢Ds, 150.9 MHz) § *C NMR (C(D,, 150.9 MHz), §
75.32 (s for C-20, d for C-24), 75.07 (s, C-25), 57.42 (d, C-5), 51.86
(d, C-17), 51.17 (d, C-9), 49.38 (s, C-14), 44.33 (d, C-13), 42.54 (t,
C-3), 41.23 (s, C-8), 40.89 (t, C-1), 37.74 (s, C-10), 35.78 (t, C-7),
34.63 (t,C-22),33.65(q, C-28), 33.56 (s, C-4), 32.84 (t, C-15), 30.11
(q, C-27), 27.49 (t, C-16), 27.25 (q, C-21), 26.58 (t, C-12), 25.57
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(t, C-23), 22.88 (t, C-11), 22.02 (q, C-26), 21.78 (q, C-29), 19.21
(t, C-2), 19.12 (t, C-6), 17.14 (q, C-30), 16.49 (q, C-19), 16.19 (q,
C-18). The assignments of H-2 and H-6 in C;D are exchangeable.
EI-MS: m/z (%): 69 (10), 81 (11), 95 (11), 125 (15), 143 (100), 191
(10), 345 (5), 386 (4), 429 (4, M* — Me). HR-EI-MS: m/z (M* —
Me), caled. for CxyHy0,, 429.3733; found,429.3741. [a]Z = + 55.3
(c 0.09, EtOH).

Product 35. Oil. The NMR signals in C,D4 were identical to
those of product 31. EI-MS m/z (%): 69 (58), 81 (100), 95 (53),
109 (41), 135 (34), 137 (43), 153 (30), 189 (13), 191 (28), 411 (12),
426 (10), 444 (5, M*). HR-EI-MS: m/z (M"), calcd. for C;H;,0,,
444.3967; found, 444.3961. [a]> = +22.8 (¢ 0.28, EtOH).

Product 36. Oil. The NMR signals were the same as those of
product 32. EI-MS: m/z (%): 69 (52), 81 (100), 95 (47), 109 (53),
135 (33), 153 (33), 189 (35), 191 (62), 204 (33), 411 (5), 426 (5),
444 (4, M*). HR-EI-MS: m/z (M*), caled. for Cy,Hs,0,, 444.3967;
found, 444.3979. [a]5 = +4.08 (¢ 0.29, EtOH).

Product 37. Oil. '"H NMR (C4D, 600.13 MHz), 0 3.67 (dd, J
10.5,5.0, H-24), 2.17(m, H-17), 2.10 (ddd, J 11.5, 10.8, 3.2, H-13),
1.96 (2H, m, H-12 and H-23), 1.85 (m, H-22), 1.82 (m, H-16),
1.78 (m, H-7), 1.77 (m, H-1), 1.72 (m, H-2), 1.70 (m, H-11), 1.63
(m, H-6), 1.61 (m, H-16), 1.57 (2H, m, H-9 and H-15), 1.56 (2H,
m, H-12 and H-23), 1.54 (m, H-3), 1.52 (2H, m, H-2 and H-6),
1.48 (m, H-22), 1.43(m, H-7), 1.405 (3H, s, H-27), 1.31(m, H-3),
1.26(2H, m, H-11 and H-15), 1.231 (6H, s, H-21 and H-26), 1.196
(3H, s, H-30), 1.110 (3H, s, H-18), 1.048 (3H, s, H-28), 1.027(3H, s,
H-19), 1.008 (3H, s, H-29), 0.96 (2H, m for H-1; br d, J 12.4 for
H-5). The assignment of H-2 and H-6 and that of H-26 and H-27
are exchangeable. "C NMR (C¢Dy, 150.9 MHz), 6 87.59 (d, C-24),
85.51 (s, C-20), 69.83 (s, C-25), 57.36 (d, C-5), 51.15(d, C-9),49.36
(s, C-14),48.73 (d, C-17), 44.03 (d, C-13), 42.48 (t, C-3), 41.20 (s,
C-8), 40.89 (t, C-1), 38.28 (t, C-22), 37.74 (s, C-10), 35.73 (t, C-7),
33.68 (q, C-28), 33.55 (s, C-4), 32.76 (t, C-15), 28.65 (q, C-21),
28.36 (q, C-27), 27.99 (t, C-16), 26.48 (t, C-23), 25.80 (t, C-12),
24.64 (q, C-26), 22.76 (t, C-11), 21.78 (q, C-29), 19.16 (t, C-2),
19.10 (t, C-6), 16.65 (q, C-30), 16.49 (q, C-19), 16.15 (q, C-18).
The assignments of C-2 and C-6 and those of C-26 and C-27 are
exchangeable. EI-MS m/z (%): 69 (10), 81 (11), 95 (11), 125 (15),
143 (100), 191 (8), 385 (10), 429 (2, M* — Me). HR-EI-MS: m/z
(M* — Me), caled. for C,sHyyO,, 429.3733; found, 429.3717. [a]} =
—22.8 (¢ 0.38, EtOH).

Product 38 (3-deoxycotillol). Solid. "H NMR (C¢D,, 600.13
MHz), 6 3.75 (t, J 7.3, H-24), 1.98 (m, H-12), 1.94 (m, H-17), 1.92
(m, H-23), 1.91 (m, H-16), 1.79 (m, H-22), 1.77 (m, H-13), 1.73
(m, H-2), 1.72 (m, H-23), 1.70 (m, H-1), 1.68 (m, H-7), 1.66 (m, H-
16), 1.64 2H, m, H-6 and H-11), 1.60 (m, H-15), 1.55 (m, H-22),
1.52 (m, H-2), 1.50 (m, H-3), 1.48 (2H, m, H-6 and H-9), 1.434
(3H, s, H-27), 1.38 (m, H-7), 1.33 (m, H-12), 1.30 (m, H-11), 1.28
(m, H-3), 1.263 (3H, s, H-26), 1.222 (3H, s, H-21), 1.18 (m, H-15),
1.111 (3H, s, H-18), 1.029 (3H, s, H-28), 0.987 (3H, s, H-30), 0.982
(3H, s, H-29), 0.972 (3H, s, H-19), 0.909 (dd, J 13.4, 2.6, H-5),
0.873 (m, H-1). The assignments of H-26 and H-27 and those of
H-29 and H-30 are exchangeable. *C NMR (C;Ds, 150.9 MHz),
0 86.27 (s, C-20), 83.69 (d, C-24), 71.08 (s, C-25), 57.31 (d, C-5),
51.30 (d, C-9), 50.37 (s, C-14), 50.04 (d, C-17), 43.25 (d, C-13),
42.43 (t, C-3), 40.85 (2C, t for C-1; s for C-8), 37.70 (s, C-10),
36.19 (t, C-22), 35.64 (t, C-7), 33.63 (q, C-28), 33.52 (s, C-4), 31.80

(t, C-15),27.83 (t, C-12), 27.77 (q, C-27), 26.26 (t, C-16), 26.02 (t,
C-23), 25.04 (q, C-26), 23.66 (q, C-21), 21.76 (2C, t for C-11; q for
C-29), 19.05 (t, C-2), 18.97 (t, C-6), 16.70 (q, C-30), 16.45 (q, C-
19), 15.69 (q, C-18). The NMR data for product 39 in CDCl; are
described in the ESI and are identical to those in the literature.?*
EI-MS m/z (%): 69 (16), 81 (15), 95 (15), 125 (15), 143 (100), 191
(13), 385 (20), 429 (3, M* — Me). HR-EI-MS: m/z (M* — Me),
caled. for CxyH,O0,, 429.3733; found, 429.3717. [a]; = +35.9 (c
0.04, EtOH). ¢f. lit.* [a], = +19.3 (¢ 0.04, EtOH).

Product 39-acetate. Solid. '"H NMR (acetone-d;, 600.13
MHz), 6 4.43 (dd, J 11.3, 5.0, H-3), 3.72 (t, J 7.3, H-24), 2.73
(brs, OH), 2.25 (m, H-17), 2.11 (m, H-13), 1.979 (3H, s, CH,CO),
1.90 (m, H-12), 1.86 (m, H-23), 1.81 (m, H-23), 1.73 (m, H-16),
1.71 (m, H-22), 1.68 (m, H-1), 1.63 (m, H-16), 1.62 (2H, m, H-2),
1.61 (m, H-7), 1.57 (m, H-11), 1.55 (m, H-22), 1.52 (m, H-6), 1.47
(m, H-6), 1.46 (2H, m, H-12 and H-9), 1.45 (m, H-15), 1.26 (m,
H-7), 1.21 (m, H-11), 1.183 (3H, s, H-21), 1.13 (3H, s, H-27), 1.09
(3H, s, H-26), 1.08 (m, H-15), 1.06 (m, H-1), 1.030 (3H, s, H-30),
0.971 (3H, s, H-18),0.91 (dd, J 11.7, 2.5, H-5), 0.887 (3H, s, H-19),
0.852 (3H, s, H-29), 0.841 (3H, s, H-28). C NMR (acetone-d,,
150.9 MHz), 6 170.9 (s, CH,CO), 85.75 (s, C-20), 84.59 (d, C-24),
80.99 (d, C-3), 71.60 (s, C-25), 55.63 (d, C-5), 51.39 (d, C-9), 49.89
(s, C-14),49.19 (d, C-17), 44.41 (d, C-13), 41.43 (s, C-8), 39.33 (t,
C-1), 38.53 (s, C-10), 38.43 (t, C-22), 37.79 (s, C-4), 35.96 (t, C-7),
33.17 (t, C-15), 28.24 (q, C-28), 27.27 (t, C-16), 26.71 (q, C-26),
26.58 (t, C-12), 26.32 (q, C-27), 26.18 (t, C-23), 25.19 (q, C-21),
24.42 (t, C-2), 23.22 (t, C-11), 21.04 (q, CH;CO), 18.98 (t, C-6),
17.37 (q, C-30), 16.83 (q, C-19), 16.65 (q, C-29), 16.19 (q, C-18).
The assignments of C-19 and C-29 and those of C-26 and C-27 are
exchangeable. The NMR data in CDClI; are given in the ESI. EI-
MS m/z (%): 125 (38), 143 (100), 189 (13), 191 (35), 383 (45, M* —
CsH,,0,), 443 (10, M* — C(Me),OH), 487 (5, M* — Me). HR-EI-
MS: m/z M* — C;H,,0;), calcd. for C,;H,;;0, 383.3314; found,
383.3304. [a]; = —5.92 (¢ 0.17, EtOH).

Product 40-acetate. Oil. "H NMR (acetone-d,, 600.13 MHz),
0 4.56 (br s, H-3), 3.72 (t, J 7.2, H-24), 2.79 (br s, OH), 2.25 (m,
H-17), 2.11 (m, H-13), 2.00 (3H, s, CH;CO), 1.90 (3H, m, H-2,
H-12 and H-23), 1.82 (m, H-23), 1.74 (2H, m, H-16 and H-22),
1.63 (m, H-16), 1.62 (m, H-7), 1.58 (2H, m, H-11 and H-22), 1.50
(2H, m, H-2 and H-9), 1.46 (m, H-12), 1.45 (3H, m, H-6 and H-
15), 1.43 (m, H-1), 1.31 (m, H-5), 1.27 (m, H-7), 1.23 (m, H-1),
1.21 (m, H-11), 1.191 (3H, s, H-21), 1.133 (3H, s, H-27), 1.08 (m,
H-15), 1.054 (3H, s, H-26), 1.044 (3H, s, H-30), 0.980 (3H, s, H-
18), 0.898 (3H, s, H-29), 0.893 (3H, s, H-19), 0.832 (3H, s, H-28).
The chemical shifts of H-19 and H-29 and those of H-26 and H-27
are exchangeable. *C NMR (acetone-d,, 150.9 MHz), 6 170.5 (s,
CH,CO), 85.75 (s, C-20), 84.63 (d, C-24), 78.42 (d, C-3), 71.61 (s,
C-25), 51.63 (d, C-5), 51.41 (d, C-9), 49.94 (s, C-14), 49.16 (d, C-
17), 44.36 (d, C-13), 41.59 (s, C-8), 38.44 (t, C-22), 37.89 (s, C-10),
37.41 (s, C-4), 35.92 (t, C-7), 34.99 (t, C-1), 33.13 (t, C-15), 28.27
(q, C-28), 27.25 (t, C-16), 26.71 (q, C-26), 26.58 (t, C-12), 26.34
(q, C-27), 26.19 (t, C-23), 25.23 (q, C-21), 23.53 (t, C-2), 23.04 (t,
C-11), 22.05 (q, C-29), 21.10 (q, CH,CO), 19.40 (q, C-19), 18.89
(t, C-6), 17.50 (q, C-30), 16.23 (q, C-18). The signals of C-26 and
C-27 are exchangeable. The NMR data in CDCI; are given in the
ESI. EI-MS m/z (%): 125 (35), 143 (100), 189 (10), 191 (24), 383
(40, M* — CsH,,05), 443 (5, M* — C(Me),OH), 487 (5, M* — Me).
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HR-EI-MS: m/z (M* — CsH,,0;), caled. for C,;H,;0, 383.3314;
found, 383.3314. [a]5 = —13.27 (¢ 0.11, EtOH).

Product 41-acetate. Solid. '"H NMR (acetone-d;, 600.13
MHz), 6 4.43 (dd, J 11.4, 5.0, H-3), 3.71 (dd, J 10.6, 5.2, H-
24),2.78 (brs, OH), 2.25 (m, H-17), 2.08 (m, H-13), 1.980 (3H, s,
CH,CO), 1.94 (m, H-12), 1.92 (m, H-22), 1.83 (m, H-23), 1.77 (m,
H-16), 1.74 (m, H-23), 1.70 (m, H-1), 1.64 (m, H-7), 1.61 2H, m,
H-2), 1.57 (m, H-22), 1.56 (m, H-11), 1.55 (m, H-6), 1.53 (2H, m,
H-12 and H-16), 1.48 (m, H-6), 1.47 (m, H-9), 1.43 (m, H-15), 1.28
(m, H-7), 1.21 (m, H-11), 1.189 (3H, s, H-21), 1.134 (3H, s, H-27),
1.08 (m, H-1), 1.07 (m, H-15), 1.049 (3H, s, H-26), 1.031 (3H, s, H-
30), 0.974 (3H, s, H-18), 0.915 (dd, J 11.6, 2.3, H-5), 0.889 (3H, s,
H-19), 0.855 (3H, s, H-29), 0.843 (3H, s, H-28). The assignments
of H-26 and H-27 are exchangeable. *C NMR (acetone-d,, 150.9
MHz), 6 170.67 (s, CH;CO), 88.24 (d, C-24), 86.01 (s, C-20), 80.99
(d, C-3), 70.39 (s, C-25), 55.65 (d, C-5), 51.39 (d, C-9), 49.77 (s, C-
14), 49.33 (d, C-17), 44.63 (d, C-13), 41.46 (s, C-8), 39.35 (1, C-1),
38.64 (t, C-22), 38.53 (s, C-4), 37.79 (s, C-10), 35.99 (t, C-7), 33.14
(t, C-15), 28.89 (q, C-21), 28.27 (t, C-16), 28.25 (q, C-28), 27.36
(q, C-27), 26.75 (t, C-12), 26.36 (t, C-23), 25.82 (q, C-26), 24.44
(t, C-2), 23.33 (t, C-11), 21.05 (q, CH;CO), 19.00 (t, C-6), 16.88
(q, C-29), 16.84 (q, C-30), 16.66 (q, C-19), 16.21 (q, C-18). The
chemical shifts of C-26 and C-27 and those of C-29 and C-30 are
exchangeable. The NMR data in CDCI; are given in the ESI. EI-
MS m/z (%): 125 (55), 143 (100), 189 (13), 191 (35), 383 (48, M* —
C;H,,0,), 443 (10, M* — C(Me),OH), 487 (5, M* — Me). HR-EI-
MS: m/z M* — CsH,,0,), calcd. for C,;H,;0, 383.3314; found,
383.3309. [a]Z = +11.38 (¢ 0.27, EtOH).

Product 42-acetate. Oil. '"H NMR (acetone-d,, 600.13 MHz),
04.56 (brs, H-3),3.72 (dd, J 10.6, 5.3, H-24), 2.73 (br s, OH), 2.25
(m, H-17), 2.11 (m, H-13), 2.00 (3H, s, CH;CO), 1.94 (m, H-12),
1.92 (m, H-22), 1.90 (m, H-2), 1.85 (m, H-23), 1.76 (2H, m, H-16
and H-23), 1.63 (m, H-7), 1.58 (m, H-11), 1.57 (m, H-22), 1.54 (m,
H-16), 1.53 (m, H-12), 1.51 (2H, m, H-2 and H-9), 1.45 (2H, m,
H-6), 1.44 (m, H-15), 1.43 (m, H-1), 1.31 (m, H-5), 1.27 (m, H-7),
1.22 (2H, m, H-1 and H-11), 1.193 (3H, s, H-21), 1.139 (3H, s, H-
27),1.07 (m, H-15), 1.056 (3H, s, H-26), 1.046 (3H, s, H-30), 0.981
(3H, s, H-18), 0.898 (3H, s, H-29), 0.895 (3H, s, H-19), 0.832 (3H, s,
H-28). The assignments of H-26 and H-27 are exchangeable. *C
NMR (acetone-d,, 150.9 MHz), § 170.5 (s, CH;CO), 88.28 (d, C-
24), 86.03 (s, C-20), 78.43 (d, C-3), 70.43 (s, C-25), 51.64 (d, C-5),
51.40 (d, C-9), 49.83 (s, C-14), 49.31 (d, C-17), 44.59 (d, C-13),
41.63 (s, C-8), 38.68 (t, C-22), 37.89 (s, C-10), 37.41 (s, C-4), 35.95
(t, C-7), 34.99 (t, C-1), 33.11 (t, C-15), 28.90 (q, C-21), 28.27 (q,
C-28), 28.23 (t, C-16), 27.34 (q, C-27), 26.76 (t, C-12), 26.38 (t,
C-23), 25.79 (q, C-26), 23.54 (t, C-2), 23.14 (t, C-11), 22.06 (q,
C-29), 21.10 (q, CH;CO), 18.91 (t, C-6), 17.00 (q, C-30), 16.41
(q, C-19), 16.25 (q, C-18). The assignments of C-26 and C-27 are
exchangeable. The NMR data in CDClI; are given in the ESI. EI-
MS m/z (%): 125 (63), 143 (100), 189 (13), 191 (30), 383 (52, M* —
C;H,,0;), 443 (5, M* — C(Me),OH), 487 (3, M* — Me). HR-EI-
MS: m/z (M* — CsH,,0;3), caled. for C,;H,;0, 383.3314; found,
383.3306. [a]Z = —17.3 (¢ 0.36, EtOH).
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The C3-selective enantioselective Michael-type Friedel-Crafts alkylations of indoles with nonchelating
o,B-unsaturated alkyl ketones, catalysed by a chiral primary amine derived from natural cinchonine,
were investigated. The reactions, in the presence of 30 mol% catalyst, were smoothly conducted at 0 to

—20 °C. Moderate to good ee (47-89%) has been achieved.

Introduction

The Friedel-Crafts reaction and its enantioselective variants
have been employed as a powerful carbon-carbon bond forming
process.! The application of the reaction to the alkylations of
indoles triggered special interest because the indole framework has
been widely identified in a large amount of natural products and
medicinal agents.> Although numerous acid-catalysed Michael-
type additions of electron-rich indoles to o,B-unsaturated carbonyl
compounds have been reported, the asymmetric process has been
less explored.® Previous examples utilised oxazoline-based metal
complexes as the chiral catalysts, and high enantioselectivity has
been achieved for the Michael acceptors with bidentate structures.*
However, only one example has been presented with nonchelating
o,B-unsaturated aryl ketones (up to 89% ee) catalysed by a chiral
[Al(salen)Cl] complex, and very low ee (11%) was obtained
for simple a,B-unsaturated alkyl ketones.* On the other hand,
MacMillan et al. developed a versatile protocol for the asym-
metric Michael-type Friedel-Crafts reactions between various
aromatic compounds and o,B-unsaturated aldehydes, employing
benzyl imidazolidinone salts derived from L-phenylalanine as the
LUMO-lowering activation organocatalysts.*” Nevertheless, such
a catalytic system was inefficient for the stereoselective addition
of indoles to a,B-unsaturated ketones, and poor ee (25%) has been
observed.? Therefore, the development of alternative catalysts for
the enantioselective Friedel-Crafts reactions between indoles and
simple o,B-unsaturated ketones is highly desirable.

During our continuing studies on organocatalysis based on
the iminium strategy,” we are interested in the undeveloped
asymmetric reaction between indoles and o,B-unsaturated ketones
catalysed by chiral aminocatalysts.® However, we found that a
very sluggish activating rate, or even inert capacity was generally
observed for secondary amines which we have successfully applied
in the reactions of a,f-unsaturated aldehydes. We realised that
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the formation of the iminium cation between the a,B-unsaturated
ketone and a secondary amine would be relatively unfavoured
because of steric hindrance. It could be envisaged that the
generation of a ketimine cation from a primary amine salt and
the ketone carbonyl should be much more practicable. Thus the
LUMO energy of the o,p-unsaturated system could be lowered,
and the Michael-type coupling reaction would be facilitated

[eqn (D]
o
|‘RX + ArH e /[U\R @
| R “Ar

R ketimine salt

Results and discussion

Inspired by this initiative, primary amines la-1d with various
chiral scaffolds (Fig. 1) were screened in the reaction of indole 2a
and o,B-unsaturated ketone 3a in the presence of acidic additive.
Amino alcohol 1a was inert for the coupling reaction (Table 1,
entry 1), and the desired C3-selective Friedel-Crafts alkylation
product 4aa was obtained in a racemic form with alanamide
1b* (entry 2). Gratifyingly, we found that the diamine compound
1c derived from natural cinchonine® showed promising catalytic
activity in the combination with 2 equiv. of CF;SO;H, and 4aa was
cleanly obtained in 26% isolated yield with 56% ee after 12 h at
ambient temperature, while a large amount of starting materials
remained unchanged in this period of time (entry 3). A lower
ee was attained in the presence of 9-amino-9-deoxyepiquinine
1d" (entry 4). Subsequently, a range of reaction conditions with
diamine lc¢ were further investigated in order to improve the
catalytic efficacy. HCIO, salt gave faster reaction but the ee was
much lower (entry 5). p-TsOH salt was less efficient (entry 6)
and TFA salt showed almost no catalytic activity (entry 7).

Ph M_ OMe
N
Bnﬁph i )Pi N
OH \HJ\N Ph

HoN H :
2 NH;, = 'NH,

1a 1b NN N

1c 1d

Fig. 1 Structures of the chiral primary amine catalysts.

816 | Org. Biomol. Chem., 2007, 5, 816-821

This journal is © The Royal Society of Chemistry 2007





Table 1 Screening studies of the asymmetric Friedel-Crafts reaction of
indole 2a and o,B-unsaturated ketone 3a“

10 mol% 1 n-Pr.
A O 20mol%
. /VJ\ additive
ﬁ n-pr solvent N\ ©
rt, 12 h N
2a 3a H 4aa

Entry Catalyst Solvent Additive Yield” (%)  Ee® (%)

14 la THF CF;SO;H — —

24 1b THF CF;SO;H 30 0

3 1c THF CF;SO;H 26 56
4 1d THF CF,SO;H 35 35

5 1c THF HCIO, 60 22

6 1c THF p-TsOH 13 58

7 1c THF CF;COOH Trace —

8 1c DCM CF;SO;H 13 51

9 1c DCM-i-PrOH CF,;SO;H 44 58
10 1c THF-i-PrOH CF;SO;H 44 36
11 1c DCM-MeOH CF;SO;H 99 26
12¢ 1c DCM-i-PrOH CF,;SO;H 52 65
13 1c DCM-i-PrOH CF;SO;H 70 75

“ Unless otherwise noted, the reaction was conducted with 2a (0.1 mmol),
3a (0.2 mmol), catalyst 1 (0.01 mmol) and acidic additive (0.02 mmol) in a
solvent (1 mL) at room temperature for 12 h. ? Isolated yield. ¢ Determined
by chiral HPLC analysis. ¢ Adding 0.01 mmol of CF;SO;H. ¢ At —10 °C
for 6 d.” At —20 °C with 30 mol% of 1c¢ for 6d.

Although slow reaction was observed in pure DCM catalysed by
1¢-(CF;SO;H), (entry 8), it was found that adding 15% i-PrOH
(v/v) could accelerate the reaction (entry 9).°* However, the ee was

decreased in the mixture of THF—-PrOH (entry 10). Excellent
yield was obtained in the mixture of DCM-MeOH but the ee was
disappointing (entry 11). Finally we conducted the Friedel-Crafts
alkylation at lower temperature. The reaction became sluggish with
10 mol% of 1¢ at —10 °C, 65% ee with 52% yield was obtained
after 6 days (entry 12). Nevertheless, up to 75% ee with better yield
was achieved catalysed by 30 mol% of 1c¢ at —20 °C (entry 13)."
With the reaction conditions in hand, we then examined
the scope and limitations of enantioselective indole alkylations
catalysed by 30 mol% of 1¢. The reaction results are summarised in
Table 2. Lower reactivity was observed in the reaction of indole 2a
with unsaturated ketone 3b with a branched B-substitution while
a good ee (82%) was obtained (entry 2). The alkylation reactions
with B-aryl unsaturated ketones 3¢ and 3d were conducted at 0 °C,
and moderate ee was observed (entries 3 and 4). A much higher
ee was achieved in the reaction of indole 2a and ethyl enone
3e (entry 5). On the other hand, 5-methoxyindole 2b generally
gave higher enantioselectivity in the Friedel-Crafts reactions with
various o,f-unsaturated ketones. The coupling reactions with
alkyl-substituted substrates 3a and 3b were sluggish but good ees
were achieved (entries 6-9). In contrast, high reactivity was noted
for B-aryl enone 3d with moderate enantioselectivity (entries 10
and 11). Much lower ees were obtained for enones 3f and 3g with
electron-donating substitution (entries 12 and 13). High ees were
attained for B-aryl enones 3e, 3h and 3i with bulkier alkyl group at
0 °C (entries 14-17), but lower reactivity was observed for enone
3h (entry 16). The ee was moderate in the case of cyclic enone
3j (entry 18). The enantioselectivity also decreased when indole

Table 2 Asymmetric Friedel-Crafts alkylations of indoles 2 with o,f-unsaturated ketone 3¢

R 0
A\
N R R

H
2 3

2aR=R"=H; 2bR=H,R"'=0Me

2c R=H,R"=Br;2d R=CHs R'=H

30 mol% 1c Ry R®
60 mol%
CFsSOH _ R!

\ O
DCM/-PrOH R

N

H

4

Entry 2 R? R’ (3) T (°C)/t (d) 4 Yield® (%) Ee“ (%)
1 2a n-Pr CH; (3a) —-20/6 4aa 70 75
2 2a i-Pr CH; (3b) —10/6 4ab 35 82
3 2a Ph CH; (3¢) 0/3 4ac 72 65
4 2a p-Cl-Ph CH; (3d) 0/3 4ad 61 64
5 2a Ph C,H; (3e) 0/6 4ae 47 81
6 2b n-Pr CH; (3a) —10/6 4ba 74 78
7 -20/6 43 84
8 2b i-Pr CH; (3b) 0/4 4bb 42 81
9 -20/6 23 86

10 2b p-Cl-Ph CH; (3d) 0/2 4bd 99 70

11 —-20/6 70 72

12 2b p-MeO-Ph CH; (3f) 0/7 4bf 93 47

13 2b 2-Thienyl CH; (3g) 0/7 4bg 83 50

14 2b Ph C,H; (3e) 0/3 4be 91 85

15 —-20/6 16 89

16 2b p-Cl-Ph C,H;s (3h) 0/7 4bh 41 884

17 2b Ph C;H; (3i) 0/5 4bi 78 87

18 2b ~C;Hg— 3i) -20/8 4bj 82 56

19 2¢ n-Pr CH; (3a) 0/6 4ca 72 59

20 2d n-Pr CH; (3a) —-20/6 4da 99 65

21 2d i-Pr CH; (3b) —-20/6 4db 78 82

“ Reaction conditions: 2 (0.1 mmol), 3 (0.2 mmol), catalyst 1¢ (0.03 mmol) and CF;SO;H (0.06 mmol) were stirred in DCM—i-PrOH (85 : 15, 1 mL).
b Tsolated yield. ¢ Determined by chiral HPLC analysis. “ The absolute configuration was determined to be (R) by X-ray analysis, and the other products

were assigned accordingly.
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2¢ with an electron-withdrawing substitution was applied. In
addition, we explored the asymmetric Friedel-Crafts reaction of 2-
methylindole 2d. Interestingly, better reactivity was observed in the
reaction with B-alkyl enones compared with indole 2a, and good
ee was obtained using enone 3b as the acceptor (entries 20 and 21).

In order to determine the absolute configuration of the Friedel-
Crafts products, single crystals suitable for X-ray crystallographic
analysis were obtained from compound 4bh bearing a chlorine
atom. Over 99% ee could be gained after two recrystallizations
of 4bh (88% ee) from a mixture of ethyl acetate and hexane. The
absolute configuration of 4bh was determined to be (R) in the
benzylic carbon (Fig. 2).1 Subsequently, we proposed a possible
transitional model for the stereocontrol. As illustrated in Fig. 3,
the ketimine cation between l¢ and a,B-unsaturated ketone 3h

4bh >99% ee

Fig.2 X-Ray structure of enantiopure 4bh. Thermal ellipsoids are shown
at 30% probability.

Fig. 3 Plausible iminium ion in the asymmetric Friedel-Crafts reaction.

1 Crystal data for enantiopure 4bh C, H,,CINO, (341.82), orthorhombioc,
space group P2,2,2,, a = 5.1480(1), b = 15.8080(3), ¢ = 21.3073(5) A,
U = 1733.98(6) A%, Z = 4, specimen 0.55 x 0.19 x 0.16 mm?®, T = 153(2)
K, Mac Science M18XHF22-SRA diffractometer, absorption coefficient
0.232 mm~', reflections collected/unique 17187/3985 [R(int) = 0.0185],
refinement by full-matrix least-squares on F?, data/restraints/parameters
3985/0/224, goodness-of-fit on F? = 1.008, final R indices [I > 25(I)] R1 =
0.0296, wR2 = 0.0778, R indices (all data) R1 = 0.0302, wR2 = 0.0782,
absolute structure parameter 0.02(5), extinction coefficient 0.0117(15),
largest diff. peak and hole 0.375 and —0.442 ¢ A=3. CCDC reference
number 624251. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b616504d

might adopt a trans-conformation. Then nucleophilic attack from
re-face of the iminium ion would give the desired (R)-product.”

Conclusions

In conclusion, we have demonstrated for the first time that a chiral
primary amine derived from natural cinchonine was an efficient
organocatalyst for the asymmetric Michael-type Friedel-Crafts
alkylations of indoles and o, -unsaturated alkyl ketones. Moderate
to high enantioselectivity (47-89% ee) has been achieved. To our
knowledge, this is the best result for this type of reactions in the
limited literature reports. Further expansion of the asymmetric
Friedel-Crafts reactions, mechanistic studies and application of
the readily available and inexpensive primary aminocatalysts in
other environmentally benign stereoselective reactions are actively
under way in our laboratory.'®

Experimental
General methods

TLC was performed on glass-backed silica plates. Column chro-
matography was performed using silica gel (200-300 mesh) eluting
with ethyl acetate and petroleum ether. NMR was recorded on
Bruker 300 or 400 MHz spectrometers. Chemical shifts were
reported in ppm down field from tetramethylsilane with the solvent
resonance as the internal standard. ESI HRMS was recorded on a
Bruker Apex-2. Enantiomeric excess was determined by HPLC
analysis on Chiralpak columns. All other reagents were used
without purification as commercially available.

General procedure for Friedel-Crafts alkylations of indoles with
o,p-unsaturated ketones

o,B-Unsaturated ketones 3 (0.2 mmol), indole 2 (0.1 mmol) and
catalyst 1c¢ 8.8 mg (0.03 mmol) were stirred in a mixture of DCM
and i-PrOH (85 : 15, v/v, 1.0 mL) at the desired temperature.
Then CF;SO;H 5.3 uL (0.06 mmol) was added. The reaction was
maintained at this temperature and monitored by TLC analysis.
Then the solution was diluted with Et,O (10 mL), washed with
water, dried, and concentrated. The residue was chromatographed
on silica gel to give the desired product 4.

4-(1H-Indol-3-yl)heptan-2-one (4aa). 70% yield. [a]? +11.0
(¢ = 0.22, CH,Cl,), 75% ee. The enantiomeric excess was de-
termined by HPLC on Chiralpak AS column (5% 2-propanol-
hexane, 1 mL min™"), UV 254 nm, fp,, = 23.69 min, fp,, =
26.28 min. '"H NMR (400 MHz, CDCl;): 6 = 8.03 (brs, 1H), 7.66
(d, J =8.0 Hz, 1H), 7.34 (d, J = 8.0 Hz, 1H), 7.20-7.07 (m, 2H),
6.95 (d, J = 2.4 Hz, 1H), 3.50-3.44 (m, 1H), 2.89 (dd, J = 15.6,
7.6 Hz, 1H),2.79 (dd, J =15.8, 7.2 Hz, 1H), 2.02 (s, 3H), 1.78-1.62
(m, 2H), 1.31-1.21 (m, 2H), 0.85 (t, / = 7.2 Hz, 3H). "C NMR
(75 MHz, CDClL;): 6 = 208.9, 136.5, 126.5, 121.9, 121.2, 119.3,
119.2, 119.0, 111.2, 50.2, 38.1, 32.6, 30.4, 20.7, 14.0. ESI HRMS:
caled. for C;sH;,NO + Na 252.1364, found 252.1356.

4-(1H-Indol-3-yl)-5-methylhexan-2-one (4ab). 35% yield. [a]®
+5.0 (¢ = 0.16, CH,Cl,), 82% ee. The enantiomeric excess was
determined by HPLC on Chiralpak AS column (5% 2-propanol-
hexane, 1 mL min™'), UV 254 nm, fy, = 25.40 min, ., =
34.18 min. '"H NMR (400 MHz, CDCl;): 6 = 8.07 (br's, IH), 7.65
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(d,J = 8.0 Hz, 1H), 7.34 (d, J = 8.0 Hz, 1H), 7.18 (t, / = 7.2 Hz,
1H), 7.11 (d, J = 7.2 Hz, 1H), 6.93 (d, J = 2.0 Hz, 1H), 3.37-3.31
(m, 1H), 2.93-2.81 (m, 2H), 2.09-2.02 (m, 1H), 1.98 (s, 3H), 0.93
(d,J = 6.8 Hz, 3H), 0.87 (d, J = 6.4 Hz, 3H). *C NMR (75 MHz,
CDCl,): 6 = 209.3, 136.3, 127.2, 121.9, 121.8, 119.4, 119.1, 117.5,
111.1, 47.0, 39.3, 32.6, 30.1, 20.5, 20.4. ESI HRMS: calcd. for
C,sH,,NO + Na 252.1364, found 252.1351.

4-(1H-Indol-3-yl)-4-phenylbutan-2-one (4ac). 72% yield. [a]Z
—25.3 (¢ = 0.4, CH,Cl,), 65% ee. The enantiomeric excess was
determined by HPLC on Chiralpak AS column (30% 2-propanol—
hexane, 1 mL min"), UV 254 nm, t,pn,, = 8.15 min, t,, =
7.37 min. "H NMR (400 MHz, CDCl;): 6 =8.02 (brs, 1H), 7.42(d,
J =8.0 Hz, 1H), 7.33-6.98 (m, 9H), 4.83 (t, J = 7.6 Hz, 1H), 3.25
(dd, J =16.2,7.6 Hz, 1H), 3.16 (dd, J = 16.0, 8.0 Hz, 1H), 2.08 (s,
3H). ®C NMR (75 MHz, CDCl,): 6 = 207.9, 143.9, 136.5, 128 .4,
127.6,126.3,122.0, 121.3,119.3, 118.5, 111.1, 50.2, 38.3, 30.3. ESI
HRMS: caled. for C,3sH;;NO + Na 286.1208, found 286.1191.

4-(4-Chlorophenyl)-4-(1 H-indol-3-yl)butan-2-one (4ad). 61%
yield. [a]y —12.2 (¢ = 0.36, CH,Cl,), 64% ee. The enantiomeric
excess was determined by HPLC on Chiralpak AS column (30%
2-propanol-hexane, | mL min™"'), UV 254 nm, /.., = 7.81 min,
Imajor = 0.82 min. "H NMR (400 MHz, CDCL;): 0 = 8.04 (br s,
1H), 7.38-7.32 (m, 2H), 7.25-7.14 (m, SH), 7.05-6.97 (m, 2H),
481 (t,J =7.6 Hz, IH), 3.24 (dd, J = 16.2, 7.2 Hz, 1H), 3.13 (dd,
J =164, 8.0 Hz, 1H), 2.09 (s, 3H). *C NMR (75 MHz, CDCl;):
0 =207.2, 142.5, 136.6, 132.0, 129.1, 128.6, 126.3, 122.3, 121.3,
119.5,119.3, 118.4, 111.2 50.0, 37.6, 30.4. EST HRMS: calcd. for
CsH,;,CINO + Na 320.0818, found 320.0813.

1-(1H-Indol-3-yl)-1-phenylpentan-3-one (4ae). 47% yield. [a]?
—18.6 (¢ = 0.22, CH,Cl,), 81% ee. The enantiomeric excess was
determined by HPLC on Chiralpak AS column (30% 2-propanol—-
hexane, 1 mL min™"), UV 254 nm, f,,,, = 6.60 min, fn =
5.69 min. "H NMR (400 MHz, CDCl;): 6 = 8.01 (br s, 1H), 7.42
(d, J = 8.8 Hz, 1H), 7.33-7.23 (m, 5H), 7.18-7.12 (m, 2H), 7.03—
6.98 (m, 2H), 4.85 (t, J = 7.6 Hz, 1H), 3.23 (dd, J = 15.8, 7.6 Hz,
1H), 3.14 (dd, J = 15.8, 8.0 Hz, 1H), 2.43-2.24 (m, 2H), 0.94 (t,
J = 7.2 Hz, 3H). "C NMR (75 MHz, CDCl;): 6 = 210.2, 144.0,
136.6, 128.4, 127.7, 126.5, 126.3, 122.1, 121.3, 119.5, 119.4, 119.0,
111.1,49.1, 38.4, 36.4, 7.5. ESI HRMS: calcd. for C,y,H,,NO + Na
300.1364, found 300.1349.

4-(5-Methoxy-1H-indol-3-yl)heptan-2-one (4ba). 43% yield.
[a]? +8.6 (¢ = 0.36, CH,Cl,), 84% ce. The enantiomeric excess
was determined by HPLC on Chiralpak AD column (10% 2-
propanol-hexane, 1 mL min~"), UV 254 nm, f,. = 13.21 min,
tmsjor = 11.75 min. "H NMR (400 MHz, CDCl;): 6 = 7.94 (br s,
1H), 7.23 (d, J = 8.4 Hz, 1H), 7.09 (d, J = 2.8 Hz, 1H), 6.94 (d,
J=2.4Hz, 1H), 6.85(dd, J = 8.4, 2.4 Hz, 1H), 3.88 (s, 3H), 3.48—
3.41 (m, 1H), 2.87 (dd, J = 15.8, 7.2 Hz, 1H), 2.78 (dd, J = 16.0,
6.8 Hz, 1H), 2.04 (s, 3H), 1.78-1.62 (m, 2H), 1.36-1.23 (m, 2H),
0.87 (t, J = 7.2 Hz, 3H). *C NMR (75 MHz, CDCl,): 6 = 208.9,
153.7, 131.7, 127.0, 121.9, 118.8, 111.8, 111.7, 101.5, 56.0, 50.1,
38.0, 32.4, 30.5, 20.7, 14.1. ESI HRMS: calcd. for C,(H, NO, +
Na 282.1470, found 282.1454.

4-(5-Methoxy-1H -indol-3-yl)-5-methylhexan-2-one  (4bb).
23% yield. [a]d —6.0 (c =0.25, CH,Cl,), 86% ee. The enantiomeric
excess was determined by HPLC on Chiralpak AD column (10%

2-propanol-hexane, | mL min~"), UV 254 nm, f,,,,, = 12.08 min,
Lmajor = 13.07 min. "H NMR (400 MHz, CDCl;): 6 = 8.06 (br s,
1H), 7.22 (d, J = 8.8 Hz, 1H), 7.08 (d, J = 2.0 Hz, 1H), 6.90 (d,
J = 2.0 Hz, 1H), 6.84 (dd, J = 2.0, 9.0 Hz, 1H), 3.87 (s, 3H),
3.32-3.27 (m, 1H), 2.90-2.81 (m, 2H), 2.08-2.01 (m, 1H), 1.99 (s,
3H), 0.92 (d, J = 6.8 Hz, 3H), 0.88 (d, / = 6.4 Hz, 3H). "C NMR
(75 MHz, CDCL,): 6 = 209.5, 153.7, 131.5, 127.6, 122.7, 117.2,
111.7, 111.6, 101.6, 55.9, 46.9, 39.2, 32.6, 30.1, 20.5, 20.3. ESI
HRMS: caled. for C,¢H, NO, + Na 282.1470, found 282.1457.

4-(4-Chlorophenyl)-4-(5-methoxy-1H -indol-3-yl)butan-2-one
(4bd). 70% yield. [a]y +20.6 (¢ = 0.66, CH,Cl,), 72% ee. The
enantiomeric excess was determined by HPLC on Chiralpak AD
column (10% 2-propanol-hexane, 1 mL min~'), UV 254 nm,
Linor = 32.58 min, £, = 20.86 min. "H NMR (400 MHz, CDCl,):
0 =8.02 (brs, 1H), 7.22-7.17 (m, 5H), 6.92 (d, / = 2.0 Hz, 1H),
6.81(dd,J=8.6,2.4Hz, 1H),6.77(d,J =2.4Hz, 1H),4.75(t,J =
7.6 Hz, 3H), 3.74 (s, 3H), 3.21 (dd, J/ = 16.2, 7.2 Hz, 1H), 3.11 (dd,
J =16.0, 8.0 Hz, 1H), 2.08 (s, 3H). *C NMR (75 MHz, CDCl;):
0 = 207.3, 153.8, 142.5, 132.0, 131.7, 129.1, 128.5, 126.7, 122.0,
118.0,112.2,111.9,101.3,55.8,49.9,37.5,30.4. ESTHRMS: calcd.
for C,yH;CINO, + Na 350.0924, found 350.0914.

4-(5-Methoxy-1H -indol-3-yl)-4-(4-methoxyphenyl)butan-2-one
(4bf).  93% yield. [a]y +8.3 (¢ = 0.6, CH,Cl,), 47% ee. The
enantiomeric excess was determined by HPLC on Chiralpak AD
column (15% 2-propanol-hexane, 1 mL min~'), UV 254 nm,
Linor = 27.20 min, 5, = 20.76 min. "H NMR (400 MHz, CDCl,):
0 =7.99 (brs, 1H), 7.23-7.16 (m, 4H), 6.92 (d, / = 2.4 Hz, 1H),
6.83-6.78 (m, 3H), 4.72 (t, J = 7.6 Hz, 3H), 3.74 (s, 6H), 3.19 (dd,
J=15.8,72Hz,1H),3.11 (dd, / = 16.0, 8.0 Hz, 1H), 2.07 (s, 3H).
BCNMR (75 MHz, CDCl;): 0 =207.9, 157.9, 153.7, 136.0, 131.7,
128.6, 126.9, 121.9, 118.8, 113.8, 112.0, 111.8, 101.5, 55.8, 55.2,
50.4,37.5,30.4. ESIHRMS: calced. for C,0H, NO; + Na 346.1419,
found 346.1428.

4-(5-Methoxy-1H -indol-3-yl)-4-(thiophen-2-yl)butan-2-one
(4bg). 83% yield. [a]? +6.2 (¢ = 0.5, CH,Cl,), 50% ee. The
enantiomeric excess was determined by HPLC on Chiralpak AD
column (15% 2-propanol-hexane, 1 mL min™'), UV 254 nm,
Linor = 19.68 min, £, = 17.30 min. "H NMR (400 MHz, CDCl,):
0="799 (brs, 1H), 7.20 (d, J = 8.8 Hz, 1H), 7.10 (t, J = 3.6 Hz,
1H), 6.99 (d, J = 2.4 Hz, 1H), 6.93 (d, J = 2.0 Hz, 1H), 6.88 (d,
J=3.6Hz,2H), 6.83(dd, J =8.8,2.4Hz, 1H), 5.07 (t,/ = 7.6 Hz,
1H), 3.78 (s, 3H), 3.25(d, J = 7.6 Hz, 2H), 2.09 (S, 3H). *C NMR
(75 MHz, CDCL,): 6 = 207.1, 153.9, 148.4, 131.6, 126.5, 124.1,
123.5,122.2,118.3, 112.2, 111.9, 101.3, 55.8, 50.8, 33.4, 30.5. ESI
HRMS: caled. for C;H;NO,S + Na 322.0878, found: 322.0866.

1-(5-Methoxy-1H -indol-3-yl)-1-phenylpentan-3-one  (4be).
91% yield. [a]2) +0.6 (¢ = 0.5, CH,Cl,), 85% ee. The enantiomeric
excess was determined by HPLC on Chiralpak AD column (10%
2-propanol-hexane, 1 mL min~"), UV 254 nm, 7, = 37.15 min,
Lmajor = 20.68 min. "H NMR (400 MHz, CDCl;): 6 = 7.98 (br s,
1H), 7.31-7.14 (m, 6H), 6.93 (d, J = 2.4 Hz, 1H), 6.82-6.78 (m,
2H), 4.79 (t, J = 7.6 Hz, 1H), 3.73 (s, 3H), 3.21 (dd, J = 15.8,
7.6 Hz, 1H), 3.12 (dd, J = 16.0, 8.0 Hz, 1H), 2.41-2.25 (m, 2H),
0.94 (t, J = 7.2 Hz, 3H). "C NMR (75 MHz, CDCl;): 6 = 210.3,
153.7,144.0, 131.7, 128.4, 127.7, 126.9, 126.3, 122.0, 118.6, 112.1,
111.8, 101.4, 55.8, 49.0, 38.3, 36.5, 7.5. ESI HRMS: calcd. for
C,H, NO, + Na 330.1470, found 330.1461.
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1-(4-Chlorophenyl)-1-(5-methoxy-1H -indol-3-yl)pentan-3-one
(4bh). 41% yield. [a]? +13.3 (¢ = 0.24, CH,Cl,), 88% ece. The
enantiomeric excess was determined by HPLC on Chiralpak AD
column (10% 2-propanol-hexane, 1 mL min~"), UV 254 nm,
Linor = 32.79 min, £, = 19.02 min. "H NMR (400 MHz, CDCl,):
0 =794 (brs, 1H), 7.25-7.20 (m, SH), 6.95 (d, J = 2.0 Hz, 1H),
6.82 (dd, J = 13.4, 2.4 Hz, 1H), 6.78 (d, J = 2.4 Hz, 1H), 4.78
(t, J = 7.2 Hz, 3H), 3.75 (s, 3H), 3.20 (dd, J = 16.0, 6.8 Hz, 1H),
3.10 (dd, J = 16.0, 8.0 Hz, 1H), 2.43-2.27 (m, 2H), 0.96 (t, J =
7.2 Hz, 3H). *C NMR (75 MHz, CDCl;): 6 = 209.8, 153.9, 142.6,
132.0, 131.7,129.1, 128.5, 126.7, 122.0, 118.3, 112.2, 111.8, 101.4,
55.8,48.7, 37.6, 36.6, 7.5. EST HRMS: calcd. for C,,H,,CINO, +
Na 364.1080, found 364.1080.

1-(5-Methoxy-1H-indol-3-yl)-1-phenylhexan-3-one (4bi). 78%
yield. [a]y +1.3 (¢ = 0.38, CH,Cl,), 87% ee. The enantiomeric
excess was determined by HPLC on Chiralpak AD column (10%
2-propanol-hexane, 1 mL min~"), UV 254 nm, #,,, = 31.07 min,
mgjor = 17.98 min. "H NMR (400 MHz, CDClL;): 6 = 7.99 (br s,
1H), 7.32-7.24 (m, 4H), 7.20-7.14 (m, 2H), 6.93 (d, J = 2.4 Hz,
1H), 6.83 (d, J = 2.4 Hz, 1H), 6.81 (dd, J = 8.4, 2.4 Hz, 1H), 4.81
(t, J =7.6 Hz, 1H), 3.74 (s, 3H), 3.20 (dd, J = 16.0, 7.2 Hz, 1H),
3.13(dd, J = 16.0, 8.0 Hz, 1H), 2.38-2.23 (m, 2H), 1.55-1.46 (m,
2H), 0.80 (t, / = 7.2 Hz, 3H). *C NMR (75 MHz, CDCl): 6 =
209.8, 153.7, 144.0, 131.7, 128.4, 127.7, 126.9, 126.3, 122.0, 118.7,
112.1, 111.7, 101.4, 55.8, 49.3, 45.3, 38.2, 16.9, 13.6. ESI HRMS:
caled. for C,;H;NO, + Na 344.1626, found 344.1636.

3-(5-Methoxy-1H-indol-3-yl)cyclohexanone (4bj). 82% yield.
[a]y —1.8 (¢ = 0.4, CH,Cl,), 56% ece. The enantiomeric excess
was determined by HPLC on Chiralpak AD column (10% 2-
propanol-hexane, 1 mL min™"), UV 254 nm, 7., = 27.97 min,
Imajor = 34.58 min. "H NMR (400 MHz, CDCl;): 6 = 8.06 (br s,
1H), 7.25 (d, J/ = 8.8 Hz, 1H), 7.03 (d, J = 2.4 Hz, 1H), 6.95 (d,
J=2.4Hz, 1H), 6.87 (dd, J = 8.6, 2.4 Hz, 1H), 3.83 (s, 3H), 3.43—
3.36 (m, 1H), 2.82-2.77 (m, 1H), 2.62-2.56 (m, 1H), 2.50-2.36 (m,
2H), 2.28-2.22 (m, 1H), 2.10-2.02 (m, 1H), 1.99-1.77 (m, 2H). *C
NMR (75 MHz, CDCl;): 6 = 211.9, 153.8, 131.6, 126.5, 121.1,
119.3, 112.2, 112.0, 100.9, 56.0, 48.0, 41.5, 35.8, 31.5, 24.9. ESI
HRMS: calcd. for C;sH;;NO, + Na 266.1157, found 266.1148.

4-(5-Bromo-1H-indol-3-yl)heptan-2-one (4ca). 72% yield. [a]2)
+4.8 (¢ = 0.4, CH,Cl,), 59% ee. The enantiomeric excess was
determined by HPLC on Chiralpak AD column (3% 2-propanol—
hexane, 1 mL min™"), UV 254 nm, fp,, = 26.01 min, f,,,, =
24.29 min. '"H NMR (400 MHz, CDCL): 6 = 8.21 (br s, 1H),
7.76 (d, J = 1.6 Hz, 1H), 7.26-7.18 (m, 2H), 6.94 (d, J/ = 2.4 Hz,
1H), 3.43-3.38 (m, 1H), 2.88-2.75 (m, 2H), 2.03 (s, 3H), 1.76-1.61
(m, 2H), 1.27-1.18 (m, 2H), 0.86 (t, / = 7.2 Hz, 3H). *C NMR
(75 MHz, CDCl,): 6 = 208.7, 135.1, 128.2, 124.7, 122.5, 121.7,
118.6, 112.7, 112.4, 49.9, 37.9, 32.4, 30.4, 20.7, 14.0. ESI HRMS:
caled. for C;sH,sBrNO + Na 330.0469, found 330.0461.

4-(2-Methyl-1H-indol-3-yl)heptan-2-one (4da). 99% yield. [a]})
+18.2 (¢ = 0.34, CH,Cl,), 65% ee. The enantiomeric excess was
determined by HPLC on Chiralpak AD column (5% 2-propanol—
hexane, 1 mL min™"), UV 254 nm, fp,, = 13.90 min, £, =
10.83 min. '"H NMR (400 MHz, CDCL): 6 = 7.76 (br s, 1H),
7.59(d,J =7.6 Hz, 1H), 7.24 (d, J = 7.2 Hz, 1H), 7.10-7.02 (m,
2H), 3.42-3.34 (m, 1H), 3.04 (dd, J = 13.4, 8.0 Hz, 1H), 2.81 (dd,

J=16.0,6.0Hz, 1H), 2.37 (s, 3H), 1.94 (s, 3H), 1.91-1.82 (m, 1H),
1.69-1.61 (m, 1H), 1.26-1.10 (m, 2H), 0.83 (t, J = 7.2 Hz, 3H).
BCNMR (75 MHz, CDCl;): 6 = 209.0, 135.6, 131.4, 127.1, 120.6,
118.9, 118.8, 113.3, 110.4, 49.3, 37.3, 32.4, 30.7, 21.0, 14.0, 12.0.
ESI HRMS: calcd. for C,;H,;NO + Na 266.1521, found 266.1506.

5-Methyl-4-(2-methyl-1 H-indol-3-yl)hexan-2-one (4db). 78%
yield. [a]) +35.9 (¢ = 0.44, CH,Cl,), 82% ee. The enantiomeric
excess was determined by HPLC on Chiralpak AD column (10%
2-propanol-hexane, 1 mL min™"), UV 254 nm, 7,,,, = 7.42 min,
Lmajor = 0.32 min. "H NMR (400 MHz, CDCl,): 6 = 7.73 (brs, 1H),
7.57 (d, J =17.6 Hz, 1H), 7.24 (d, J = 8.0 Hz, 1H), 7.10-7.01 (m,
2H), 3.14-3.01 (m, 2H), 2.88 (dd, J = 14.4, 3.6 Hz, 1H), 2.36 (s,
3H), 2.20-2.10 (m, 1H), 1.86 (s, 3H), 1.04 (d, J = 6.8 Hz, 3H),
0.72(d, J = 6.4 Hz, 3H). "C NMR (75 MHz, CDCl;): 6 = 209.5,
135.5, 131.9, 127.3, 120.5, 119.2, 118.8, 113.1, 110.4, 46.7, 40.0,
32.4,30.7,21.5,21.4,12.1. ESTHRMS: calcd. for C,;H,NO + Na
266.1521, found 266.1528.
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The present study established a system for comprehensive metabolic analysis of the cinnamate/
monolignol and lignan pathways by the use of a stable-isotope-dilution method. The system was
successfully applied to characterization of the pathways in Carthamus tinctorius cv. Round-leaved White
maturing seeds in combination with administration of stable-isotope-labelled precursors. Experimental
results obtained using this technique strongly suggested the intermediacy of ferulic acid in lignan

biosynthesis in the plant.

Introduction

The cinnamate/monolignol pathway, in which monolignols are
biosynthesized from cinnamic acids, supplies precursors for
various phenylpropanoid compounds such as lignins, lignans,
neolignans, norlignans, flavonoids, and stilbenes.' As illustrated
in Fig. 1, many parallel routes can be envisaged for this pathway,
and it is very difficult to determine the physiologically important
routes among the various possibilities.

For example, the pathway towards sinapyl alcohol (15) via
ferulic acid (3), sinapic acid (5), and sinapaldehyde (10) had
long been proposed for angiosperm syringyl lignin biosynthesis.*
This was based mostly on the fact that administration of “C-
labelled p-hydroxycinnamic acids such as p-coumaric (1), caffeic
(2), ferulic (3), 5-hydroxyferulic (4) and sinapic (5) acids into
some plants, especially wheat (Triticum vulgare var. tharcher),
resulted in the formation of *C-labelled syringyl lignin.>® Recently,
however, this pathway was challenged and a novel pathway via
caffeic acid (2), caffeoyl CoA, feruloyl CoA, coniferaldehyde
(8), 5-hydroxyconiferaldehyde (9), sinapaldehyde (10) and sinapyl
alcohol (15) was proposed for syringyl lignin biosynthesis in
angiosperm trees.”” Later, similar pathways were also proposed
for herbaceous model plants, arabidopsis (Arabidopsis thaliana)*
and alfalfa (Medicago sativa)."!

The discovery of the novel pathway via S-hydroxydroxy-
coniferyldehyde (9) was based on kinetic analysis of recombinant
caffeic acid O-methyltransferases (CAOMTs) and ferulic acid 5-
hydroxylase (F5H).”® Thus, individual incubation of caffeic acid
(2), 5-hydroxyferulic acid (4), and 5-hydroxyconiferaldehyde (9)
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with CAOMT in the presence of S-adenosyl-L-methionine gave
rise to the corresponding methylation products, ferulic acid (3),
sinapic acid (5), and sinapaldehyde (10), respectively. Ferulic
acid (3) and coniferaldehyde (8) were hydoxylated efficiently to
afford 5-hydroxyferulic acid (4) and 5-hydroxyconiferaldehyde
(9), respectively, when incubated individually with F5SH. How-
ever, S-hydroxyconiferaldehyde (9) was found to inhibit the
CAOMT-catalyzed methylation of caffeic acid (2) and 5-
hydroxyferulic acid (4), while coniferaldehyde (8) inhibited the
F5H-catalyzed 5-hydroxylation of ferulic acid (3), indicating that
5-hydroxyconiferaldehyde (9) and coniferaldehyde (8) are pre-
ferred substrates of CAOMT and F5H, respectively.”® Therefore
CAOMT and F5H were renamed as 5-hydroxyconiferaldehyde
OMT (CAIdOMT) and coniferaldehyde 5-hydroxylase (CAId5H),
respectively.” The novel pathway accords in all respects with the
recent findings of lignin characters in transgenic plants where caf-
feoyl CoA O-methyltransferase (CCoAOMT) and/or CAIdAOMT
(CAOMT) were downregulated. The suppression of CCoAOMT
resulted in reduction of lignin content with unchanged sy-
ringyl/guaiacyl (S/G) ratio, whereas the downregulation of
CAIdOMT (CAOMT) caused a significant decrease in S/G ratio
with essentially no change in lignin content and the appearance of
5-hydroxyguaiacyl unit."> Thus, the current view of the cinna-
mate/monolignol pathway involves the 5-hydroxyconiferaldehyde
pathway for syringyl lignin biosynthesis.*”"!

However, the conventional pathway via sinapic acid (5), sina-
paldehyde (10), and sinapyl alcohol (15) towards syringyl lignin
was re-proposed based on administration of labelled ferulic (3)
and sinapic (5) acids to black locust (Robinia pseudoacacia) and
oleander (Nerium indicum).*®** Recently, a new and redundant
route for 3-hydroxylation of the p-hydroxyphenyl moiety has been
proposed,®?¢ which involved the ester exchange catalyzed by
hydroxycinnamoyl CoA:shikimate hydroxyxinnamoyl transferase
(HCT) and the subsequent 3-hydroxylation of the formed p-
coumaroyl ester giving rise to the corresponding caffeoyl ester,
followed by its conversion to caffeoyl CoA by HCT (Fig. 1).22

These results suggest that physiologically important routes in
the cinnamate/monolignol pathway towards lignin biosynthesis
might vary with plant species. In addition, it seems plausible
that the physiologically important routes in the pathway and
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genes for lignin synthesis in normal cell wall formation in
development might be different from those for biosynthesis of
other phenylpropanoid compounds, such as lignan, norlignan,
and neolignan and even from those for defense lignin formation
after fungal attack or physical wounding.

Thus, many questions remain unsolved in this field, and in the
post-genomic era, functional genomics including the identification
of the roles of each gene from different gene families and their
assignment to the appropriate step of metabolism is indispensable
towards answering these questions. One of the major concerns
associated with functional genomics is comprehensive analyses
of expressed mRNAs (transcriptomics), proteins (proteomics)
and metabolites (metabolomics), together with the integration of
omics data.”? However, no single technology for metabolomics,
such as a DNA sequencer for genomics or DNA arrays for
transcriptomics, is available.*™*! Practically, for comprehensive
analysis of metabolites, two strategies can be adopted.

One is non-targeted and high-throughput analysis with Fourier-
transform ion cyclotron resonance mass spectrometry (FT-ICR
MS) which can cover a larger number of compounds than any
other type of mass spectrometry. However, this technique is very
weak at quantitation, and is used for metabolic fingerprinting
purposes, but not for quantitative metabolic analysis.***! The other
concentrates on rather limited but still significant numbers of
metabolites through the use of gas chromatography-mass spectro-
metry (GC-MS), liquid chromatography-mass spectrometry (LC-
MYS) etc., which allow us an accurate and comprehensive quantita-
tive analysis, or metabolic profiling,*-** for the target compounds.

Recently, taking the latter strategy with GC-MS, we have
established a pathway towards a dibenzylbutyrolactone lignan,
yatein, from matairesinol in cow parsley (Anthriscus sylvestris).**

Such a metabolic analysis of the lignan pathway was conducted
in combination with administration of stable-isotope-labelled
precursors.®

We have expanded this technique in this study to exam-
ine the upstream lignan pathway, that is, the formation of
matairesinol and its congeners from coniferyl alcohol and the
cinnamate/monolignol pathway which supplies coniferyl alcohol,
and established a system to comprehensively quantify metabolic
intermediates of such pathways by GC-MS. This new system has
been successfully applied to safflower (Carthamus tinctorius) seeds
to characterize both lignin and lignan biosynthesis (Figs. 1 and 2).

Results

Lignans, p-hydroxycinnamates, p-hydroxycinnamaldehydes and
p-hydroxycinnamyl alcohols in C. tinctorius seeds

GC-MS analysis of the methyl alcohol extracts of Carthamus
tinctorius seeds from 12 days after flowering (DAF) indicated
the presence of p-coumaric acid (1), caffeic acid (2), ferulic
acid (3), sinapic acid (5), coniferyl alcohol (13), sinapyl alcohol
(15), secoisolariciresinol (18), matairesinol (19), arctigenin (20),
and trachelogenin (21). These compounds were identified by
comparison of their mass spectra and retention times on GC with
those of authentic samples [p-coumaric acid (1) (TMS ether): MS
m/z (EI) 308 (M*, 41.8%), 293 (56.0), 249 (37.4), 219 (46.7), 179
(15.2), tx = 8.1 min; caffeic acid (2) (TMS ether): MS m/z (EI)
396 (M*, 41.5%), 381 (13.1), 307 (6.9), 219 (53.4), 191 (9.9), tx =
9.4 min; ferulic acid (3) (TMS ether): MS m/z (EI) 338 (M*,
81.3%), 322 (53.5), 308 (48.8), 293 (30.2), 249 (34.9), tr = 9.3 min;
sinapic acid (5) (TMS ether): MS m/z (EI) 368 (M*, 83.7%), 353
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(46.5), 338 (88.4), 323 (27.9), tx = 11.2 min; coniferyl alcohol
(13) (TMS ether): MS m/z (EI) 324 (M*, 41.9%), 309 (14.9), 293
(34.9), 235 (16.3), 204 (25.6), tx = 8.0 min; sinapyl alcohol (15)
(TMS ether): MS m/z (EI) 354 (M*, 56.9%), 323 (32.6), 293 (11.6),
265 (15.1), 234 (18.6), tr = 9.0 min; secoisolariciresinol (18) (TMS
ether): MS m/z (EI) 650 (M*, 12.5%), 560 (27.6), 470 (14.6), 261
(56.1), 209 (100), tx = 11.1 min; matairesinol (19) (TMS ether):
MS m/z (EI) 502 (M*, 51.2%), 209 (100), 179 (30.1), t; = 16.1 min;
arctigenin (20) (TMS ether): MS m/z (EI) 444 (M*, 60.9%), 209
(100), 179 (35.4), 151 (32.2), tx = 16.5 min; and trachelogenin (21)
(TMS ether): MS m/z (EI) 532 (M*, 34.4%), 396 (17.1), 245 (82.9),
209 (100), 151 (80.5), tx = 14.3 min].

The other possible metabolic intermediates shown in Figs. 1
and 2, namely, 5-hydroxyferulic acid (4), p-coumaraldehyde (6),
caffealdehyde (7), coniferaldehyde (8), 5-hydroxyconiferaldehyde
(9), sinapaldehyde (10), p-coumaryl alcohol (11), caffeyl alcohol
(12), 5-hydroxyconiferyl alcohol (14), pinoresinol (16), and lar-
iciresinol (17) were not detected in GC-MS analysis of methyl
alcohol extracts from the seeds of 5-15 DAF even after searching
using the corresponding authentic samples. The CoA esters (p-
coumaroyl, caffeoyl, feruloyl, 5-hydroxyferuloyl, and synapoyl
CoAs) were not analyzed because of their insufficient volatility
and stability for GC-MS measurement.

Quantitation of p-hydroxycinnamic acids, p-hydroxycinnamal-
dehydes, p-hydroxycinnamyl alcohols, and lignans in C. tinctorius
seeds

Quantitation of the compounds of the cinnamate/monolignol
and lignan pathways was conducted by a stable-isotope-
dilution method with GC-MS. Deuterium-labelled and unla-
belled standards for the fifteen phenylpropanoid monomers [p-
hydroxycinnamic acids (1)—(5), p-hydroxycinnamaldehydes (6)-
(10), p-hydroxycinnamyl alcohols (11)-(15)] and two lignans
[arctigenin (20) and trachelogenin (21)] were synthesized by
organic chemical techniques, as summarized in Schemes 1 and
2. The standards for four lignans (pinoresinol (16), lariciresinol
(17), secoisolariciresinol (18), and matairesinol (19)) were prepared
previously.?*3¢ Using these standards, calibration curves for the
targets were established, and used for their quantitation. The
phenylpropanoid monomers were analyzed all at once by a single
injection to GC-MS, while the lignan fraction was analyzed with a
shorter GC column. The quantitative analysis was conducted for

the seeds of 5-15 DAF, and the time-course data are summarized
in Fig. 3.

Analysis of stable-isotope incorporation after administration of
labelled precursors

The six stable-isotope-labelled compounds, [U-ring-"*C]phenyl-
alanine, p-[U-ring-"*C4]coumaric acid (1-°Cy), [2,5-*H,, OC*H;]-
ferulic acid (3-ds), [2,5,7-°H;]caffeic acid (2-d;), [3-OC*H;]-
coniferaldehyde (8-d;), and [3-OC?H;]sinapaldehyde (10-d5), were
administered individually to 7 and 13 DAF seeds of C. tinc-
torius (0.4 mg of each stable-isotope-labelled compound to
200 mg of seeds). The methyl alcohol extracts obtained fol-
lowing the administration were submitted to analysis of stable-
isotope incorporation into the p-hydroxycinnamic acids (1)—(5),
p-hydroxycinnamaldehydes (6)—(10), p-hydroxycinnamyl alcohols
(11)-(15) by GC-MS after B-glucosidase treatment (Table 1). In
addition, the stable-isotope incorporation into matairesinol (19)
was examined (Table 1).

In summary, the following conversions shown in Scheme 3
were observed, while incorporation of *C or *H into the other
cinnmamic acids, cinnamaldehydes and cinnamyl alcohols shown
in Fig. 1 was not detected.

Simultaneous administration

Three sets of simultaneous administration experiments with
(a) [2,5-°H,, 3-OC*H;]ferulic acid (3-ds) and [U-ring-"*C,]phenyl-
alanine (Phe-"Cy); (b) [2,5-’H,, 3-OC’H;lferulic acid (3-ds)
and p-[U-ring-"Cglcoumaric acid (1-*Cy); and (c) [2,5-°H,, 3-
OC*H;]ferulic acid (3-ds) and [2,5,7-*H;]caffeic acid (2-d;) were
conducted. Stable isotope incorporation into coniferyl alcohol
(13) and matairesinol (19) was examined by GC-MS. As
shown in Table 2, formation of [*Hs]coniferyl alcohol (13-ds)
and [*H;]matairesinol (19-d;) was observed in all cases, and
the deuterium incorporation into matairesinol (19) (0.020-
0.0073 nmol mg') was not reduced, but slightly increased,
compared with those in the sole administration of [2,5-*H,, 3-
OC*H;]ferulic acid (3-d5) [0.0039 nmol mg~', (Table 1)].

Lignin analysis

Wiesner color reaction®”*® with phloroglucinol in hydrochloric
acid indicated clear red-purple color in the seed hulls but not
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Synthetic routes for p-[3,5,7-°H;]coumaric acid (1-d;), [2,5,7-*H;]caffeic acid (2-d5), p-[3.5,7-*H;]coumaraldehyde (6-d;), [2,5,7-*H;]-

caffealdehyde (7-ds), p-[3,5,7-*H;]coumaryl alcohol (11-d;), and [2,5,7-*H;]caffeyl alcohol (12-d;). Reagents and conditions: i, Br,, CHCl;, 60 °C, 18 h;
i, BnBr, K,CO;, KI, DMF, 55 °C, 3 h; iii, CH(OMe);, p-TsOH, MeOH, 0 °C, 10 min; iv, n-BuLi, MeO*H, Et,0, —35 °C, 0.5 h; v, 1 N HCI, acetone,
0 °C, 5 min; vi, Ag,0, EtOH, 60 °C, 10 min; vii, CH;CHN,, Et,O, rt, 15 min; viii, LiAI*H,, Et,0, —35 °C, 0.5 h; ix, MnO,, CH,Cl,, rt, 28 h; x, H,, 10%
Pd-C, THF, MeOH, rt. 6 min; xi, malonic acid, pyridine, piperidine, aniline, 65 °C, 12 h; xii, monoethyl malonate, pyridine, piperidine, aniline, 60 °C,
11 h; xiii, TBDMSCI, imidazole, DMF, rt, 4 h; xiv, LiAIH,, Et,0, —35 °C, 0.5 h; xv, n-Bu,NF, THF, rt, 10 min.

in the inside, of matured C. tinctorius seeds (Fig. 4), suggesting
lignification in the seed hulls. This was confirmed by chemical
degradation analysis. Thus, the seed hulls from commercial
matured seeds were submitted to thioacidolysis.** GC-MS analysis
of the thioacidolysis products indicated the presence of trithioethyl
phenylpropane compounds (Fig. 5) which are derived specifically
from B-O-4 substructures in lignin polymers. Both guaiacyl and
syringyl monomers derived from guaiacyl and syringyl lignins,
respectively, were detected, indicating the Carthamus seed hull
lignin is guaiacyl-syringyl lignin. This was further confirmed by
nitrobenzene oxidation,* which gave vanillin and syringaldehyde
from the seed hulls (Fig. 6), whereas p-hydroxybenzaldehyde was
not detected (data not shown).

Next, seed lignin amounts were measured by the acetyl bromide
method.* The seed lignin content increased from 9 DAF to 12
DAF, and there was no significant difference between 12 and

15 DAF seeds (Fig. 6). The final lignin amounts, 125 pg mg™!
correspond to ca. 700 nmol of coniferyl alcohol unit mg™". In
addition, nitrobenzene oxidation showed that lignin accumulation
started at 6 DAF. Taking these results together, the accumulation
of seed lignin was found to start about 6 DAF and terminated at
around 12 DAF.

Discussion

To quantify precisely and comprehensively the compounds
in the cinnamate/monolignol and lignan pathways, we em-
ployed a stable-isotope-dilution method using the corresponding
deuterium-labelled compounds as the internal standards. This
technique has several advantages. First, the loss of the target
compounds during extraction and derivatization can be ignored
due to the presence of the labelled internal standards. Second,
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incomplete chromatographic separation can be overcome by mass
separation. Third, ion suppression in mass spectrometry due to a
significant reduction of the ion intensity of the target compound
by the coexisting compounds can be neglected. Fourth, this
technique, employing mass spectrometry, is highly sensitive. In
fact, when the deuterium-labelled internal standards were added
to the MeOH extracts of C. tinctorius seeds after B-glucosidase
treatment, measured amounts of sinapyl alcohol (15) decreased
about 2 orders of magnitude compared with the value obtained
when the standards were added in the initial stage of the extraction
(data not shown). This was not a surprising result, because it is
well-known among lignin chemists that sinapyl alcohol (15) is a
very unstable compound.® This result clearly demonstrates the
effectiveness of the stable-isotope-dilution method, especially for
quantitation of unstable metabolites.

However, this technique requires a stable-isotope-labelled inter-
nal standard as well as an unlabelled authentic sample for each
target compound. In most cases, these labelled and unlabelled
compounds are not commercially available, and therefore, need
to be synthesized. We have chemically synthesized the required
labelled and unlabelled compounds. Schemes 1 and 2 outline
the synthesis of the deuterium-labelled compounds. Using the
labelled compounds together with the corresponding unlabelled
ones, we prepared calibration curves for the target compounds
and established a metabolite quantitation system for the cinna-
mate/monolignol and lignan pathways.

Next, we tested the applicability of the system to metabolic
analysis of the pathways. For this purpose, plants which have time-

dependently varying metabolic flows towards monolignols, lignins,
and lignans are the most suitable systems.

Members of tribe Cynareae of family Asteraceae such as
edible burdock (Arctium lappa) were characterized for their
wide distribution of 4'-O-methyldibenzylbutyrolactone lignans
(e.g. arctiin = arctigenin glucoside), especially in their seeds.***
Recently, when we analyzed the stereochemical properties of
lignans,****! we found that the accumulation of matairesinol (19)
and arctigenin (20) in 4. lappa seeds started at about 6 DAF
(datanot shown). In addition, histochemical analysis with Wiesner
reagent (phloroglucinol-HCI) showed the purple coloration in the
seed hulls, strongly suggesting lignin deposition (data not shown).
Therefore, the seeds, where the biosynthesis of lignan and most
probably lignin is taking place during the seed maturation phase,
seem to be an attractive system to test the applicability of the
stable-isotope-dilution-method-based quantitation system to the
biosynthesis of monolignol and lignan. However, flowering in
this species often occurs more than one year after germination,
meaning it is not be feasible for our purpose. Instead, C.
tinctorius which is another member of the tribe and also produces
dibenzylbutyrolactone lignans in the seeds**” has been chosen
in the present work, because it flowers at about 2 months after
germination.

Preliminary GC-MS analysis of B-glucosidase-treated methyl
alcohol extracts from C. tinctorius seeds of 12 DAF indicated the
presence of several lignans and the phenylpropanoid monomers of
the cinnamate/monolignol pathway. Thus, p-coumaric (1), caffeic
(2), ferulic (3) and sinapic acids (5), and coniferyl (13) and sinapyl
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by vertical bars. The panels are laid out according to the biosynthetic pathways (Figs. 1 and 2).

alcohols (15), as well as secoisolariciresinol (18), matairesinol
(19), arctigenin (20), and trachelogenin (21) were detected. In
contrast, other monomeric compounds, such as coniferaldehyde
(8) and sinapaldehyde (10) were not detected. The CoA esters
(p-coumaroyl, caffeoyl, feruloyl, 5-hydroxyferuroyl, and sinapoyl
CoAs), which are not sufficiently volatile and or stable to be
analyzed by GC-MS, were not pursued in the present study. In
addition, semi-quantitative GC-MS analysis of the methyl alcohol
extracts from 5 to 15 DAF C. tinctorius seeds showed rapid
increases in the amounts of dibenzylbutyrolactone lignans after
8 DAF, as in the case of 4. lappa, indicating the drastic metabolic
change in the cinnamate/monolignol pathway as seeds mature.

Like the Arctium seeds, histochemical detection of cinnamalde-
hyde groups in lignins with Wiesner reagent showed the red—
purple coloration in C. tinctorius matured seed hulls (Fig. 4),
strongly suggesting lignin deposition. This was also confirmed by
chemical degradation of lignins. Thioacidolysis and nitrobenzene
oxidation of the powdered seed hulls after organic solvent
extraction gave the phenylpropanoid monomers, 1-guaiacyl-1,2,3-
trithioethylpropane and 1-syringyl-1,2,3-trithioethylpropane in
thioacidolysis (Fig. 5) and vanillin and syringaldehyde in nitroben-
zene oxidation, respectively, which are diagnostic of the presence
of guaiacyl and syringyl lignins.

Having the preliminary data in hand, the quantitation system
was used for the metabolic analysis of the cinnamate/monolignol
and lignan pathways in C. tinctorius maturing seeds. This was done
by measuring the accumulation of the cinnamate/monolignol

pathway compounds and lignans at various time intervals. As
shown in Fig. 3, the detected compounds from 5 to 15 DAF
seeds were again p-coumaric (1), caffeic (2), ferulic (3) and
sinapic acids (5), and coniferyl (13) and sinapyl alcohols (15),
secoisolariciresinol (18), matairesinol (19), arctigenin (20), and
trachelogenin (21). On the other hand, none of the other com-
pounds, pinoresinol (16), lariciresinol (17), and 5-hydroxyferulic
acid (4), p-coumaraldehyde (6), caftealdehyde (7), coniferaldehyde
(8), 5-hydroxyconiferaldehyde (9), sinapaldehyde (10), p-coumaryl
alcohol (11), caffeyl alcohol (12), S-hydroxyconiferyl alcohol (14)
were detected throughout the GC-MS measurement of the 5-15
DAF samples.

The amounts of matairesinol (19) reached the maximum at 10
DAF, which is followed by the accumulation peak of arctigenin
(20) (14 DAF) (Fig. 3). This is in good accordance with their
metabolic sequence; O-methyltransferase catalyzing methylation
of matairesinol (19) to afford arctigenin (20) was detected in
the seeds and a cDNA encoding the enzyme has been cloned.*
The accumulation of arctigenin (20) was followed by that of
trachelogenin (21) (Fig. 3), strongly suggesting that trachelogenin
(21) is formed by hydroxylation of arctigenin (20).

Three phenylpropanoid monomers, caffeic (2) and ferulic acids
(3) and coniferyl alcohol (13) exhibited a transient accumulation
around 5-7 DAF (Fig. 3), while the start of matairesinol (19)
accumulation occurs just after this 5-7 DAF period. Lignin depo-
sition also started around 6 DAF, as determined by nitrobenzene
oxidation analysis (Fig. 6). The amounts (2-4 nmol mg™") of the
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Table 2  Amounts of *C- or ?H-labelled compounds obtained following simultaneous administration of labelled precursors into C. tinctorius (nmol mg™")
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method.

Clearly, these results suggest that the monomers [i.e. caffeic
(2) and ferulic acids (3) and coniferyl alcohol (13)] accumulated
transiently during the 5-7 DAF are converted to lignans, but
probably not to lignins. In addition, because there is almost no
doubt that in C. tinctorius seeds guaiacyl lignin is biosynthesized
by the polymerization of coniferyl alcohol (13) as in other
plants,** the biosynthesis of coniferyl alcohol (13) used for lignan
is probably regulated differently from that towards guaiacyl lignin
biosynthesis.

In contrast to coniferyl alcohol (13), the current view of lignin
biosynthesis does not involve ferulic acid (3) as a precursor.>!!
Hence, we conducted feeding experiments with labelled precursors
to confirm the intermediacy of ferulic acid (3) in lignan biosyn-
thesis. Administration of [2,5-°H,, 3-OC*H;]ferulic acid (3-d;) to
the seeds followed by comprehensive analysis of deuterium incor-
poration indicated that the deuterium atoms were incorporated
into matairesinol (19) as well as coniferyl alcohol (13), while no
deuterium incorporation into other phenylpropanoid monomers
(1, 2, 4-12, 14, 15) could be detected (Table 1). Similarly, when
p-[U-ring-"C¢]coumaric acid (1-*Cg) was administered, *C incor-
poration into caffeic (2) and ferulic (3) acids, coniferyl alcohol
(13) and matairesinol (19) was observed (Table 1). Furthermore,
the administration of [2,5,7-*H;]caffeic acid (2-d;) resulted in
deuterium incorporation into ferulic acid (3), coniferyl alcohol
(13), and matairesinol (19) (Table 1). These results further suggest
that ferulic acid (3) is a precursor to lignans.

However, it should be noted that even compounds that are
not in the physiological metabolic route can be converted to the
pathway compounds, when administered exogenously, as pointed
out in our previous work.* While this artifactual process has been
shown to take place,* we have also demonstrated in our previous
study of the biosynthesis of a norlignan, cis-hinokiresinol,* that
simultaneous or competitive administration of a true pathway
precursor together with the tested compound can inhibit the non-
physiological conversion. Since there is almost no doubt that
phenylalanine is a physiological precursor for lignans, we carried
out the simultaneous administration of [2,5-*H,, 3-OC>H;]ferulic
acid (3-ds) and [U-ring-"Cs]phenylalanine (Table 2). In addition,
because p-coumaric (1) and caffeic acids (2) are possible precursors
of ferulic acid (3), and because the sole administration of
p-[U-ring-C,]coumaric acid (1-C,) and [2,5,7-*H;]caffeic acid
(2-d5) resulted in the incorporation of *C and *H, respectively,
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into ferulic acid (Table 1), two additional simultaneous ad-
ministration experiments were carried out: one with p-[U-ring-
BCg]coumaric acid (1-°Cy) and [2,5-*H,, 3-OC?H;]ferulic acid
(3-ds) and the other with [2,5,7-*H;]caffeic acid (2-d;) and [2,5-
’H,, 3-OC*H,]ferulic acid (3-ds) (Table 2). The results showed
that these simultaneous or competitive administrations did not
lead to the reduction of deuterium incorporation from [2,5-*H,,
3-OC?H;]ferulic acid (3-ds) into matairesinol (19) (Table 2). Taken
together, these results reveal that ferulic acid (3) is a precursor of
lignans in C. tinctorius seeds.

Using the described metabolite quantitation system, we demon-
strate in this study the difference between the metabolic flow
towards lignans and that towards lignins. The fact that the
three monomeric precursors for lignans, caffeic (2) and ferulic
acids (3) and coniferyl alcohol (13), show similar accumulation
profiles indicates the fast conversion of caffeic acid (2) to coniferyl
alcohol (13), which is in accordance with no accumulation of
coniferaldehyde (8). However, the conversion of these transiently
accumulated monomers to matairesinol (19) proceeded within a
time span of a few days, which hold for further conversion of
matairesinol (19) to arctigenin (20) and trachelogenin (21) (Fig. 3).
This time span suggests a slow metabolism for lignans relative to
the lignin metabolic rate as follows.

Compared with the amounts of the lignins formed (125 ugmg™"',
correspond to 700 nmol of coniferyl alcohol unit mg"), the accu-
mulation of metabolic intermediates in the cinnamate/monolignol
pathway is insignificant (2-4 nmol mg') and some, such as
sinapaldehyde (10), which is a precursor specific to syringyl lignin
but not lignans, are not even detectable (Fig. 3). In addition, [3-
glucosidase treatment of the methyl alcohol extracts from the seeds
eliminates the possibility of the monolignol accumulation as their
glycosides, namely coniferin and syringin. This indicates that once
formed, the monomeric intermediates for lignins are converted
rapidly to their products, lignin polymers. Together, these results
strongly suggest a rapid metabolic flow for the biosynthesis of
lignin.

In our study of the pathway for sinapyl alcohol (15),
the precursor of syringyl lignin, administration of [3-OC?H;]-
coniferaldehyde (8-d,), [3-OC?*H;]sinapaldehyde (10-d,), and [U-
ring-"Cs]phenylalanine resulted in the formation of [?H;]sinapyl
alcohol (15-d;) and [ Cg]sinapyl alcohol (15-C,), respectively. As
importantly, deuterium incorporation from [3-OC*H;]ferulic acid
(3-d;) into sinapyl alcohol (15) was completely absent, though
it was incorporated into coniferyl alcohol (13) very efficiently.
These results are in excellent agreement with the current view that
syringyl lignin is formed from sinapyl alcohol (15) via conifer-
aldehyde (8), 5-hydroxyconiferaldehyde (9), and sinapaldehyde
(10), but not from ferulic acid (3).”"" Furthermore, this accords
well with the kinetic properties of recombinant C. tinctorius
CAIdOMT; a cDNA encoding CtCAIdOMT was functionally
expressed in Escherichia coli and 5-hydroxyconiferaldehyde (9) was
found to be the best substrate of the recombinant CtCAIdOMT
among the possible substrates of the cinnamate/monolignol
pathway. In addition, 5-hydroxyconiferaldehyde (9) inhibits
methylation of other substrates, such as caffeic acid (2) and
S-hydroxyferulic acid (4) (T. Nakatsubo et al., unpublished), like
sweetgum (Liquidambar styraciflua) and aspen (Populus tremu-
loides) CAIdOMTs.® Recently, Nair ez al. proposed that in A.
thaliana, sinapic acid (5) was formed from sinapaldehyde (10).%

However, our [3-OC?H;]sinapaldehyde (10-d;) administration did
not result in deuterium incorporation into sinapic acid (5), though
it was efficiently reduced to [*H;]sinapyl alcohol (15-d5).

Taken together, these results demonstrate unequivocally that
the metabolite quantitation system coupled with administration
of stable-isotope-labelled precursors is a powerful tool for the
characterization of complex metabolic pathways or metabolic
profiling.

Experimental
Plant materials

Seeds of Carthamus tinctorius L. cv. Round-leaved White (Aster-
aceae) were purchased from Takii Seed, Co. Ltd. The seeds
were germinated and the plants were maintained in a controlled-
environment chamber (1.2 m x 1.2 m x 2.0 m; Koito-tron
KGS50HLA; Koito Industries, Co., Ltd.) at 24 °C under a 14-10 h
light-dark regime.

Synthesis of monolignols and lignans

Synthesis of 5-hydroxyferulic acid (4), p-hydroxycinnamal-
dehydes (6)—(10), and p-hydroxycinnamyl alcohols (11)—(15). 5-
Hydroxyferulic acid (4),” p-coumaraldehyde (6),” caffealdehyde
(7)) coniferaldehyde (8),* 5-hydroxyconiferaldehyde (9),” p-
coumaryl alcohol (11),° caffeyl alcohol (12),° coniferyl alcohol
(13),**%" and 5-hydroxyconiferyl alcohol (14)° were prepared as
previously. Sinapaldehyde (10) and sinapyl alcohol (15) were
prepared from syringaldehyde in a similar manner to the synthesis
of 5-hydroxyconiferaldehyde (9)" and 5-hydroxyconiferyl alcohol
(14).°

S-Hydroxyferulic acid (4): oy (acetone-dy) 7.52 (1 H, d, J 15.9),
6.90 (1 H, d, J 2.0), 6.82 (1 H, d, J 1.8), 6.32 (1 H, d, J 15.9),
3.88 (3 H, s); m/z (EI) 210.0553 (M*, 100%. C,,H,,05 requires
210.0528), 195 (40.9), 168 (33.6), 166 (36.2), 128 (74.5), 114 (59.7).

p-Coumaraldehyde (6): 4 (CDCL,) 9.65 (1 H, d, J 7.7), 7.49
(2H,d, J74),742 (1 H, d, J 15.9), 6.89 (2H, d, J 7.2), 6.61
(1 H, dd, J 15.8 and 7.8); m/z (EI) 148.0538 (M*, 100%. C,H;0,
requires 148.0525), 131 (35.6), 119 (47.0), 107 (13.8), 91 (54.4).

Caffealdehyde (7): 0y (acetone-d,) 9.62 (1H,d, J7.7), 7.52 (1 H,
d,J15.8),7.21 (1 H,d,J 2.1),7.12 (1 H, dd, J 8.2 and 1.8), 6.90
(1H,d,J8.2),6.53 (1 H, dd, J 15.8 and 7.7); m/z (EI) 164.0448
(M*, 100%. CyHgO; requires 164.0474), 147 (47.6), 136 (36.9), 110
(36.5), 97 (34.5).

Coniferaldehyde (8): 0, 9.64 (1 H,d, J 7.8),7.40 (1 H, d, J 15.6),
7.13(1 H,dd, J 7.8,2.0),7.06 (1 H,d, J 1.9), 6.97 (1 H, d, J 8.0),
6.59 (1 H, dd, J 15.8 and 7.8), 3.91 (3 H, s); m/z (EI) 178.0629
(M*, 100%. C,,H,,O; requires 178.0629), 161 (11.5), 147 (24.4),
135 (33.3), 107 (15.2).

5-Hydroxyconiferaldehyde (9): oy (CDCl;) 9.65 (1 H, d, J 7.6),
7.34 (1 H, d, J 15.6), 6.87 (1 H, d, J 2.0), 6.70 (1 H, d, J 2.0),
6.58 (1 H, dd, J 15.7 and 7.7), 3.90 (3 H, s); m/z (EI) 194.0601
(M*, 100%. C,H,,O, requires 194.0583), 177 (14.3), 166 (52.9),
151 (98.5), 123 (32.3).

Sinapaldehyde (10): 6y (CDCl;) 9.65 (1 H, d, J 7.6), 7.38 (1 H,
d,J15.8),6.80 (2 H,s), 6.60 (1 H,dd, J 15.8 and 7.8), 3.93 (6 H, s);
m/z (EI) 208.0719 (M*, 100%. C, H,,O, requires 208.0736), 180
(80.0), 165 (98.0), 149 (31.4), 137 (61.1).
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p-Coumaryl alcohol (11): 6,; (CDCl;) 7.28 (2 H, d, J 8.6), 6.78
(2 H, d, J 8.6), 6.55 (1 H, d, J 15.9), 6.23 (1 H, dt, J 15.8 and
6.0),4.30 (2 H, d, J 6.0); m/z (EI) 150.0670 (M*, 54.3%. C,H,,0,
requires 150.0681), 147 (100), 131 (38.5), 121 (22.8), 107 (88.6), 94
(37.7).

Cafteyl alcohol (12): dy (acetone-d;) 6.93 (1 H, d, J 1.8), 6.73—
6.77 (2 H, m), 6.43 (1 H, d, J 15.8), 6.14 (1 H, dt, J 15.8 and
5.6), 4.18 2 H, d, J 5.6); m/z (EI) 166.0625 (M*, 100%. CyH,,05
requires 166.0630), 148 (34.3), 138 (58.6), 123 (95.6), 110 (100),
101 (65.7).

Coniferyl alcohol (13): Jy (CDCL;) 6.83-6.95 (3 H, m), 6.53
(1H,d,J15.9),6.23(1 H,dt,J 15.8 and 5.8),4.29 (2 H, d, J 5.7),
3.83 (3 H, s); m/z (EI) 180.0789 (M*, 100%. C,,H,,O; requires
180.0787), 162 (10.4), 137 (92.6), 124 (61.1), 119 (37.0), 91 (33.3).

5-Hydroxyconiferyl alcohol (14): i (acetone-dy) 6.60 (1 H, d,
J19),658(1H,d,J19),643(1H,d,J158),6.19 (1 H,dt,J
15.8 and 5.6),4.18 (2 H, d, J 5.5), 3.82 (3 H, s); m/z (EI) 196.0753
(M*, 100%. C,,H,O,4 requires 196.0736), 178 (14.3), 167 (49.1),
153 (97.6), 140 (35.1), 107 (18.6).

Sinapyl alcohol (15): 6,; (CDCl;) 6.63 (2 H, s), 6.53 (1 H, d, J
15.9), 6.24 (1 H, dt, J 15.8 and 5.8),4.31 (2 H, dd, J 5.8 and 5.1),
3.90 (6 H, s); m/z (EI) 210.0911 (M*, 100%. C, H,,0, requires
210.0892), 194 (22.9), 182 (44.6), 167 (82.9), 154 (35.5), 149 (52.3),
128 (42.6).

Synthesis of p-[3,5,7-*H;|coumaric acid (1-d;), [2,5,7-°H,]-
caffeic acid (2-d5), p-[3,5,7-*H;]coumaraldehyde (6-d5), [2,5,7-*H,]-
caffealdehyde (7-ds), p-[3,5,7-*H;]coumaryl alcohol (11-d;), and
[2,5,7-*H;]caffeyl alcohol (12-d;). 2,5-Dibromoprotocatechu-
aldehyde (23b) was prepared by bromination of protocatechu-
aldehyde (22b).** Phenolic hydroxyl and formyl groups of
3,5-dibromobenzaldehyde (23a) (Tokyo Chemical Industry, Co.,
Ltd.) and (23b) were protected, and resulting derivatives were
deuterated with n-butyllithium and methyl alcohol-d, to give
dimethyl acetals (24a and b), respectively. The acetals (24a and
b) were hydrolyzed with 1 N HCI to give [?H,]benzyloxybenz-
aldehydes (25a and b). Then, 25a and 25b were oxidized with Ag,0,
and esterified to give ethyl [*’H,]benzyloxybenzoates (26a and b).
The esters were reduced with LiAI’H, (Aldrich, *H: 98 atom%),
and subsequent oxidation afforded [*H;]benzyloxybenzaldehydes
(27a and b). Then, 27a and 27b were debenzylated to give
[*H;]hydroxybenzaldehydes (28a and b). The deuterium-labelled
benzaldehydes 28a and 28b were converted to 1-d; or 2-d; by Kno-
evenagel reaction®” with malonic acid. Similarly, condensation of
28a and 28b with monoethyl malonate afforded ethyl cinnamates
(29a and b). The esters were protected with zerz-buthyldimethylsilyl
chloride to give 30a and 30b, which were then reduced with LiAlH,
to the corresponding alcohols (31a and b). The cinnamyl alcohols,
31a and 31b, were oxidized and deprotected to afford deuterium
labelled cinnamaldehydes 6-d; and 7-d;, while 31a and 31b were
deprotected directly to give 11-d; and 12-d;, respectively. The
overall outline of the synthesis is displayed in Scheme 1.

2,5-Dibromoprotocatechualdehyde (23b): y (acetone-d,) 10.12
(1 H,s),7.63 (1 H,s).

[3,5-*H,]-4-Benzyloxybenzaldehyde dimethyl acetal (24a): Jy
(CDCly) 7.36 (2 H, s), 7.28-7.50 (5 H, m), 5.35 (I H, s), 5.07
(2 H,s),3.31 (6 H,s).

[2,5-°H,]-3,4-Dibenzyloxybenzaldehyde dimethyl acetal (24b):
on (CDCly) 7.24-7.50 (10 H, m), 6.95 (1 H, s), 5.29 (1 H, ), 5.17
(2H,s),5.16 (2H,s),3.28 (6 H, s).

[3,5-*H,]-4-Benzyloxybenzaldehyde (25a): o, (CDCl;) 9.89 (1 H,
s), 7.84 (2 H, s), 7.28-7.50 (5 H, m), 5.15 (2 H, s).

[2,5-*H,]-3,4-Dibenzyloxybenzaldehyde (25b): 6y (CDCl;) 9.81
(1 H,s),7.26-7.50 (11 H, m), 5.26 (2 H, s), 5.22 (2 H, s).

Ethyl [3,5-°H,]-4-benzyloxybenzoate (26a): é,; (CDCl;) 7.99
(2H,s),7.27-7.50 (5 H, m), 5.11 (2 H,s),4.33(2H,q,J 7.1), 1.37
(3H,t,J7.2).

Ethyl [2,5-*H,]-3,4-dibenzyloxybenzoate (26b): 6,; (CDCl;) 7.63
(1H,s),7.27-7.50 (10 H, m), 5.22 (2 H, s), 5.20 (2 H, 5), 4.43 (2 H,
q,J7.2),1.36 3H,t,J 7.2).

[3,5-*H,]-4-Benzyloxybenz(*H)aldehyde (27a): oy (CDCl;) 7.84
(2 H,s),7.32-7.50 (5 H, m), 5.15 (2 H, s).

[2,5-°H,]-3,4-Dibenzyloxybenz(*H)aldehyde (27b): §,; (CDCl,)
7.28-7.50 (11 H, m), 5.26 (2 H, s), 5.22 (2 H, s).

[3,5-*H,]-4-Hydroxybenz(*H)aldehyde (28a): oy (CDCl;) 7.81
(2 H,s).

[2,5-°H,]Protocatechu(*H)aldehyde (28b): J,; (acetone-d;) 7.33
(1H,s).

Ethyl p-[3,5,7-*H;]coumarate (29a): 6;; (CDCl;) 7.42 (2 H, s),
6.28 (1 H,s),427(2H,q,J7.2),1.33(3H,t,J 7.2).

Ethyl [2,5,7->H;]caffeate (29b): 6y, (acetone-d,) 7.03 (1 H, s), 6.25
(1H,s),4.172H,q,J7.1),1.26 3H, t,J 7.1).

Ethyl [3,5,7°H;]-4-O-tert-butyldimethylsilyl-p-coumarate (30a):
on (CDCLy) 7.41 (2 H, 8), 6.28 (1 H,s),4.25(2H, q,J 7.1), 1.32
(3H,t,J7.2),0.98 (9 H,s),0.21 (6 H, s).

Ethyl [2,5,7-*H;]-3,4-bis(O-tert-butyldimethylsilyl)caffeate (30b):
Jon (CDCLy) 7.01 (1 H, 8), 6.22 (1 H, s),425(2H, q,J 7.2), 1.33
(3H,t, J 72),099 (9 H, s), 098 (9 H, s), 0.22 (6 H, s), 0.21
(6 H, s).

[3,5,7*H;]-4-O-tert-Butyldimethylsilyl-p-coumaryl alcohol (31a):
Jon (CDClLy) 7.26 (2 H, s), 6.23 (1 H, t, J 5.8),4.28 (2 H, d, J 5.8),
0.97 (9 H, s), 0.19 (6 H, s).

[2,5,7-H;]-3.,4-Bis(O-tert-butyldimethylsilyl)caffeyl alcohol (31b):
ou (CDCly) 6.85 (1 H, s), 6.17 (1 H, t, J 5.9), 429 (2 H, dd,
J 5.9 and 5.8), 1.00 (9 H, s), 0.98 (9 H, s), 0.20 (6 H, s), 0.19
(6 H, s).

[3,5,7-H;]-4-O-tert-Butyldimethylsilyl-p-coumaraldehyde (32a):
oy (CDCly) 9.64 (1 H,d, J 7.8),7.46 (2 H, s), 6.59 (1 H, d, J 7.8),
0.98 (9 H, s), 0.21 (6 H, s).

[2,5,7-H;]-3.,4-Bis(O-tert-butyldimethylsilyl)caffealdehyde (32b):
on (CDClL3) 9.65 (1 H, d, J 7.8), 7.06 (1 H, s), 6.54 (1 H, d, J 8.0),
1.00 (9 H, s),0.99 (9 H, s), 0.23 (6 H, 5), 0.22 (6 H, s).

p-13,5,7-*H;]Coumaric acid (1-d;): oy (acetone-d,) 7.54 (2 H, s),
6.32 (1 H, s); m/z (EI) 167.0657 (M*, 100%. C,H;*H,0; requires
167.0662), 166 (40.3), 165 (8.4), 164 (1.5), 150 (33.4), 122 (23.3),
94 (20.0).

[2,5,7-*H;]Caffeic acid (2-d5): 0y (acetone-d¢) 7.03 (1 H, s),
6.25 (1 H, s); m/z (EI) 183.0613 (M*, 100%. C,H;*H,0, requires
183.0611), 182 (44.1), 181 (13.6), 180 (1.0), 166 (26.8), 149 (20.1),
136 (33.6), 92 (20.1).

p-[3,5,7-*H;]Coumaraldehyde (6-d;): oy (CDCl;) 9.65 (1 H, d,
J7.7),7.48 (2 H,s), 6.60 (1 H, d, J 7.8); m/z (EI) 151.0708 (M*,
100%. C,H;5*H;0, requires 151.0710), 150 (79.7), 149 (27.1), 148
(1.1), 134 (30.0), 122 (37.3), 94 (42.3).

[2,5,7-°H;]Caffealdehyde (7-d5): 6y, (acetone-dy) 9.61 (1 H, d, J
7.8), 7.11 (1 H, s), 6.52 (1 H, d, J 7.8); m/z (EI) 167.0654 (M*,
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100%. CyH;*H;0; requires 167.0662), 166 (39.0), 165 (14.2), 164
(1.4), 150 (40.3), 139 (30.2), 112 (23.5), 92 (24.2).

p-13,5,7-°H;]Coumaryl alcohol (11-d;): oy (CDCl;) 7.27 (2 H,
s),6.22 (1 H,t,J5.8),4.30 (2 H, d, J 5.8); m/z (EI) 153.0855 (M*,
59.7%. CoH,*H;0, requires 153.0869), 152 (13.6), 151 (7.8), 150
(1.2), 135 (23.5), 122 (10.1), 110 (100), 96 (50.3).

[2,5,7-*H;]Caffeyl alcohol (12-d5): dy (acetone-d,) 6.74 (1 H, s),
6.13 (1 H, t,J 5.6), 4.17 (2 H, d, J 5.6); m/z (EI) 169.0805 (M*,
94.0%. C,H,*H,0; requires 169.0818), 168 (20.3), 167 (7.8), 166
(3.7), 151 (67.1), 126 (100), 112 (53.7), 94 (60.4).

Synthesis of [3-OC*H;|cinnamic acids (3-d;)—(5-d;), [2,5-*H,,
3-OC*H;|ferulic acid (3-d;), [3-OC*H;]cinnamaldehydes (8-d;)—
(10-d;), and [3-OC?H;|cinnamyl alcohols (13-d;)—(15-d;). [3-
OC*H;]Cinnamic acids, [3-OC*H;]cinnamaldehydes, and [3-
OC?H,]cinnamyl alcohols were prepared from protocatechualde-
hyde (22b), as outlined in Schemes 1 and 2.

Briefly, [3-OC?H;]vanillin (33a) was prepared from proto-
catechualdehyde (22b) as described previously,**s” and then
transformed to [3-OC?H,]-5-hydroxyvanillin (33b)***° and [3-
OC*H,]syringaldehyde (33¢)***° by the methods reported previ-
ously. Similarly, [2,5-*H,, 3-OC?H;]vanillin (33d) was synthesized
from [*H,]dibenzylprotocatechualdehyde (25b) (Scheme 2).

[3-OC*H,]Ferulic acid (3-d;), [2,5-°H,, 3-OC?*H;]ferulic acid
(3-ds), [3-OC*H;]-5-hydroxyferulic acid (4-d5), [3-OC*H;]sinapic
acid (5-d;), [3-OC?H;]coniferaldehyde (8-d;), [3-OC*H;]-5-
hydroxyconiferaldehyde (9-d;), [3-OC?H;]sinapaldehyde (10-d5),
[3-OC?H;]coniferyl alcohol (13-d5), [3-OC?H;]-5-hydroxyconiferyl
alcohol (14-d;), and [3-OC*H,]sinapyl alcohol (15-d;), were
prepared from the corresponding labelled benzaldehydes {[3-
OC*H;]vanillin  (33a), [3-OC?H;]-5-hydroxyvanillin (33b), [3-
OC?H,]syringaldehyde (33¢), and [2,5°H,, 3-OC’H,]vanillin
(33d)} in the same manner as preparation of the corresponding
unlabelled compounds and labelled p-hydroxyphnenyl and 3,4-
dihydroxyphenyl compounds (Scheme 1).

[3-OC*H,]Ferulic acid (3-d;): 6y (acetone-dy) 7.58 (1 H, d, J
15.8), 7.25 (1 H, d, J 2.0), 7.13 (1 H, dd, J 8.3, 1.9), 6.86 (1 H,
d, J 8.0), 6.36 (1 H, d, J 16.1); m/z (EI) 197.0757 (M*, 100%.
C H,’H;0, requires 197.0768), 196 (10.2), 195 (0.0), 194 (0.0),
179 (26.9), 151 (13.4), 133 (19.5), 105 (10.1).

[2,5-*H,, 3-OC*H;]Ferulic acid (3-ds): 6y (acetone-d,) 7.59 (1 H,
d, J 15.8),7.13 (1 H, s), 6.37 (1 H, d, J 15.8); m/z (ET) 199.0883
(M*,72.1%. C,,Hs*H;50, requires 199.0892), 198 (41.4), 197 (15.2),
196 (1.5), 195 (0.0), 194 (0.0), 181 (19.2), 165 (13.5), 136 (50.0),
108 (91.3).

[3-OC*H;]-5-Hydroxyferulic acid (4-d;): oy (acetone-d,) 7.53
(1H,d,J15.9),6.88(1 H,d,J2.0),6.81 (1 H,d,J2.0),6.32(1 H,
d, J 15.8); m/z (EI) 213.0710 (M*, 100%. C,,H,*H;Os requires
213.0716), 212 (8.4), 211 (0.0), 210 (0.0), 195 (22.8), 167 (16.8),
149 (17.1), 121 (17.8).

[3-OC*H,]Sinapic acid (5-ds): oy (acetone-de) 7.35 (1 H, d, J
15.9), 6.78 (2 H, s), 6.17 (1 H, d, J 15.8), 3.66 (3 H, s); m/z (EI)
227.0864 (M*, 100%. C; Hy’H;0;5 requires 227.0873), 226 (3.7),
225 (0.0), 224 (0.0), 212 (17.3), 181 (9.7), 149 (12.8), 121 (13.4).

[3-OC*H;]Coniferaldehyde (8-d;): oy (CDCl;) 9.65 (1 H, d, J
7.8),7.40 (1 H,d, J 15.6),7.12 (1 H, dd, J 8.0, 2.0), 7.06 (1 H, d, J
1.9), 6.96 (1 H, d, J 8.3), 6.59 (1 H, dd, J 15.8 and 7.8); m/z (EI)
181.0793 (M*, 100%. C,(H,*H;0; requires 181.0818), 180 (31.1),
179 (0.0), 178 (0.0), 164 (21.8), 147 (34.2), 135 (38.6), 107 (26.8).

[3-OC?H,]-5-Hydroxyconiferaldehyde (9-d;): 6, (acetone-d;)
9.62 (1 H,d, J7.7),750 (1 H,d, J 15.8), 6.96 (1 H, d, J 1.6),
6.89 (1 H, d, J 1.7), 6.61 (1 H, dd, J 15.8 and 7.8); m/z (EI)
197.0759 (M*, 100%. C,H,;*H;0, requires 197.0768), 196 (7.8),
195 (1.0), 194 (0.0), 180 (14.1), 169 (37.9), 151 (62.4), 123 (31.5).

[3-OC?H;]Sinapaldehyde (10-d): 6y (CDCly) 9.66 (1 H, d, J
7.6), 7.38 (1 H, d, J 15.6), 6.81 (2 H, s), 6.61 (1 H, dd, J 159
and 7.8), 3.94 (3 H, s); m/z (EI) 211.0935 (M*, 100%. C,,Hy*H;0,
requires 211.0924), 210 (7.9), 209 (0.4), 208 (0.0), 183 (43.6), 168
(33.6), 140 (22.5), 122 (14.4), 105 (14.1).

[3-OC*H;]Coniferyl alcohol (13-d5): §,; (CDCl;) 6.85-6.97 (3 H,
m), 6.53 (1 H, d, J 15.9), 6.22 (1 H, dt, J 15.6 and 5.8), 4.30 (2 H,
d, J 5.6); m/z (EI) 183.0981 (M*, 94.0%. C,,H,*H;O; requires
183.0974), 182 (6.7), 181 (2.7), 180 (0.0), 165 (23.5), 140 (100), 127
(53.0), 119 (33.9), 91 (37.3).

[3-OC?H,]-5-Hydroxyconiferyl alcohol (14-d5): 6, (CDCl,) 6.65
(1H,d,J1.7),6.50 (1 H,d, J 1.7),6.46 (1 H,d, J 15.8), 6.22 (1 H,
dt, J 15.8 and 5.9), 4.28 (2 H, d, J 5.8); m/z (EI) 199.0915 (M*,
100%. C,,Hy*H;0, requires 199.0923), 198 (10.5), 197 (3.4), 196
(0.0), 181 (48.0), 171 (51.0), 156 (86.5), 135 (50.3).

[3-OC*H,]Sinapyl alcohol (15-d;): 6, (CDCl5) 6.63 (2 H, s), 6.52
(1H,d,J15.6),6.24 (1 H, dt, J 15.6 and 5.9),4.32(2H, d, J 5.7),
3.90 (3 H, s); m/z (EI) 213.1093 (M*, 100%. C,,H,,*H;0, requires
213.1080), 212 (6.4), 211 (1.7), 210 (0.0), 195 (39.6), 185 (43.6),
170 (60.4), 157 (35.2), 149 (46.0).

Synthesis of p-[U-ring-2Cg]coumaric acid. p-[U-ring-2C]-
Coumaric acid (1-*Cg) was prepared by Knoevenagel reaction
of [U-ring-"C4]-4-hydroxybenzaldehyde (CIL, 99 atom% "*C) and
malonic acid, as previously described.**’

p-[U-ring-"C]Coumaric acid (1-°Cy): oy (acetone-dg) 7.60
(1 H, ddt, J 16.0, 5.3 and 1.8), 7.29-7.78 (2 H, m), 6.64-7.14
(2 H, m), 6.33 (1 H, dd, J 16.0 and 5.2); m/z (EI) 172 (0.9%),
171 (6.0), 170.0705 (M*, 100, C;"*C¢H;O;, requires 170.0675), 169
(44.0), 168 (2.2), 167 (1.3), 166 (0.7), 165 (0.2), 164 (3.3), 125 (28.3),
124 (20.9), 113 (12.1), 96 (17.8).

Synthesis of lignans. (&4)-Pinoresinols (16),** (+)-[9,9.9,
9'-2H,]pinoresinols (16-d,)®', (£)-lariciresinols (17),% (£)-[9,9.9’,
9'-H,]lariciresinols (17-d,),*' (&)-secoisolariciresinols (18),3*
()-[3-OC*H;]secoisolariciresinols  (18-d5),** (4)-matairesinols
(19),%¢ (£)-[3-OC*H;]matairesinols (19-d;),*® and (+)-arctigenins
(20)**  were prepared previously. (4)-[3-OC*H;]Arctigenins
(20-d;) were prepared in the same manner as the prepara-
tion of (+)-arctigenins (20)* but with [3-OC*H;]-4-benzyloxy-3-
methoxybenzyl bromide.** (+)-Trachelogenins (21) were prepared
in the same manner as the synthesis of wikstromol®® but
with (%)-B-(3,4-dimethoxybenzyl)-y-butyrolactones prepared as
previously described,* while (4)-[3-OC*H;]trachelogenins (21-d5)
were prepared exactly as that of the unlabelled (21) but with [3-
OC’H;]-4-benzyloxy-3-methoxybenzyl bromide.**

(£)-[3-OC*H;]Arctigenins (20-d5): 6y (CDCly) 6.81 (1 H, d, J
7.8), 6.74 (1 H, d, J 8.3), 6.57-6.66 (2 H, m), 6.54 (1 H, dd, J 8.0
and 2.0), 6.46 (1 H, d, J 2.0), 4.13 (1 H, dd, J 9.2 and 7.2), 3.87
(1 H,dd, J9.2and 7.2), 3.84 (3 H, s), 3.80 (3 H, s), 2.95 (1 H, dd,
J 142 and 5.2),2.88 (1 H, dd, J 14.2 and 6.6), 2.42-2.68 (4 H, m);
m/z (El) 375.1787 (M*, 42.8%. C, H,,*H;O, requires 375.1761),
374 (0.0), 373 (0.6), 372 (0.0), 337 (9.1), 224 (10.0), 177 (25.7), 151
(100), 140 (88.6), 107 (15.7).
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(£)-Trachelogenins (21): oy (CDCl;) 6.85 (1 H, d, J 8.0), 6.79
(1H,d,J8.0),6.60-6.74 (4 H, m), 3.98-4.07 (2 H, m), 3.86 (3 H,
s),3.85(3H,s),3.85(3H,5s),3.10(1 H,d,J13.9),293 (1 H,d, J
13.6), 2.90-3.03 (1 H, m), 2.46-2.57 (2 H, m); m/z (EI) 388.1497
(M*, 88.6%. C, H,,0; requires 388.1522), 337 (16.0), 356 (8.6),
151 (100), 138 (88.0), 122 (33.4), 107 (28.6).

()-[3-OC*H;]Trachelogenins (21-d5): 6, (CDCl;) 6.85 (1 H, d,
J 8.0),6.79 (1 H, d, J 8.0), 6.60-6.73 (4 H, m), 3.98-4.07 (2 H, m),
386 (3H,5s),3.85(3H,s),3.10(1H,d,J13.7),293 (1 H,d, J
13.9), 2.90-3.02 (1 H, m), 2.47-2.59 (2 H, m); m/z (EI) 391.1691
(M*, 100%. C,,H,,*H;0; requires 391.1710), 390 (0.0), 389 (0.0),
388 (0.0), 337 (9.7), 256 (18.6), 151 (78.9), 141 (87.1), 122 (31.4),
108 (40.0).

Chemicals

p-Coumaric acid (1), caffeic acid (2), ferulic acid (3), and
sinapic acid (5) were purchased from Tokyo Chemical Industry,
Co., Ltd.; Nakalai Tesque, Co., Ltd.; Nakalai Tesque, Co.,
Ltd.; Tokyo Chemical Industry, Co., Ltd. respectively. [U-ring-
3C¢]Phenylalanine (99 atom% "*C), [U-ring-"*C,]-4-hydroxybenz-
aldehyde (99 atom% "“C), CH;O’H, LiAI’H, (98 atom% *H),
and C?H;I (99.5 atom% *H) were purchased from ICON, CIL,
CIL, Aldrich, and Aldrich, respectively. The chemicals used were
reagent grade unless otherwise stated.

Quantitative analysis of p-hydroxycinnamic acids,
p-hydroxycinnamaldehydes, p-hydroxycinnamyl alcohols, and
lignans in C. tinctorius

Preparation of standard curves. Standard curves for phenyl-
propanoid monomers (1-15) and lignans (16-21) were prepared
using unlabelled (1-21) and labelled standards (1-ds—15-d;, 16-d,,
17-d,, 18-d;-21-d;). Typically, 1.00 nmol of p-[3,5,7-*H;]coumaric
acid (1-d;) as internal standard was added to each of four 1 ml
glass microtubes (Maruemu Co. Ltd.) containing certain amounts
(0.25,0.50, 1.25, 1.80 nmol, respectively) of unlabelled p-coumaric
acid (1). After evaporation to dryness, each sample was dissolved
in N,O-bis(trimethylsilyl)acetamide (8.0 ul), heated at 60 °C
for 45 min, and an aliquot (0.8 ul) was subjected to GC-MS
measurement with selected monitoring of ions arising from TMS
ethers of p-coumaric acid (1) (m/z 308) and p-[3,5,7-*H;]coumaric
acid (1-ds) (m/z 311). Peaks at the appropriate GC retention times
were integrated, and the ratio of the ion current at m/z 308 was
divided by that at m/z 311. This ratio was a linear function of
the amount of unlabelled p-coumaric acid (1) initially added to
each microtube over the 0.25-1.80 nmol range: ¥ = 1.30X +
0.31, X = p-coumaric acid (1) (nmol), ¥ = ion current ratio of
p-coumaric acid (1)/p-[3,5,7-*H;]coumaric acid (1-d;). Standard
curves of the other compounds (2-21) were prepared as above;
caffeic acid (2), Y = 0.38X + 0.07, 0.22-1.66 nmol range; ferulic
acid (3), Y =1.02X +0.04,0.21-1.54 nmol range; S5-hydroxyferulic
acid (4), Y =2.31X + 0.31, 0.03-0.28 nmol range; sinapic acid (5),
Y =1.04X + 0.32, 0.03-0.26 nmol range; p-coumaraldehyde (6),
Y =1.04X + 0.08, 0.05-0.40 nmol range; caffealdehyde (7), ¥ =
1.09X + 0.11, 0.05-0.37 nmol range; coniferaldehyde (8), ¥ =
0.92X + 0.03, 0.05-0.34 nmol range; 5-hydroxyconiferaldehyde
9), Y =0.75X + 0.04, 0.04-0.31 nmol range; sinapaldehyde (10),
Y = 0.83X + 0.07, 0.08-0.58 nmol range; p-coumaryl alcohol

(11), Y = 0.76X + 0.07, 0.05-0.40 nmol range; caffeyl alcohol
(12), Y = 1.44X + 0.07, 0.05-0.36 nmol range; coniferyl alcohol
(13), Y =0.26X + 0.03, 0.44-3.32 nmol range; 5-hydroxyconiferyl
alcohol (14), Y = 3.96X + 0.73, 0.04-0.31 nmol range; sinapyl
alcohol (15), Y =0.72X + 0.07, 0.04-0.29 nmol range; pinoresinol
(16), Y = 2.71X + 0.73, 0.28-2.09 nmol range; lariciresinol (17),
Y =1.31X +0.36, 0.28-2.08 nmol range; secoisolariciresinol (18),
Y =0.87X + 0.14, 2.20-16.56 nmol range; matairesinol (19), ¥ =
1.09X +0.15,2.23-16.75 nmol range; arctigenin (20), Y = 1.22X +
0.16, 2.15-16.12 nmol range; trachelogenin (21), ¥ = 0.93X +
0.33, 2.15-16.21 nmol range; where X represents the amounts of
each unlabelled compound (2-21) (nmol), and Y represents the ion
current ratio of unlabelled compounds (2-21)/deuterium-labelled
compounds (2-ds—15-d;, 16-d,, 17-d,, 18-d;-21-d;), respectively.

Quantitation of p-hydroxycinnamic acids, p-hydroxycinnamalde-
hydes, p-hydroxycinnamyl alcohols, and lignans. Maturing seeds
of C. tinctorius were harvested and washed successively with tap
and distilled water. Four seeds (ca. 0.2 g, each of 5-15 DAF) were
frozen (liquid N,), freeze-dried, powdered using a mortar and
pestle, and extracted with hot MeOH (3.0 ml). Then deuterium-
labelled internal standards [15 phenylpropanoid monomers (1-d;—
15-d;) and 6 lignans (16-d,, 17-d,, 18-d;—21-d;)] were added to the
MeOH solution. The MeOH solution thus obtained was extracted
with hexane, and the hexane layer was removed. Solvents of the
resultant MeOH solution were evaporated off, and the MeOH
extracts thus obtained were treated with B-glucosidase (from
almonds, SIGMA G-0395, 68 units in 1.0 ml of NaOAc buffer
at pH 5.0) for 24 h at 37 °C. The reaction mixture was extracted
with AcOEt (0.5 ml x 3), and the solvent was evaporated off. The
extracts were dissolved in 8 ul of N,O-bis(trimethylsilyl)acetamide
(BSA), heated for 45 min at 60 °C* and subjected to GC-MS
measurement, so that phenylpropanoid monomers and lignans
present in the extracts were identified and quantified by the use of
the standard curves.

Administration experiments

Administration of *C- or deuterium-labelled compounds. [U-
ring-"*C,]Phenylalanine, p-[U-ring-"Cg]Jcoumaric acid (1-Cy),
[2,5,7-*H;]caffeic acid (2-d,), [2,5-*H;, 3-OC*H,]ferulic acid (3-d;),
[3-OC*H;]coniferaldehyde (8-d;), and [3-OC*H;]sinapaldehyde
(10-d;) (0.4 mg each) were dissolved in 0.1 M KPB buffer (pH 7.0,
400.0 pul), and incubated individually with four maturing seeds (7
and 13 DAF) for 24 h. Then, the seeds were freeze-dried, powdered
using a mortar and pestle, and extracted with hot MeOH. The
MeOH extracts were submitted to GC-MS analysis exactly as
above. The peaks on GC corresponding to phenylpropanoid
monomers [(1)—(15)], and matairesinol (19) were analyzed for *C
or deuterium incorporation.

Simultaneous administration of two distinct labelled compounds.
Three sets of simultaneous administration of two distinct
compounds {(i) [2,5-*H,, 3-OC*H;]ferulic acid (3-d5) and [U-
ring-"*Cq]phenylalanine, (ii) [2,5-*H,, 3-OC*H;]ferulic acid (3-d5)
and p-[U-ring-"Cg]coumaric acid (1-*Cy), and (iii) [2,5-*H,, 3-
OC’H;]ferulic acid (3-ds) and [2,5,7-*H;]caffeic acid (2-d;)} were
conducted. Thus, each mixture of the two compounds (0.2 mg
each) was dissolved in 0.1 M KPB buffer (pH 7.0, 400.0 pl),
and the resultant solution was incubated with four maturing
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seeds of C. tinctorius (7 and 13 DAF) for 24 h. Then, the seeds
were submitted to GC-MS analysis exactly as above.

Lignin analysis

Seed hulls of 30 seeds of C. tinctorius cv. Round-leaved White were
pulverized. The powder thus obtained was extracted three times
(1 h x 2,2h x 1) with 10 ml of ethyl ether at room temperature,
and then four times (1 h x 2, 2h x 1 and overnight) with 10 ml of
MeOH at room temperature. The extractive-free seed hull samples
were characterized by acetyl bromide,*! nitrobenzene oxidation,*
and thioacidolysis* methods. Phloroglucinol-HCI histochemical
lignin staining was done as previously described.*”*

Instrumentation

"H NMR spectra were taken with a JAM-LA400MK FT NMR
System (JEOL). Chemical shifts and coupling constants (J) were
given in ¢ and Hz, respectively. GC-MS measurement of lignans
(16-21) was performed on a JMS-DX303HF mass spectrometer
(JEOL) equipped with a Hewlett-Packard 5890J gas chromato-
graph and a JMA-DAS5000 mass data system [electron-impact
mode, 70 eV; gas chromatographic column, Shimazu HiCup CBP-
10 M25-025 (5 m x 0.22 mm); temperature, 40 °C at t = 0-2 min,
then to 230 °C at 30 °C min™'; carrier gas, He; splitless injection],
while that of phenylpropanoid monomers (1-15) was done with
a GC-MS QP5050A mass spectrometer (Shimadzu) equipped
with a Shimadzu GC-17A gas chromatograph [electron-impact
mode 70 eV; gas chromatographic column, Shimazu HiCup CBP-
10 M25-025 (20 m x 0.22 mm); temperature, 40 °C at t = 0-
2 min, then to 240 °C at 40 °C min™!; carrier gas, He; splitless
injection]. Ultraviolet (UV) spectra were recorded on a Shimadzu
UV-1600PC spectrometer.

Conclusions

In conclusion, the present study established a comprehensive and
quantitative system for the cinnamate/monolignol and lignan
pathways. This system, coupled with the administration of stable-
isotope-labelled pathway intermediates, was successfully applied
to the characterization of these pathways in C. tinctorius seeds,
indicating that ferulic acid (3) is a precursor of lignans in this
species. The results also lead to a proposition that the metabolic
flow in the cinnamate/monolignol pathway towards lignan is
much slower than that for lignin in C. tinctorius and perhaps in
plants in general.
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Hairpins are known to play specific roles in DNA— and RNA-protein recognition. Various disease
states are thought to originate from the ill-timed formation of a hairpin loop during transcription,
particularly in the context of triplet repeats which are associated with myotonic dystrophy, fragile X
syndrome and other genetic disorders. An understanding of nucleic acid folding mechanisms requires a
detailed appreciation of the timescales of these local folding events, a characterisation of the
conformational equilibria that exist in solution and the influence of point mutations on the relative
stabilities of the different species. We investigate using NMR and CD spectroscopy the structure and
dynamics of a DNA hairpin containing a highly stabilising cGNAg loop. The single-stranded 13-mer
5-d(GCTACGNAGTCGC) with N =T folds to form a hairpin structure which accommodates a C-T
mis-matched base pair within the double-stranded stem region. The hairpin is in equilibrium with a
double-stranded duplex form with the mixture of two interconverting conformations in slow exchange
on the NMR timescale (1-2 s~' at 308 K). We are able to characterise the dynamics of the
interconversion process by NMR magnetisation transfer and by CD stopped-flow kinetic experiments.
The latter shows that the hairpin folds too rapidly to detect by this method (>500 s7') and forms in a

“kinetic overshoot” followed by a much slower equilibration to a mixture of conformations (~0.13 s~

1

at 298 K). A point mutation that converts the GTA to a GAA loop sequence destabilises the
intermolecular duplex structure and enables us to unambiguously assign the various dynamic processes

that are taking place.

Introduction

Nucleic acids (DNA and RNA) can adopt a remarkable range of
structural topologies that are closely linked to biological function.
The formation of hairpin loops in single-stranded DNA (ssDNA)
isknown to play a key role in gene expression, DNA recombination
and DNA transposition.” In the case of RNA, the formation of
complex tertiary structures appears to be nucleated by local folding
events involving hairpin loops that subsequently coalesce in a
hierarchical assembly of secondary structure elements.*> However,
the kinetics are complex with evidence for parallel pathways and
slow folding processes arising from meta-stable mis-folded states.®
Although hairpins are known to play specific roles in DNA- and
RNA-protein recognition, various disease states are thought to
originate from the ill-timed formation of a hairpin loop during
transcription. DNA hairpins are generated by triplet repeats
associated with myotonic dystrophy, fragile X syndrome and other
genetic disorders.”™ An understanding of nucleic acid folding
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T Electronic supplementary information (ESI) available: Magnetisation
transfer data demonstrating the interconversion of the GTA 13-mer
d(GCTACGTAGTCGC) between the two conformational states; 1D
NMR spectra of the base H6/HS8 region of the 13-mer showing the
concentration sensitivity of the resonances from the duplex species. See
DOI: 10.1039/b616820e

mechanisms requires a detailed appreciation of the timescales of
these local folding events, of the conformational equilibria that
exist in solution and their susceptibility to point mutations. Recent
investigations have shown that flexible hairpin loops are able to
fold on timescales of the order of milliseconds to microseconds
depending on sequence length and base composition.'*'® Large
loops result in a broad transition state ensemble characterised
by a distribution of opening and closing rates that lead to non-
Arrhenius folding kinetics.”? Statistical mechanical models that
embrace multiple folding pathways and mis-folded states appear
to account for the complex kinetics.'®

A number of mini-hairpin sequences with a GNA trinucleotide
loop (N =G, A, C or T) have been reported with remarkably high
stabilities."”"® These particularly stable hairpins occur in nature
within the replication origin of both phage $X174 and herpes
simplex virus, as well as being identified within the promoter
region of phage N4 double-stranded DNA."?° The short GNA
loop folds to form a sheared G—A base pair with the unpaired
nucleotide (N) stacking on the guanine base (Fig. la and b).
The high stability appears to correlate with the presence of a
CG base pair in the adjacent flanking part of the hairpin stem
region, resulting in particularly favourable C—-G on G-A base
pair stacking within the cGNAg motif (where “c” and “g” are
the first Watson—Crick paired nucleotides in the double-stranded
stem region).”** The stabilising effects of the cGNAg loop has
enabled us to exploit this novel structural motif in the design of a
number of different hairpin sequences to study drug recognition
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Fig. 1 (a) Structure of a G-A base pair. (b) Schematic of the 13-mer
hairpin sequence containing a GTA trinucleotide loop with a T-C
mis-matched base pair in the stem region. (¢) Number scheme within
the nucleotide sequence and the alternative intermolecular duplex form
showing the contiguous alignment of 8 Watson—Crick base pairs with
overhanging 3'-ends. (d) Nucleotide sequence of the GAA hairpin and the
duplex alignment that introduces destabilising A—A base pairs into the
stem region of the duplex.

of bulged bases and mis-matched base pairs which are otherwise
highly destabilising in short double-stranded duplex DNA.»2
We describe NMR and CD studies of a single-stranded 13-mer,
5-d(GCTACGNAGTCGC), which is able to accommodate a C—
T mis-matched base pair within the double-stranded stem region
of a hairpin motif. However, a single substitution of N = A for
N = T within the GNA loop sequence produces a structurally
heterogeneous mixture of two interconverting conformations
which are in slow exchange on the NMR timescale. We are able to
characterise the conformation of these species and the dynamics of
the interconversion process by NMR magnetisation transfer and
by CD stopped-flow kinetic experiments.

Results

Conformational heterogeneity in the folding of a single-stranded
13-mer

The conformation and dynamics of a mis-matched pyrimidine
C-T base pair was examined in the context of the 13-mer 5-
d(GCTACGTAGTCGC) in which the C-T pair is accommodated
within the double-stranded stem region of a hairpin containing the
GNA loop, with N = T. "H NMR at 298 K reveals a complex set
of aromatic signals consisting of one subset of resonances with
relatively narrow line widths which are insensitive to temperature
and a second set that demonstrate considerable temperature-
dependent line broadening. The latter are poorly resolved at 288 K

but are considerably sharper at 308 K, where the resonances from
the two species have similar intensities and line widths (Fig. 2a).
In 2D NOESY and ROESY spectra we observe strong chemical
exchange cross-peaks that demonstrate that the two species are
interconverting on a relatively slow timescale.

(@) o 9

208K
288K
84 82 80 78 76 74 72 70 oippm
(b)
84 82 80 78 76 74 72 70 ippm
(©
Gy
Tio Gr2
1 T T 1
14.0 13.5 13.0 12.5
8/ppm

Fig. 2 (a) 1D NMR spectra of the base H6/H8 region of the GTA
13-mer showing the temperature-dependent changes in line widths between
288 K and 308 K. At low temperature the resonances of the duplex form
become increasingly broadened due to chemical exchange; however, at
308 K the hairpin and duplex forms appear to have similar linewidths,
and resonance intensities equating to a ~2 : 1 ratio of hairpin to duplex.
(b) 1D NMR spectra of the base H6/H8 region of the GAA 13-mer at
298 K showing a single species in solution corresponding to the hairpin
conformer. (c) Portion of the '"H NMR spectrum of the GTA 13-mer
at 288 K showing exchangeable NH resonances corresponding to the
two conformers (hairpin and duplex), but only a single hairpin species is
observed for the GAA hairpin (lower part of (c)). Throughout, resonances
for the duplex form are indicated with a bullet point (e).

The set of resonances that are sensitive to temperature also show
a sensitivity to the concentration of oligonucleotide. Although
significant exchange broadening occurs at low temperatures and
high solute concentrations (>2 mM), the broadening effects are
not evident at lower oligonucleotide concentrations (<1 mM),
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indicative of an intermolecular association process. In contrast,
the signals from the other species remain sharp and well-resolved
at all concentrations, consistent with the folding of the monomeric
13-mer around the GTA loop to form a stable hairpin motif, as
proposed in Fig. 1b. It is evident that the same sequence is also
fortuitously able to form a two-fold symmetrical intermolecular
duplex which is stabilised by the possibility of eight contiguous
Watson—Crick base pairs with 3'-overhangs (Fig. 1c). Consistent
with this hypothesis, at 288 K these two distinct species readily
account for the number of observed NH resonances between 12.5
and 14.0 ppm (Fig. 2¢). Three clearly resolved thymine N3-H
resonances are apparent between 13.6 and 13.9 ppm, which we
assign on the basis of temperature-dependent line broadening
effects and NOE data. Two of these, which show equal intensity,
arise from the duplex form of the 13-mer (T;* and T,*) and the
third from the single A-T base pair (T}) in the stem of the hairpin.
We are unable to resolve hairpin resonances for T; and T,, which
appear not to adopt stable hydrogen-bonded base pairs. This is
consistent with the exposure of T, in the GTA loop and with
T; forming at best a weakly hydrogen-bonded structure at the
T-C mis-match site. Despite the different sensitivities of the line
widths of the two species to temperature, the relative populations
of hairpin and duplex (~2 : 1 on the basis of signal intensities
in Fig. 2a) show little temperature variation, indicating that both
the Gibbs free energy is temperature-independent and that the
entropic cost of intermolecular and intramolecular assembly is
remarkably similar (AAS ~ 0).

The proposed equilibrium between hairpin and duplex could be
significantly perturbed if one or other species could be selectively
destabilised by a single point mutation in the 13-mer. This can
be achieved through a T — A substitution that converts the GTA
hairpin loop to the equally stable GAA loop while introducing
destabilising A—A mismatches in the duplex when the two strands
are aligned as shown in Fig. 1d. Alternative strand alignments
are not able to increase the number of Watson—Crick base
pairs, with the prediction that this mutation should significantly
destabilise any double-stranded conformations. This mutation has
the desired effect and totally eliminates the species attributed to
intermolecular duplex formation (Fig. 2b), leaving the hairpin
form as the only stable folded species over a wide range of
concentrations and temperatures. This considerably simplifies the
1D and 2D NMR analysis and confirms the earlier assignments.

Structure of the DNA hairpin with a C-T mismatch

The hairpin conformation has been characterised in structural de-
tail by 2D NMR using the methodologies previously described.
In NOESY spectra at 308 K, the presence of two similarly
populated interconverting species gives rise to a large number
of NOE cross-peaks further complicated by chemical exchange
effects. However, by selecting conditions where the signals from
the duplex form are significantly attenuated due to line broadening
effects and where the rate of interconversion is much reduced
(for example at <298 K), we are able to collect a complete set
of NOESY spectra essentially of only the hairpin conformer.
The base H6/HS to deoxyribose H2'/H2" region of the NOESY
spectra collected at 308 K and 298 K illustrate the degree of
spectral editing that is possible, with the duplex form becoming
essentially “silent” at 298 K (Fig. 3a). The improved resolution has

enabled us to obtain a near-complete assignment and quantitative
analysis of NOE intensities over a range of mixing times to
generate distance and torsion angle restraints. Similar spectra
are obtained on dilute samples where the duplex form is not
significantly populated; however, the signal-to-noise ratio in this
case does not permit the same detailed level of analysis.

The overall fold of the hairpin is evident at a more qualitative
level on the basis of key patterns of NOE connectivities. The
conformation of the 5-GTA loop is characterised by a number of
features previously described in our work and that of others, 7182325
The deoxyribose H4' of the loop thymine (T,) undergoes a ~2 ppm
upfield shift as a consequence of the stacking of the thymine
base on the sheared G-A base pair. The pattern of NOEs readily
identifies this resonance in this unusual environment. The H2'
of C5 also undergoes a ~0.6 ppm upfield shift through stacking
interactions associated with the G-A base pair. The observation
of anti-glycosidic torsion angles is consistent with the formation of
a sheared G—-A base pair, as originally proposed by Hirao ez al.'™'®
The guanine imino resonance, which is not utilised in hydrogen
bonding in the purine—purine pair, is visible at ~10.7 ppm and
broadens considerably above 303 K. The turn geometry results
in the thymine base stacking primarily with the guanine of the
G-A pair. This is evident from either very weak, or from the
absence, of sequential NOE connectivities between the T and A
bases/sugars within the GTA loop; however, the corresponding
cross-peaks are visible on the 5'-side across the GpT step, defining
the geometry and base stacking arrangement within the GTA loop.
The T-C mismatch site shows that both pyrimidine bases appear to
be accommodated within the double-stranded stem region of the
hairpin. We observe no deviation of the pattern of sequential NOE
intensities from those expected for normal double-stranded DNA
(Fig. 3a). NOE cross-peaks from the pyrimidine base protons to
neighbouring base and sugar protons suggest that the two bases
are accommodated within the base stack rather than displaced
into more solvent- exposed positions. A cross-strand NOE from
A4H?2 to CI11HI’ further confirms the intrahelical stacking of
C11. The absence of a clearly resolved T; NH seems to preclude
the formation of a stable hydrogen-bonded T-C pair. A broadened
resonance is evident at 11.5 ppm, which we tentatively assign to
the T3NH in a weakly hydrogen-bonded environment.

NOESY spectra collected in both H,O and D,O solutions
allowed us to assimilate 213 NMR-derived distance and torsion
angle restraints as a basis for generating an ensemble of structures
using NOE-restrained molecular dynamics (MD) simulations
(Fig. 4). Following previously reported equilibration protocols,*?
the hairpin was subjected to 1 ns of fully restrained dynamics at
300 K using an explicit solvent model using the AMBER package
(v6). The NOE data, and indeed the calculated structures, show
that the mis-matched T-C base pair is readily accommodated
within the base stack of the hairpin stem region (Fig. 4). The
structure was also subjected to a further 1 ns of unrestrained
MD using the same protocol to investigate the stability and
dynamics of the T-C base pair. Pseudo hydrogen-bonding force
constants were calculated for each base pair, as described by
Hirst and Brooks (Fig. 4¢).¢ The T-C pair shows a considerably
reduced force constant in unrestrained simulations, compared
with other Watson—Crick base pairs in the stem region of the
hairpin, demonstrating large deviations from an ideal stable
hydrogen-bonded structure that are consistent with the absence
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Fig. 3 2D NOESY data collected for the GTA 13-mer at (a) 298 K and (b) 308 K illustrating the same base H6/HS8 to deoxyribose H2'/H2" region.
In (a), signals from the duplex are sufficiently broadened that only NOE cross-peaks for the hairpin are visible. Labels indicate the positions of the base
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of a clearly resolved T; NH resonance in the experimental NMR
data.

Assignment of the duplex form of the 13-mer

We are unable to identify a unique set of experimental conditions
under which only the duplex form is populated which would
permit a detailed structural analysis. The NOESY spectra at
308 K (Fig. 3b) show both species to be equally populated. A
combination of the pattern of NOE connectivities and chemical
exchange effects (Fig. 3c), which enable us to transfer the
assignments from the hairpin form to that of the duplex, have
enabled us to assign the majority of base H6/HS8 and deoxyribose
H1" and H2'/H2" resonances in the duplex form. Comparison of
base proton H6/HS8 chemical shifts shows that there are some
significant differences between the two structural environments
(A0 = 0.3-0.4 ppm), particularly for nucleotides close to the GTA
hairpin loop (notably G6 and G9; Fig. 3d).

Folding and unfolding kinetics from magnetisation transfer studies

The slow switching that we observe by NMR between the hairpin
and duplex forms has enabled us to determine the rate of
interconversion (folding/unfolding kinetics) using magnetisation
transfer methods through selective resonance inversion using a
180° Gaussian-shaped on-resonance pulse.?”?® We are unable to
observe signals for the single-stranded form, demonstrating that
it is significantly higher in energy (meta-stable state) than either
the duplex or hairpin, approximating the kinetics to a two-
state model. At 308 K several pairs of well-resolved resonances
corresponding to the two structured environments were selected
for study (A4 H8 and T7 H6). The data for A4 H8 are shown
in Fig. 5, where the recovery of the intensity of the inverted
resonance for the duplex form at 8.23 ppm is shown together
with magnetisation transfer effects on the corresponding signal for
the hairpin conformer. In each case the data fit well to a double
exponential with a random distribution of residuals which enables
us to determine the respective rate constants for hairpin — duplex
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Fig. 4 Structure of the hairpin conformation of the GTA 13-mer
d(GCTACGTAGTCGC) generated using NMR-restrained molecular
dynamics simulations. (a) Energy-minimised mean structure of the hairpin
showing the geometry of the GTA loop and the internal stacking of the
mis-matched T-C base pair; the geometry of the T-C base pair is shown
in the inset. (b) Ensemble of 10 NMR restrained structures of the hairpin
derived from molecular dynamics simulations (snap shots taken during the
final 100 ps of a 1 ns simulation; pairwise RMSD 0.89 A). (c) Calculated
average hydrogen-bonding force constants within each base pair.
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Fig. 5 Magnetisation transfer data at 308 K demonstrating the inter-
conversion of the GTA 13-mer d(GCTACGTAGTCGC) between the two
conformational states (see inset schematic) following the inversion of A4
HS for the duplex form at 8.23 ppm. Open symbols represent the recovery
of the inverted peak (duplex) and closed symbols the intensity of the signal
for A4 HS8 in the hairpin conformer (8.28 ppm). The data show in each
case the best fit to a double exponential with good agreement between
relaxation constants for each curve (4, = 2.79 s and 4, = 9.89 s~! (0J);
A =2.57s"and 4, = 10.01 s' (@)), and with data for T7 H6 (not shown).

(kup) and duplex — hairpin (kpy) at 308 K as being 1.1 £ 0.3 s7*
and 2.4 4+ 0.6 s7' respectively (£standard deviation from four

data sets), giving an equilibrium constant K., = kpy/kyup ~ 2.2.
The rate of interconversion is at least three orders of magnitude
slower than reported for the folding of isolated hairpins from a
single strand,>'** but consistent with rates of conformational
interconversion between two hairpin forms.*

Thermal, equilibrium and stopped-flow CD studies of hairpin
folding

Previous kinetic studies of the fast dynamics of hairpin folding
(2 1 ms) have required T-jump and fluorescence correla-
tion spectroscopic methods to provide the necessary fast time
resolution.' The stopped-flow rapid mixing approach using far-
UV CD detection is typically limited by instrumental dead times
(> 2 ms) that reflect the mechanics of rapid dilution of buffer
solutions. Initially we examined the hairpin unfolding transition
by CD on a 6.0 uM sample in 10 mM phosphate buffer at pH 7.0.
The thermal unfolding transition was monitored at 277 nm and
gave a sigmoidal unfolding curve with a T, of 52 °C and an
enthalpy of unfolding of 104 (£5) kJ mol™'. Parallel melting
studies with the GAA hairpin analogue suggests that the loop
substitution of T for an A increases the stability by 3 °C. Chemical
denaturation with GdmCl (0-8 M) produced similarly large
changes in ellipticity at 250 and 280 nm; however, denaturation
was less clearly associated with a sigmoidal transition. Thus,
under equilibrium conditions, we observe significant changes in
ellipticity as a function of denaturant concentration. The time-
dependence of these changes in ellipticity upon rapid dilution
from highly denaturing conditions (8§ M GdmCl) was investigated
by stopped-flow CD measurements.

Although we expected the rate of hairpin folding to be fast,
surprisingly, we were able to detect time-dependent changes in the
CD spectrum using stopped-flow methods.?! Rapid 10 : 1 dilution
of denatured 13-mer in § M GdmCl into different refolding
buffers enabled refolding data to be collected over a range of
final denaturant concentrations between 0.7 and 5.3 M GdmCl
at 298 K. The data in Fig. 6b show the change in ellipticity for
refolding into 1.6 M GdmCl. The ellipticity initially increases, as
predicted by the equilibrium unfolding studies, but with a rate
constant too fast to measure (>500 s~") on our instrument (dead-
time ~2-3 ms). However, a subsequent decay (relaxation) process
occurs which is much slower and fits to a single exponential with
a rate constant of 1.8 £ 0.04 s~'. Kinetic traces for refolding at
higher denaturant concentrations (up to 4 M GdmCl) also give
rise to the same single exponential decay following the initial rapid
increase in ellipticity; however, the amplitude of the slower process
decreases and is not detectable at [GdmCI] > 4 M. The data at
5.3 M (Fig. 7a) demonstrate that all spectroscopic changes are
over within the dead-time of the instrument. The logarithm of
the rate constant varies linearly with [GdmCI] < 4 M, enabling
an extrapolated rate constant to be determined in water alone of
0.13 s~' under the conditions and final concentrations employed
(Fig. 7b).

At higher concentrations of denaturant the duplex could be
preferentially destabilised such that this slow equilibration process
is no longer visible. To test this hypothesis we also examined
the stopped-flow kinetics of the GAA hairpin, which is unable
to form significant populations of the duplex form even at
millimolar concentrations. The data were collected under identical
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Fig. 6 (a) CD spectra of the GTA 13-mer at 298 K and 100 mM
NaCl/10 mM phosphate buffer at pH 7.0 and oligonucleotide concen-
tration of 6.5 uM showing the change in ellipticity as a function of
the concentration of the denaturant guanadinium chloride (GdmCl).
The minimum at 255 nm and maximum at 280 nm are characteristic
of double-stranded DNA. The intensity at both wavelengths decreases
uniformly with denaturant concentration as the single-stranded form
becomes populated. (b) Stopped-flow kinetic data for the folding of the
hairpin monitored by circular dichroism spectroscopy. Data were collected
at 298 K following 1 : 10 mixing, resulting in dilution of denaturant from
8 M GdmCl to 1.6 M. The ellipticity increases rapidly within the dead-time
of the experiment (~2-3 ms), as predicted by the equilibrium unfolding
studies, but with a rate constant too fast to measure. The subsequent decay
is much slower and fits to a single exponential process with a rate constant
of 4 s7'. The residuals from the subtraction of the single exponential fit to
the data points are shown in the inset. The double-headed arrow represents
the net change in ellipticity, which is in good agreement with the difference
in equilibrium intensities shown in (a).

conditions and suggest the same rapid formation of hairpin
in the dead-time of the instrument; however, now there is no
evidence for the subsequent slow equilibration process. We are
led to the conclusion that GdmCl is much less effective at
denaturing oligonucleotides than it is proteins. The lack of a well-
defined sigmoidal denaturation curve supports this conclusion,
suggesting that we have a mixture of species in solution even at low
solute concentrations. The high ionic strength of GdmCl appears
to balance the effects of chemical denaturation with cationic
stabilisation, resulting in the duplex being populated at solute
concentrations as low as 6 uM. High salt concentrations are known
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Fig. 7 (a) Stopped-flow kinetic data at final denaturant concentrations
of 1.6 M and 5.3 M GdmCl. The ellipticity in the latter case is arbitrarily
shifted to improve visibility; however, although the ellipticity increases
rapidly within the dead-time of the experiment, we no longer detect the
slow decay process. (b) Dependence of the rate constants for the decay
process on the denaturant concentration derived from a single exponential
fit to kinetic data collected at [GdmCI] < 4 M. The extrapolated rate of
duplex formation in water at 298 K and at 6.5 uM concentrationis 0.13s7".
Data collected under the same conditions for the GAA 13-mer do not show
the slow equilibration phase at any final concentration of denaturant.

to lead to faster rates of renaturation because nucleation is more
likely to occur when charged phosphate groups are shielded. Our
observations show that the rate constants associated with the slow
folding phase increase with GdmCl concentration, demonstrating
the balance between the renaturing effects associated with the
guanidinium cation and ultimately its denaturing capacity at high
concentrations that results in the elimination of the slow kinetic
phase at >4 M GdmCl.

The other intriguing aspect of the data shown in Fig. 6b is
that the slow phase is associated with a decay process (decrease in
ellipticity) after the initial increase in ellipticity following fast for-
mation of the hairpin. Thus, we appear to observe an initial “over-
shoot” in which rapid over-population of the hairpin structure
occurs under kinetic control. This is followed by a second slower
equilibration process to establish thermodynamic equilibrium (see
Fig. 8). This initial over-shoot has been identified in the context
of the formation of single-stranded DNA quadruplex structures
where either the parallel or anti-parallel fold could become over
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Fig.8 Summary of the kinetic processes taking place in stopped-flow CD
experiments on the GTA 13-mer. Fast hairpin folding occurs (>500 s™")
under kinetic control, which is too fast to characterise by stopped-flow
methods, followed by slow equilibration in which hairpin-duplex inter-
conversion enables thermodynamic equilibrium to be established. This
slow decay phase represents a kinetic “over-shoot” where the hairpin is
overpopulated in the first folding event.

populated in T-jump experiments, with the system subsequently
evolving to reach the new equilibrium.*?> Similar effects have
been observed in the formation of helical peptides where rapid
propagation appears to follow nucleation leading to an initial
ellipticity higher than that observed at equilibrium, followed by
a relaxation to a more dynamic structure with flexible N- and
C-termini.*

Conclusions

Mini-hairpin motifs of the type cGNAg have been shown to
impart remarkably high hairpin stabilities to relatively short
oligonucleotide sequences with a T, of 72 °C reported for
sequences as short as a heptamer."'® We have exploited this
stabilising motif in the design of sequences to probe the structure
and thermodynamic stability of hairpins carrying bulged-bases
of mis-matched base pairs, and have investigated the interaction
of drug molecules with these sequences.*?* In this work we
have investigated the conformational dynamics of introducing
a T-C mis-match within the stem region and have shown that
the choice of loop sequence (GTA versus GAA) can result in
the conformational equilibrium between competing hairpin and
intermolecular duplex formation. The rate of interconversion of
these conformers has been investigated by magnetisation transfer
NMR experiments and by stopped-flow CD spectroscopy. In
the latter case, hairpin formation appears to be too rapid to
detect directly due to instrumental limitations, in agreement with
the measurements of others.'>'® However, we observe a novel
initial over-population of the hairpin in a kinetically controlled
process, and subsequent slow re-equilibration to thermodynamic
equilibrium where some double-stranded duplex appears to be
populated. Although hairpins are known to play specific roles in
DNA- and RNA-protein recognition, various disease states are
thought to originate from the ill-timed formation of a hairpin loop
during transcription, particularly in the context of triplet repeats
associated with myotonic dystrophy, fragile X syndrome and other
genetic disorders.”™ An understanding of nucleic acid folding

mechanisms requires a detailed appreciation of the timescales of
these local folding events, of the conformational equilibria that
exist in solution and their susceptibility to point mutations.

Experimental
Materials

Oligonucleotides were synthesised by standard solid-phase meth-
ods and purified by reverse-phase HPLC. 2D NMR data were
collected at 600 MHz using standard pulse sequences and oligonu-
cleotide samples in the concentration range 0.5-2.0 mM in 10 mM
phosphate buffer at pH 7.0 and at various [NaCl] in the range
0-150 mM.

NMR experiments and molecular modelling

Magnetisation  transfer experiments followed reported
methodologies”™ and employed a selective inversion pulse
with an excitation band width of 20-30 Hz optimised to
minimise spill-over effects to adjacent resonances. For structural
modelling, a total of 213 restraints (137 NOE distances, 65
torsion angle restraints and 11 hydrogen-bonding restraints) were
employed. Derivation of the interproton NOE distance restraints
have been described previously.?®* Torsion angle restraints were
estimated using high-resolution DQF-COSY data, analysis
of coupling constants from 1D spectra and examination of
NOESY-determined distances incorporating sugar protons.*
Hydrogen-bonding restraints between bases were included
when imino resonances showed slow exchange rates. Molecular
dynamics simulations were performed using the AMBER 6.0
suite of programs (http://amber.scripps.edu/doc6/install.html)
and explicit solvation models, as previously described.®* The
starting structure was generated by combining an idealised
duplex structure, obtained from the NUCGEN program within
AMBER 6.0, with an existing GTA loop motif. This structure
was subsequently edited using the LEaP module within AMBER
and was allowed to fully equilibrate before restrained molecular
dynamics simulations were performed. The restraints were
gradually applied in the form of square well potentials with
a force constant of 20 kcal mol~' A2 over a period of 150 ps
as the temperature was raised from 100 to 300 K. Restrained
molecular dynamics, incorporating all 213 restraints, was then
performed for 1 ns. This was followed by the removal of the
restraints and a further 1 ns of unrestrained dynamics. Analysis
of the autocorrelation function revealed that the structure was
judged to be stable during the last 200 ps of the run. As a result,
1 ps snapshots from the last 200 ps of restrained dynamics
were taken to generate an ensemble of hairpin conformations
displaying a pairwise RMSD of 0.89 A for all heavy atoms. The
final energy-minimised structure only violated 3 restraints >0.5 A
(but less than 0.9 A). These violated restraints corresponded
to weak cross-strand NOEs. Structural analysis was performed
using the CARNAL module of AMBER 6.0, and the structures
were displayed using MOLMOL.*

Hydrogen bonding was analysed in terms of pseudo force
constants, as described by Hirst and Brooks.” This method
of analysis uses a quasiharmonic approximation to examine
relative stabilities. Large deviations from ideal hydrogen-bonding
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distances give rise to small weak force constants, whereas small
deviations give rise to large stable force constants. The calculated
value for the T-C pair from unrestrained MD simulations shows
that the hydrogen-bonded T-C conformation is not particularly
stable (see estimated force constants in Fig. 4).

Kinetic experiments by CD

CD stopped-flow experiments were performed on an Applied Pho-
tophysics PiStar spectrophotometer and employed rapid mixing
methods to trigger the folding of the 13-mer. The temperature
was regulated using a Neslab RTE-300 circulating programmable
water bath. Stocks of the 13-mer oligonucleotide were prepared
(50 uM in 10 mM phosphate buffer, 100 mM NaCl and 8§ M
GdmCl at pH 7.2) and rapidly diluted 10-fold with the same
buffer containing variable concentrations of denaturant. Rapid
dilution lead to a final oligonucleotide concentration of 4.55 uM
and denaturant concentrations in the range 0.73-5.27 M. Kinetics
were monitored at 4,,,, = 281 nm, and data were recorded for up
to 10 s with 3-5 traces averaged.
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Expanding on our earlier building block architecture [(MeO),CH-Linker—Pro-X-NHNH, where X =
Phe, Cha], we have produced a series of new pseudo-dipeptides [(MeO),CH-Linker—Pro-X-NHNH,
where X = Val, Leu, Ile, Ala] for use in hydrazone-based dynamic combinatorial libraries (DCLs);
reverse order analogues [Phe-Pro and Val-Pro] and two enantio-analogues [Pro-Phe and Pro-Val] were
also prepared. The behaviours of these building blocks in DCLs, as single components and in mixtures,

were studied systematically using HPLC and mass spectrometry in order to gain insight into the
relationship between building block structure and good library diversity. Subtle changes in building
block structure lead to significant changes in library distribution and in the ability to produce diverse

libraries in mixtures.

Introduction

Dynamic Combinatorial Chemistry is a powerful approach for the
discovery of new functionally successful receptors and ligands.! Its
key feature is the dynamic combinatorial library (DCL), in which
each library member is assembled from building blocks that bond
reversibly to one another under specific reaction conditions. As a
result of this reversibility, library members can interconvert to give
a distribution that is under thermodynamic control. Addition of
a guest or template molecule that can selectively recognise at least
one receptor in the library will increase the concentration of that
host at the expense of poorly binding members of the library.>*
The successful host is then isolated, identified and studied. Such
systems demonstrate amplification of molecules with the desired
properties in a manner that is reminiscent of the mammalian im-
mune system. Perhaps the most remarkable example of the power
of dynamic combinatorial chemistry to uncover new receptors
is our unexpected discovery of a catenane that is amplified by
acetylcholine chloride from the simple hydrazone DCL generated
from a pseudo-dipeptide building block.? If this approach is to
achieve its full potential, we need both a diverse library in order to
maximise the probability of finding successful structures and an
understanding of the relationship between building block structure
and DCL behaviour.

Hydrazone exchange is one of the most successful reactions used
so far in dynamic combinatorial chemistry.’*® A hydrazone link-
age is formed from the acid-catalysed condensation of a hydrazide
and an aldehyde. Hydrazone bonds are readily broken and formed
under acidic conditions, making the process reversible, while
neutralisation yields stable, isolable products. These conditions
are compatible with molecular recognition events that are capable
of influencing the equilibrium distribution of products, provided

University Chemical Laboratory, Lensfield Road, Cambridge, CB2 1EW,
UK. E-mail: jkms@cam.ac.uk; Fax: +44 1223 336017; Tel: +44 1223
336411

that all the components of the library and the template are stable
under acidic conditions.

Few principles for the design of successful building blocks have
emerged. Many factors need to be addressed when designing a
bifunctional building block, such as solubility, rigidity/flexibility
and suitable molecular recognition sites. Excessive rigidity may
limit the diversity of the library members, favouring the formation
of a single product or giving self-sorting in mixed libraries.**
Conversely, building blocks with excessive flexibility may lead to
internal cyclisation. Previously, we reported the DCL behaviour
of a pseudo-dipeptide building block, pPF, which contains a para-
substituted aromatic spacer (p), L-Pro (P) and L-Phe (F). The
untemplated library produced from pPF has been successful at
generating diversity. This may result from the Pro enforcing a
degree of curvature, while the remainder of the structure gives
flexibility.®

Itis not obvious what structural changes to a building block will
have a subtle or dramatic effect on the diversity of a DCL. One
can imagine several possible scenarios in a DCL containing a
mixture of building blocks. At one extreme they could form
mixed products present in a statistical distribution with all the
products having very similar geometries and properties. At the
other extreme, geometrical incompatibilities could lead to self-
sorting.'*** We have therefore investigated the effects of varying
the amino acids, their chirality and the order in which they appear
in the building blocks to explore the diversity of the resulting
DCLs. Herein, we report how the composition of DCLs derived
from these various building blocks, as single components and in
mixtures, produces libraries of varying diversity. The composition
of the library members in these DCLs has been determined by
LC-MS, while MS-MS was used to elucidate the sequence of the
constitutional isomers from mixed libraries."* This investigation
focuses purely on analysing the diversity of the library, so not
all library members were isolated for full characterisation; in
a practical library one is usually interested only in successfully
amplified species. Templating results from these new building
blocks will be reported elsewhere.
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Table 1 Summary of building blocks

Name Amino acid | (AA,) Amino acid 2 (AA,) Overall yield
pPF L-Pro L-Phe 43% (ref. 6)
pPC L-Pro L-Cha 68% (ref. 6)
pPL L-Pro L-Leu 62%

pPV L-Pro L-Val 49%

pPI L-Pro L-Ile 45%

pPA L-Pro L-Ala 45%

pFP L-Phe L-Pro 68%

pvP L-Val L-Pro 39%

p-pPF  D-Pro D-Phe 43%
p-pPV  D-Pro D-Val 49%

Results and discussion
Syntheses of building blocks and preparation of DCLs

The structural variations made to the building blocks were
restricted to the hydrophobic amino acids to ensure solubility
in a single solvent system. Using the pPF building block as our
model, the modifications explored consist of exchanging Phe for
Val, Leu, Ile and Ala, as well as varying the order of the Pro
amino acid between the first and second position. Enantiomeric
building blocks, D-pPF and p-pPV, and a mixed chirality building
block, LD-pPF, were also prepared; however, all DCLs prepared
using the LD-pPF building block suffered precipitation problems,
preventing further studies. Fig. 1 shows the general structure of
the building blocks, while Table 1 summarises the building blocks
explored and identifies the nomenclature used throughout.

()

o]

NHNH,

MeO

OMe

Fig. 1 General building block structure, where AA, and AA, are defined
in Table 1.

The building blocks were prepared as shown in Scheme 1.
The general procedure involved the EDC coupling of CBZ-
protected amino acid 1 with amino acid 2 methyl ester. This was
followed by the deprotection of amino acid 1 via Pd/C-catalysed
hydrogenation. The amine of the dipeptide was then coupled to 4-
carboxybenzaldehyde dimethoxyacetal (nDMA) using EDC, once
again. The final product was obtained by hydrazinolysis of the
dipeptide methyl ester, giving an overall yield that varied between
39 and 68%.

The DCLs were prepared in a CHCL,-DMSO (97 : 3 v/v)
solution containing a total building block concentration of 2 mM;

Table 2 Building block families

OH
i
+ — NH
N\ © HoN OMe EH
CBZ 3 N OMe

0]

i i
— NH —_—
m OMe s
NH o o

OMe
NH NH
m OMe EH NHNH,
N 0 0 N 0 0
o v 0
MeO MeO

—
OMe OMe

Scheme 1 Syntheses of building blocks using pPL as an example, where
amino acid 1 is L-Pro and amino acid 2 is L-Leu. Reagents and conditions:
(i) EDC, DMAP and Et;N in dry CH,Cl,, inert atmosphere, 90-96%.
(i1) 5% Pd/C and H, in MeOH, quantitative. (iii) EDC, DMAP and Et;N
in dry DCM, inert atmosphere, 54-88%. (iv) NH,NH,-H,O in MeOH,
63-87%.

TFA (100 mM) was used to initiate hydrazone exchange. The
solution was stirred at room temperature for 4 days, at which point
thermodynamic equilibrium was reached. Control experiments
were performed to confirm that DCLs were under thermody-
namic control. The library members were separated using HPLC
(UV = 290 nm) and identified using electrospray ionisation
mass spectrometry (ESI-MS) and MS-MS to distinguish between
constitutional isomers.

Product distributions in libraries of single building blocks

These DCLs gave relatively simple distributions dominated by
macrocyclic dimers, trimers and tetramers. The overall distribu-
tions fell into four structure-related families (Table 2). Building
blocks forming the first family contain a Pro residue as amino
acid 1 and a secondary B-carbon on the side chain of amino acid
2. The building blocks pPF, pPC and pPL make up this family,
producing similar distributions of dimers, trimers and tetramers,
as exemplified by the chromatogram of pPF in Fig. 2a. The second
family consists of two building blocks, pPV and pPI, which possess

Family Building blocks AA, Side-chain properties Library composition

1 pPF, pPC, pPL 2° B-Carbon Dimer ~ trimer ~ tetramer
2 pPV, pPI 3° B-Carbon Tetramer

3 pPA 1° B-Carbon Trimer > dimer

4 pFP, pvVP Reverse order amino acids Trimer > dimer

This journal is © The Royal Society of Chemistry 2007
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Fig. 2 HPLC traces of DCLs (a) pPF (F), (b) pPV (V), (c) pPA (A) and
(d) pFP (). The subscript denotes the number of building blocks in each
oligomer.

tertiary f-carbons on the side chains of amino acid 2 and strongly
favour the formation of tetramers, although dimers and trimers
are also detected (Fig. 2b). The corresponding building block with
a primary B-carbon on amino acid 2, pPA, favours the formation
of the trimer, with a modest proportion of dimer also observed
(Fig. 2¢); however, low solubility prevented studies of this building
block in mixed libraries. The DCLs from the reverse peptide
sequence building blocks, pFP and pVP, form trimers as the dom-
inant product, with small amounts of other oligomers (Fig. 2d).

Whether the composition of the library from the first and
second families resulted from stabilisation of the tetramer by
intramolecular interactions or from steric destabilisation of the
smaller oligomers is unclear. The much greater dominance of
tetramer in the second family actually reflects a rather small
energetic difference from the first family.

Mixing building blocks from the same family

As indicated above, pPF and pPC behave similarly in single
building block libraries. When mixed in a DCL, these two building
blocks combine in a statistical manner. As can be seen in Fig. 3a,
three dimers, four trimers, and five tetramers are found. The
statistical and observed ratio of possible dimers, pPF, : pPF-pPC :

Vel

0 5 10 15 20 25 30 min

Fig. 3 HPLC traces of DCLs (a) pPF (F) + pPC (C) and (b) pPV (V) +
pPI (D).

pPC,, is 1 : 2 : 1, and likewise the distributions of trimers and
tetramers are foundtobe 1:3:3:1and 1:4:6:4: 1, respectively.
The overall distribution of dimers, trimers and tetramers in general
agrees with the distribution from the single building block libraries.
Comparable diversity was also observed for the mixed DCL of
pPV and pPI (Fig. 3b).

Mixing building blocks from different families

When building blocks of different families are mixed, the overall
product distributions of the DCLs are unpredictable. The mixed
DCL of pPF and pPV contains a broad distribution of oligomers
that is dominated by mixed tetramers (Fig. 4). Two of the mixed
tetramer constitutional isomers, pPF-pPF-pPV-pPV and pPF-
pPV-pPF-pPV, are well separated and distinguished by their MS-
MS fragmentation patterns (Fig. 5). The first-eluted tetramer (18.5
min) fragments into three distinct dimers, pPF—pPF, pPF—pPV
and pPV-pPYV, in an approximate 1 : 2 : I ratio, strongly suggesting
the cyclic oligomer sequence of pPF-pPF—pPV—pPV (Fig. 5a).
The second tetramer (19 min) produces only pPF—pPV fragments,
consistent with the pPF—pPV—pPF-pPV sequence (Fig. 5b).

0 5 10 15 20 25 30 min

Fig.4 HPLC trace of pPF (F) + pPV (V).

A mixture of the pPF and pFP building blocks results in a
DCL with a distribution of both homo- and hetero-oligomers.
Using LC-MS to compare retention times from the pure libraries,
the dimers plus the homo-trimers and -tetramer were assigned
(Fig. 6a). However, the composition of the hetero-oligomers
cannot be identified using MS alone since pPF and pFP have
identical molecular weights. To overcome this problem, pPC was
used as a pPF replacement and MS marker. The mixed library of
pPC and pFP shows a product distribution of mainly self-sorting
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Fig. 5 MS and MS-MS of constitutional isomers of pPF,—pPV, (F,V,)
tetramers: (a) MS from LC peak at 18.5 min (inset: MS-MYS); (b) MS from
LC peak at 19 min (inset: MS-MS).
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Fig. 6 HPLC traces of DCLs (a) pPF (F) + pFP (), (b) pPC (C) + pFP
(9) and (¢) pPV (V) + pFP (¢).

homo-dimers, -trimers and -tetramers, with only trimers showing
any mixing (Fig. 6b). This distribution differs from that of the
mixed library of pPF and pFP. Therefore, when the order of the
amino acids is changed Phe and Cha are not interchangeable, as
was the case for the mixed library of pPF and pPC. This obser-
vation presumably results from inter-building block interactions
that are only accessible in the mixed-order macrocycles. Similarly,
the HPLC trace from the mixed library of pPV and pFP reveals
the presence of homo-dimers, -trimers and -tetramers, as well as
hetero-trimers and -tetramers, while the hetero-dimer is absent
(Fig. 6¢).

DCLs of mixed L- and D-amino acid based building blocks

The DCL of the p-pPF building block alone behaves identically
to pPF, as expected. The mixed DCL of these two building blocks
shows a large bias towards trimers, while the tetramers are present
minimally (Fig. 7a). The homo-dimers and the mixed (meso)
dimer are also seen in this library. Further characterisation of
the diastereomeric trimers was frustrated by lack of resolution of
these oligomers in the chromatogram combined with the identical
masses of the building blocks. In order to overcome this problem,
pPC was introduced as the pseudo-enantiomer to pD-pPF.” Since
these two building blocks are from the same family, pPC and pPF
may be interchangeable.

Al
Trimers

Fo Al
Tetramers
—

0 5 10 15 20 25 30 min

Fig.7 HPLC traces of DCLs (a) pPF (F) + p-pPF (®) and (b) pPC (C) +
D-pPF (D).

The DCL obtained from the mixture of p-pPF and pPC shows
the resolution of the trimers and confirms the presence of a
very small abundance of tetramers (Fig. 7b). The four possible
trimers are present in a statistical proportion. This implies that
the amplification of trimers in the racemic pPF library occurs
because the mixed tetramers are in effect suppressed by their lack
of stability relative to the trimers.

Similar experiments were performed by mixing p-pPV and pPV
(Fig. 8a). The chromatogram reveals the presence of both homo-
and hetero-dimers, -trimers and -tetramers. The mixed trimer (13.5
min) is more than three times as abundant as the homo-trimer (15
min), which indicates the preference for the mixed trimers. Once
again, in order to elucidate the structure of the mixed oligomers
the pPI building block was used as the pseudo-enantiomer to D-
pPV, and again the mixed trimers are formed at the expense of the
homo-trimers (Fig. 8b).

The final investigation into the effects of chirality on the
diversity of a DCL was explored by mixing a D-building block with
one L-building block from a different family. A total of six DCLs
were examined, where the first three contained p-pPF plus one of
pPV, pPI or pFP, and the final three contained D-pPV plus one
of pPF, pPC or pFP. Generally, self-sorting is more pronounced
in these DCLs compared to those of the same chirality. For
example, the resulting chromatogram from mixing p-pPF and
pPV shows the presence of a much lower abundance of mixed
oligomers (Fig. 9) compared with the DCL from the pPF and pPV
mixture (Fig. 4). The resulting DCLs from the enantiomeric and
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Fig.8 HPLC traces of DCLs (a) pPV (V) + D-pPV (Y) and (b) pPI (I) +
p-pPV (Y).
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Fig. 9 HPLC trace of DCL of pPV (V) + D-pPF (D).

pseudo-enantiomeric building blocks are examples of how DCLs
operate to optimise the free energy of the entire system.

Conclusions

Working from the starting point of an established building block,
pPF, systematic alterations to its structure were made to produce
DCLs with a view to producing greater diversity. A change to
pPF such as substituting the Phe residue with Cha (pPC) does
little to affect the behaviour of the building block. Indeed, in our
experiments, the building blocks pPF and pPC produce similar
product distributions with each other as they do with themselves.
More dramatic changes in the behaviour of the DCLs are achieved
by making changes that are more significant to the building block
structure. For example, substitution of the Phe for Val (pPV)
changes the distribution of library members significantly. A single
building block library of pPV strongly favours the formation of
tetramer as opposed to the relatively even distribution of dimer,
trimer and tetramer seen with pPF. A mixed DCL of pPF and
PPV favours the formation of mixed species, and the resulting
constitutional isomers were identified by MS-MS.

The effects on library diversity when the chirality of the amino
acid residues is mixed were also investigated. Both L- and p-pPF
have a broadly even distribution of dimers, trimers and tetramers
when equilibrated on their own although, when mixed, the two
possible hetero-trimers are strongly favoured.

This study illustrates how relatively simple changes in the
composition of an established pseudo-dipeptide building block
can be used to produce subtle or major changes in the product
distributions of hydrazone DCLs. The observed variation in
macrocyclic product distributions at equilibrium reflects subtle
and as-yet unidentified differences in thermodynamic stability. In
principle this might be explored by molecular modelling, but the
energy differences observed appear to be too small to allow reliable
conclusions to be drawn. From a practical perspective, in searching
for amplification of new receptors, it will clearly be necessary to
explore a range of building block mixtures in order to explore as
many potential receptors as possible.

Experimental
General

Analytical HPLC was carried out on either an Agilent 1100 or
1050 instrument coupled to a UV analyser, set to 290 nm with a
reference wavelength of 550 nm, at 45 °C. The data was processed
using HP Chemstation software. All separations were performed
using H,O-acetonitrile gradients, which were adjusted according
to the polarity of the libraries. A 5 pL library solution was
injected and pumped through a symmetry C,3 column (25.0 cm X
4.6 mm, 5 pm) at a flow rate of 1.00 mL min~'. Preparative scale
isolation was performed using a Nucleodur C 4 preparative column
(25.0 cm x 2.1 cm, 100 A5 um) with a Nucleodur C,s guard
column (5.0 cm x 2.1 cm, 100 A, 5 pm). A 2.5 mL solution of
concentrated library was injected and run through the column at
a flow rate of 20.00 mL min~"'. The desired fractions were collected
and the solvent was removed.

The LC-MS was performed using an Agilent LC-MSD-Trap-
XCT system. The LC is an Agilent 1100 series HPLC equipped
with an online degasser, binary pump, autosampler, heated column
compartment and diode array detector. The MS was performed
using an Agilent XCT ion trap MSD mass spectrometer. Mass
spectra (positive mode) were acquired in ultra scan mode using a
drying temperature of 350 °C, a nebuliser pressure of 60.00 psi,
a drying gas flow of 11.00 L min~', a capillary voltage of 4000 V
and capillary current of 39 nA. HRMS-ESI was performed using
a Waters LCT Premier instrument. Mass spectra (positive mode)
were acquired using a capillary voltage of 3000.0 V and a sample
cone of 50.0 V. The desolvation temperature was 200.0 °C with
a source temperature of 100.0 °C, a desolvation gas flow of
350.0 L h™! and an ion energy of 30.0 V.

The NMR spectroscopy was performed on a Bruker DRX
500 MHz spectrometer at 300 K unless otherwise stated. Chemical
shifts are quoted in parts per million with reference to residual
protons from the deuterated solvent for the 'H spectra. The
coupling constants are reported in hertz (Hz).

Materials

All chemicals were purchased from Aldrich, Fluka, Sigma,
Lancaster or Avocado in reagent-grade quality or better and
used without further purification. All solvents where distilled
prior to use and dry solvents where freshly distilled from CaH,
under argon, with the exception of DMSO (Lancaster), which was
used without further purification. Thin layer chromatography was

782 | Org. Biomol. Chem., 2007, 5, 778-786

This journal is © The Royal Society of Chemistry 2007





carried out on silica gel plates loaded with Merck silica gel 60
Fs,. Column chromatography was performed on Merck 60 silica
gel (230-400 mesh). HPLC-grade CHCI; (Aldrich) and HPLC-
grade acetonitrile (Romil) were filtered with a 0.45 um Millipore
filter and used without further purification. Ultrapure H,O was
obtained from a Millipore H,O purification system.

General DCL setup and screening. The single-component
libraries were prepared by making a 2 mM building block solution
in CHCL,-DMSO (97 : 3 v/v) containing 100 mM of TFA. Mixed
libraries were prepared by mixing two of the above solutions in
a 1 : 1 ratio. The resulting solutions were allowed to equilibrate
for at least 4 days. The library members were then separated and
identified using HPLC and LC-MS. Four gradient methods were
used depending on the polarity of the library members. In all four
methods, eluent A is acetonitrile and eluent B is H,O. Method 1
(eluent A : B 35: 65 to 80 : 20 over 45 min and 80 : 20 to 90 : 10
over 10 min) was used for all libraries containing pPC. Method
2 (eluent A : B 30 : 70 to 80 : 20 over 45 min) was used for all
libraries containing pPF and pFP, except those containing pPC.
Method 3 (eluent A : B 20 : 80 to 40 : 60 over 30 min, 40 : 60
to 90 : 10 over 2 min and 90 : 10 for 6 min) was used for all the
libraries containing pPV, pVP, pPL, pPL, except those containing
pPC, pPF and pFP. Method 4 (eluent A : B 10 : 90 to 20 : 80 over
10 min, 20 : 80 to 25 : 75 over 15 min, 25 : 75 to 40 : 60 over 10 min,
40:60to0 90 : 10 over 2 min and 90 : 10 for 6 min) was used for the
library containing pPA.

General procedure for amide coupling (Reactions i and iii).
Amide coupling reactions were performed using EDC and
DMAP. The acid and amine were dissolved in 45 mL of dry
DCM, under nitrogen. Dry Et;N (2 equivalents) was added and
the resulting solution was cooled to 0 °C on an ice bath for 30 min,
after which EDC (1.2 equivalents) and DMAP (3 equivalents
with respect to acid) were added. The reaction was kept at 0 °C
for 1 hour, allowed to warm to room temperature and stirred
(under nitrogen) overnight. The work-up involved the addition
of DCM (3-fold dilution) and subsequent washing of the organic
solution with two portions of H,O. The organic layer was dried
over MgSO,, filtered and the solvent was removed in vacuo. The
crude product was purified by silica gel column chromatography.

General procedure for hydrogenation (Reactionii). Hydrogena-
tion was carried out to deprotect the CBZ group. CBZ-protected
compounds were dissolved in 30 mL of 4 : 1 EtOAc-MeOH, 5%
Pd/C was added and H, was bubbled through the reaction until
completion (approximately four hours; monitored by TLC with
EtOAc as eluent). The resulting suspension was filtered through a
pad of Celite and the solvent was removed in vacuo to afford the
product, which was used without further purification.

General procedure for hydrazinolysis (Reaction iv). The methyl
ester was dissolved in 15 mL of MeOH, and | mL of hydrazine
monohydrate was added. The reaction was allowed to stir at room
temperature until completion (monitored by TLC with EtOAc as
eluent). The solvent was removed at room temperature in vacuo,
100 mL of DCM was added to the residue, and the organic
phase was washed twice with H,O, dried over MgSQ,, filtered
and evaporated. Washing the solid residue with Et,O yielded the
product as a white solid.

Synthesis of pPL

CBZ-1L-Pro-L-Leu methyl ester (Reaction i). CBZ-L-proline
(0.25 g, 1.0 mmol) and L-leucine methyl ester hydrochlo-
ride (0.18 g, 1.0 mmol) were coupled through the stan-
dard amide coupling process. Silica gel column chromato-
graphy (EtOAc-Hex = 7 : 3, R; = 0.595) yielded the product as
a colourless oil (0.34 g, 90%). '"H NMR (500 MHz, CDCL;)
7.38-7.24 (5H, br, Ar-H), 7.06 and 6.25 (1H, br, Leu-NH), 5.19—
5.09 (2H, m, OCH,Ph), 4.52 (1H, br, Leu-a), 4.34 (1H, br, Pro-a),
3.69-3.63 (3H, br, OCH,;), 3.53-3.39 (2H, br, Pro-f), 2.39-1.83
(4H, br, Pro-y(2H) and Pro-6(2H)), 1.65-1.35 (3H, br, Leu-B(2H)
and Leu-y(1H)), 0.88-0.85 (6H, br, Leu-3(3H) and Leu-§(3H));
BC NMR (125 MHz, CDCly) 6 173.1, 171.3, 156.1, 136.4, 128.5,
128.0,127.8,67.3,60.3,52.1,51.0,46.9,41.3,27.9,24.9,24.6,22.7,
21.9; HRMS (ESI) [M + H]* C,,HN,Os requires 377.2076, found
377.2089.

L-Pro-L-Leu methyl ester (Reaction ii). Hydrogenation was
carried out with CBZ-L-proline-L-leucine methyl ester (0.34 g,
0.90 mmol) following the general procedure above. Product was
yielded as a colourless oil (0.21 g, 96%). '"H NMR (500 MHz,
CDCl;) 0 8.00 (1H, d, J = 8.5 Hz, Leu-NH), 4.46 (1H, m, Leu-a),
3.96 (1H, br, Pro-NH), 3.83 (1H, dd, Pro-0), 3.63 (3H, s, OCH,),
3.01 (1H, m, Pro-9), 2.90 (1H, m, Pro-§), 2.11 (1H, m, Pro-p),
1.84 (1H, m, Pro-B), 1.67 (2H, m, Pro-y), 1.54 (3H, m, Leu-B(2H)
and Leu-y(1H)), 0.84 (6H, t, J = 6.5 Hz, Leu-3(3H) and Leu-
§(3H)); "C NMR (125 MHz, CDCly) 6 173.9, 173.2, 60.2, 52.0,
50.3, 47.0, 41.1, 30.7, 25.7, 24.8, 22.7, 21.7; HRMS (ESI) [M +
H]* C,H;N,O; requires 243.1709, found 243.1719.

N-(4-(Dimethoxymethyl)benzoyl)-L-Pro-L-Leu methyl ester (Re-
action iii). L-Proline-L-leucine methyl ester (0.21 g, 0.87 mmol)
and pDMA (0.17 g, 0.87 mmol) were coupled through the general
amide coupling procedure. Silica gel chromatography (EtOAc,
R; = 0.45) yielded the product as colourless oil (0.30 g, 82%). 'H
NMR (500 MHz, CDCl;) d 7.46 (4H, br, Ar-H), 7.26 (1H, d, J =
7.5 Hz, Leu-NH), 5.37 (1H, s, CH(OCH,),), 4.76 (1H, m, Pro-a),
4.53 (1H, m, Leu-a), 3.69 (3H, s, OCH}), 3.29 (6H, s, CH(OCH,),),
3.48 (1H, m, Pro-9), 3.40 (1H, m, Pro-9), 2.41 (1H, m, Pro-f), 2.01
(2H, m, Pro-B), 1.79 (2H, m, Pro-y), 1.63-1.53 (3H, m, Leu-B(2H)
and Leu-y(1H)), 0.87 (6H, t, J = 6 Hz, Leu-6(3H) and Leu-§'(3H));
BC NMR (125 MHz, CDCl;) 6 173.1, 170.8, 170.7, 140.2, 136.3,
126.9, 126.8, 102.5, 59.6, 52.7, 52.1, 51.1, 50.3, 41.2, 27.0, 25.4,
24.9,22.7, 21.8; HRMS (ESI) [M + Na]* C,H;,N,0O¢Na requires
443.2158, found 443.2176.

pPL: N-(4-(Dimethoxymethyl)benzoyl)-L-Pro-L-Leu carboxylic
acid hydrazide (Reaction iv). The hydrazinolysis was carried out
with N-(4-(dimethoxymethyl)benzoyl)-L-proline-L-leucine methyl
ester (0.30 g, 0.71 mmol) following the general procedure above,
yielding the product as a white solid (0.26 g, 87%). '"H NMR
(500 MHz, CDCl;) 6 7.77 (1H, br, NHNH,), 7.49 (4H, br, Ar-H),
7.17(1H,d, J = 7.5 Hz, Leu-NH), 5.39 (1H, s, CH(OCH,),), 4.72
(1H, m, Pro-a), 4.41-4.36 (1H, m, Leu-a), 3.86 (2H, br, NHNH.,),
3.54 (1H, m, Pro-9), 3.47 (1H, m, Pro-§), 3.31 (6H, s, CH(OCH),)
2.34 (1H, m, Pro-B), 2.10 (1H, m, Pro-f), 2.02 (1H, m, Pro-y),
1.84 (1H, m, Pro-y), 1.73 (1H, m, Leu-f), 1.63-1.53 (2H, m, Leu-
B(1H) and Leu-y(1H)), 0.87 (6H, m, Leu-8(3H) and Leu-d'(3H));
BC NMR (125 MHz, CDCl,) 6 172.4, 171.4, 171.1, 140.6, 135.8,
127.0, 126.9, 102.4, 60.1, 52.8, 50.8, 50.5, 40.2, 27.5, 25.5, 24.9,
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22.9,21.8; HRMS (ESI) [M + HJ" C;,H3;N,Os requires 421.2451,
found 421.2445.

Synthesis of pPV or D-pPV (with L-amino acids as an example)

CBZ-L-Pro-L-Val methyl ester (Reaction i). CBZ-L-proline
(0.25 g, 1.0 mmol) and L-valine methyl ester hydrochloride (0.17 g,
1.0 mmol) were coupled through the standard amide coupling
process. Silica gel column chromatography (EtOAc-Hex = 7 : 3,
R; = 0.7) yielded the product as colourless oil (0.33 g, 91%). 'H
NMR (500 MHz, CDCl;) 6 7.32-7.25 (5H, br, Ar-H), 7.18 and
6.38 (1H, br, Val-NH), 5.19-5.07 (2H, m, OCH,Ph), 4.44 (1H,
br, Val-0), 4.35 (1H, br, Pro-0), 3.69-3.63 (3H, br, OCH;), 3.57-
3.39 (2H, br, Pro-9), 2.39-1.83 (4H, br, Pro-f and Pro-y), 2.12 (1H,
br, Val-B), 0.85-0.79 (6H, br, Val-y(3H) and Val-y(3H)); "C NMR
(125MHz, CDCl;)6 172.0,171.4,156.0, 136.4, 128.4,127.9, 127.8,
67.3,60.2,57.3,51.9,46.9,31.1,27.9,24.5,18.9, 17.6; HRMS (ESI)
[M + HJ* C,yH,;N,O;5 requires 363.1920, found 363.1910.

L-Pro-L-Val methyl ester (Reaction ii). Hydrogenation was
carried out with CBZ-L-proline-L-valine methyl ester (0.33 g,
0.91 mmol) following the general procedure above. Product was
yielded as colourless oil (0.21 g, 100%). '"H NMR (500 MHz,
CDCl;) 0 8.38 (1H, d, J = 8.0 Hz, Val-NH), 4.53 (1H, br, Pro-a),
4.28 (1H, m, Val-a), 3.63 (3H, s, OCH;), 3.30-3.23 (2H, m, Pro-9),
2.40 (1H, m, Pro-B), 2.15 (1H, m, Val-B), 1.97 (1H, m, Pro-B),
1.95-1.80 (2H, m, Pro-vy), 0.90 (6H, m, Val-y(3H) and Val-y(3H));
BCNMR (125 MHz, CDCly) 6 171.7,170.7, 59.7, 58.1, 51.9, 46.8,
30.7, 30.3, 24.7, 19.0, 18.0; HRMS (ESI) [M + H]* C,;H,N,0;
requires 229.1552, found 229.1546.

N-(4-(Dimethoxymethyl)benzoyl)-L-Pro-L-Val methyl ester (Re-
action iii). L-Proline-L-valine methyl ester (0.21 g, 0.92 mmol)
and pDMA (0.18 g, 0.92 mmol) were coupled through the general
amide coupling procedure. Silica gel chromatography (EtOAc,
R; = 0.40) yielded the product as colourless oil (0.27 g, 72%).
'"H NMR (500 MHz, CDCl;) 6 7.46 (4H, br, Ar-H), 7.37 (1H,
d, J = 8.5 Hz, Val-NH), 5.35 (1H, s, CH(OCH,),), 4.77 (1H, m,
Pro-a), 4.46 (1H, m, Val-a), 3.69 (3H, s, OCH}), 3.49 (1H, m,
Pro-9), 3.39 (1H, m, Pro-9), 3.28 (6H, s, CH(OCH),), 2.41 (1H,
m, Pro-B), 2.14 (1H, m, Val-§), 2.08-2.00 (2H, m, Pro-f(1H) and
Pro-y(1H)), 1.79 (1H, m, Pro-y(1H)), 0.87 (6H, m, Val-y(3H) and
Val-y(3H)); *C NMR (125 MHz, CDCl;) § 172.1, 170.8, 170.7,
140.2, 136.3, 126.8, 126.7, 102.4, 59.7, 57.4, 52.7, 52.0, 50.3, 31.0,
27.0,25.3,19.0, 17.6; HRMS (ESI) [M + H]* C,,H;;N,O¢ requires
407.2182, found 407.2188.

pPV: N-(4-(Dimethoxymethyl)benzoyl)-L-Pro-L-Val carboxylic
acid hydrazide (Reaction iv). The hydrazinolysis was carried out
with N-(4-(dimethoxymethyl)benzoyl)-L-proline-L-valine methyl
ester (0.27 g, 0.67 mmol) following the general procedure above,
yielding the product as a white solid (0.20 g, 74%). '"H NMR
(500 MHz, CDCl;) 0 7.87 (1H, br, NHNH,), 7.49 (4H, br, Ar-H),
7.34 (1H, d, J = 8.5 Hz, Val-NH), 5.38 (1H, s, CH(OCH,),), 4.75
(1H, m, Pro-a), 4.27 (1H, m, Val-a), 3.93-3.87 (2H, br, NHNH,),
3.56 (1H, m, Pro-9), 3.46 (1H, m, Pro-§), 3.31 (6H, s, CH(OCH,),)
2.34 (1H, m, Pro-B), 2.24 (1H, m, Val-f), 2.12-1.96 (2H, m, Pro-
B(1H) and Pro-y(1H)), 1.83 (1H, m, Pro-y), 0.90 (6H, m, Val-y(3H)
and Val-y(3H)); “C NMR (125 MHz, CDCL) ¢ 171.6, 171.4,
171.0, 140.5, 136.0, 127.0, 102.5, 60.1, 57.7, 52.8, 50.5, 30.1, 27.6,

25.5,19.3, 17.7; HRMS (ESI) [M + Na]* C,H;,N,O;Na requires
429.2114, found 429.2117.

Synthesis of pPI

CBZ-L-Pro-L-Ile methyl ester (Reaction i). CBZ-L-proline
(0.25 g, 1.0 mmol) and L-isoleucine methyl ester hydrochloride
(0.18 g, 1.0 mmol) were coupled through the standard amide
coupling process. Silica gel column chromatography (EtOAc—
Hex = 7 : 3, R, = 0.55) yielded the product as colourless oil
(0.34 g, 90%). '"H NMR (500 MHz, CDCl;) ¢ 7.36-7.25 (5H,
br, Ar-H), 7.19 and 6.39 (1H, br, Ile-NH), 5.19-5.08 (2H, m,
OCH,Ph), 4.49 (1H, br, Ile-a), 4.36 (1H, br, Pro-u), 3.72-3.64
(3H, br, OCH), 3.58-3.39 (2H, br, Pro-9), 2.36-1.80 (5H, br, Pro-
B(2H), Pro-y(2H) and Ile-B), 1.34 (1H, br, Ile-y), 1.09 (1H, br, Ile-y),
0.87-0.77 (6H, br, Tle-f'(3H) and Ile-3(3H)); *C NMR (125 MHz,
CDCly)0 173.1,171.3, 156.1, 136.4, 128.5, 128.0, 127.8, 67.3, 60.3,
52.1,51.0,46.9,41.3,27.9,24.9,24.6,22.7,21.9; HRMS (ESI) [M
+ HJ* C,0H,N,O5 requires 377.2076, found 377.2086.

L-Pro-L-Ile methyl ester (Reaction ii). Hydrogenation was
carried out with CBZ-L-proline-L-isoleucine methyl ester (0.34 g,
0.90 mmol) following the general procedure above, yielding the
product as a colourless oil (0.22 g, 100%). '"H NMR (500 MHz,
CDCly) 0 8.11 (1H, d, J = 9.0 Hz, Tle-NH), 4.46 (1H, m, Tle-a),
3.85 (1H, br, Pro-a), 3.72 (1H, br, Pro-NH), 3.65 (3H, s, OCH),
3.04 (1H, m, Pro-9), 2.93 (1H, m, Pro-§), 2.15 (1H, m, Pro-f), 1.88
(2H, m, Pro-B(1H) and Ile-B), 1.70 (2H, m, Pro-y), 1.36 (1H, m,
Ile-y), 1.12 (1H, m, Ile-y), 0.90 (6H, m, Ile-f'(3H) and Ile-6(3H));
BC NMR (125 MHz, CDCly) ¢ 174.1, 172.3, 60.3, 56.1, 51.8,
47.1, 37.6, 30.8, 25.8, 25.0, 15.5, 11.4; HRMS (ESI) [M + H]*
C,H,;;N,0; requires 243.1709, found 243.1720.

N-(4-(Dimethoxymethyl)benzoyl)-L-Pro-L-Ile methyl ester (Re-
action iii). L-Proline-L-isoleucine methyl ester (0.22 g,
0.91 mmol) and pDMA (0.18 g, 0.92 mmol) were coupled through
the general amide coupling procedure. Silica gel chromatography
(EtOAc, R; = 0.50) yielded the product as colourless oil (0.26 g,
68%). '"H NMR (500 MHz, CDCl;) ¢ 7.46 (4H, br, Ar-H), 7.37
(1H,d, J = 7.5 Hz, Val-NH), 5.36 (1H, s, CH(OCHs;),), 4.77 (1H,
m, Pro-0), 4.51 (1H, m, Ile-a), 3.69 (3H, s, OCH), 3.49 (1H, m,
Pro-9), 3.39 (1H, m, Pro-§), 3.29 (6H, s, CH(OCH),), 2.40 (1H, m,
Pro-B), 2.02 (2H, m, Pro-B(1H) and Pro-y(1H)), 1.90 (1H, m, Ile-
B), 1.79 (1H, m, Pro-y(1H)), 1.39 (1H, m, Ile-y), 1.16 (1H, m, Ile-v),
0.88-0.82 (6H, m, Ile-B'(3H) and Ile-3(3H)); *C NMR (125 MHz,
CDCl;)0 172.1,170.8, 170.7, 140.2, 136.3, 126.8, 102.5, 59.7, 56.8,
52.7,51.9, 50.3, 37.6, 27.1, 25.3, 25.0, 15.5, 11.5; HRMS (ESI) [M
+ Na]" C,,H;,N,O¢Na requires 443.2158, found 443.2178.

pPI: N-(4-(Dimethoxymethyl)benzoyl)-L-Pro-L-Ile carboxylic
acid hydrazide (Reaction iv). The hydrazinolysis was carried
out with N-(4-(dimethoxymethyl)benzoyl)-L-proline-L-isoleucine
methyl ester (0.26 g, 0.62 mmol) following the general procedure
above, yielding the product as a white solid (0.19 g, 73%). '"HNMR
(500 MHz, CDCl;) 6 7.55 (1H, br, NHNH,), 7.49 (4H, m, Ar-H),
7.26 (1H, d, J = 8.0 Hz, Ile-NH), 5.39 (1H, s, CH(OCH,),), 4.75
(1H, m, Pro-a), 4.27 (1H, m, Ile-a), 3.87 (2H, br, NHNH,), 3.54
(1H, m, Pro-§), 3.46 (1H, m, Pro-9), 3.32 (6H, s, CH(OCH),),
2.38 (1H, m, Pro-f), 2.12-1.96 (3H, m, Pro-B(1H), Pro-y(1H) and
Ile-pB), 1.84 (1H, m, Pro-f), 1.44 (1H, m, Ile-y), 1.10 (1H, m, Ile-y),
0.89 (3H, d, J = 7.0 Hz, Ile-f), 0.84 (3H, t, J = 7.5 Hz, Ile-d);
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13C NMR (125 MHz, CDCL,) § 171.6, 171.3, 171.2, 140.5, 135.9,
127.0, 126.9, 102.5, 60.2, 57.0, 52.8, 50.5, 36.1, 27.5, 25.5, 24.5,
15.7, 11.3; HRMS (ESI) [M + Na]* C,H,,N,O;Na requires
443.2270, found 443.2285.

Synthesis of pPA

CBZ-L-Pro-L-Ala methyl ester (Reaction i). CBZ-L-proline
(0.25 g, 1.0 mmol) and L-alanine methyl ester hydrochloride
(0.14 g, 1.0 mmol) were coupled through the standard amide
coupling process. Silica gel column chromatography (EtOAc—
Hex =7:3, Ry =0.5) yielded the product as colourless o0il (0.31 g,
93%). '"H NMR (500 MHz, CDCl;) 6 7.36-7.25 (5H, br, Ar-H),
7.10and 6.42 (1H, br, Ala-NH), 5.16-5.08 (2H, m, OCH,Ph), 4.47
(1H, br, Ala-a), 4.29 (1H, br, Pro-a), 3.72-3.60 (3H, br, OCH,),
3.56-3.38 (2H, br, Pro-§), 2.30-1.80 (4H, br, Pro-f(2H) and Pro-
v(2H)), 1.36-1.20 (3H, br, Ala-B); “C NMR (125 MHz, CDCl,)
0 173.0, 171.3, 155.9, 136.4, 128.4, 127.9, 127.8, 67.2, 60.3, 52.2,
48.0, 46.9, 28.3, 24.4, 18.0; HRMS (ESI) [M + H]* C,;H,;N,O;
requires 335.1607, found 335.1597.

L-Pro-L-Ala methyl ester (Reaction ii). Hydrogenation was
carried out with CBZ-L-proline-L-alanine methyl ester (0.31 g,
0.93 mmol) following the general the procedure above, yielding
the product as a colourless oil (0.18 g, 97%). "H NMR (500 MHz,
CDCl;) 0 8.60 (1H, d, J = 7.0 Hz, Ala-NH), 4.50 (1H, br, Pro-a),
4.42 (1H, m, Ala-a), 3.67 (3H, s, OCH;), 3.32 (2H, m, Pro-§), 2.43
(1H, m, Pro-f), 2.04 (1H, m, Pro-f), 1.93 (2H, m, Pro-y), 1.42
(3H, d, J = 7.0 Hz, Ala-B); "C NMR (125 MHz, CDCl;)J 172.8,
170.2, 59.8, 52.3, 48.6, 46.8, 30.6, 24.7, 17.2; HRMS (ESI) [M +
H]* CoH;N,O; requires 201.1239, found 201.1240.

N-(4-(Dimethoxymethyl)benzoyl)-L-Pro-L-Ala methyl ester (Re-
action iii). L-proline-L-alanine methyl ester (0.18 g, 0.91 mmol)
and pDMA (0.18 g, 0.91 mmol) were coupled through the general
amide coupling procedure. Silica gel chromatography (EtOAc,
R; = 0.4) yielded the product as colourless oil (0.27 g, 79%). 'H
NMR (500 MHz, CDCl;) 6 7.46-7.38 (4H, m, Ar-H), 7.32 (1H,
d, J = 7.0 Hz, Ala-NH), 5.31 (1H, s, CH(OCH,),), 4.65 (1H, m,
Pro-a), 4.42 (1H, m, Ala-a), 3.63 (3H, s, OCH;), 3.49 (1H, m,
Pro-9), 3.39 (1H, m, Pro-9), 3.22 (6H, s, CH(OCH),), 2.24 (1H,
m, Pro-f), 2.02 (1H, m, Pro-f), 1.94 (1H, m, Pro-y), 1.72 (1H, m,
Pro-y), 1.30 (3H, d, J = 7.0 Hz, Ala-B); *C NMR (125 MHz,
CDCl;) ¢ 173.0, 170.8, 170.2, 140.1, 136.1, 126.9, 126.5, 102.3,
59.7, 52.5, 52.1, 50.2, 48.1, 27.8, 25.1, 17.6; HRMS (ESI) [M +
Na]* C,yHyN,O¢Na requires 401.1689, found 401.1705.

pPA: N-(4-(Dimethoxymethyl)benzoyl)-L-Pro-L-Ala carboxylic
acid hydrazide (Reaction iv). The hydrazinolysis was carried out
with N-(4-(dimethoxymethyl)benzoyl)-L-proline-L-alanine methyl
ester (0.27 g, 0.71 mmol) following the general procedure above,
yielding the product as a white solid (0.17 g, 63%). '"H NMR
(500 MHz, CDCl;) 6 7.86 (1H, br, NHNH,), 7.51 (4H, m, Ar-H),
7.16 (1H,d, J = 7.0 Hz, Ala-NH), 5.38 (1H, s, CH(OCH,),), 4.65
(1H, m, Pro-a), 4.42 (1H, m, Ala-a), 3.86 (2H, br, NHNH,), 3.58
(1H, m, Pro-9), 3.49 (1H, m, Pro-9), 3.31 (6H, s, CH(OCH),), 2.28
(1H, m, Pro-B), 2.14 (1H, m, Pro-f), 2.01 (1H, m, Pro-y), 1.83 (1H,
m, Pro-y), 1.38 (3H, d, J = 7.0 Hz, Ala-B); *C NMR (125 MHz,
CDCly) ¢ 172.5, 171.3, 171.0, 140.6, 135.8, 127.2, 126.9, 102.4,
60.4, 52.7, 50.6, 48.0, 28.0, 25.5, 17.5; HRMS (ESI) [M + HJ*
CsH»N,Os requires 379.1981, found 379.1980.

Synthesis of pVP

CBZ-1-Val-L-Pro methyl ester (Reaction i). CBZ-L-valine
(0.25 g, 1.0 mmol) and L-proline methyl ester hydrochloride (0.17 g,
1.0 mmol) were coupled through the standard amide coupling
process. Silica gel column chromatography (EtOAc-Hex = 7 : 3,
R; = 0.55) yielded the product as colourless oil (0.35 g, 97%). '"H
NMR (500 MHz, CDCl;) 6 7.33-7.25 (5H, m, Ar-H), 5.47 (1H,
d, J =9.0 Hz, Val-NH), 5.09-5.01 (2H, m, OCH,Ph), 4.49 (1H,
m, Pro-a), 4.30 (1H, m, Val-a), 3.76 (1H, m, Pro-9), 3.67 (3H, s,
OCH;), 3.62 (1H, m, Pro-9), 2.17 (1H, m, Pro-f), 2.02 (2H, m,
Pro-y(1H) and Val-$), 1.94 (2H, m, Pro-B(1H) and Pro-y(1H)),
1.01 (3H, d, J = 7.0 Hz, Val-y), 0.92 (3H, d, J = 7.0 Hz, Val-
v); "C NMR (125 MHz, CDCl;) ¢ 172.3, 170.7, 156.4, 136.4,
128.4, 127.9, 127.8, 66.7, 58.7, 57.4, 52.0, 47.1, 31.3, 28.9, 24.9,
19.1, 17.4; HRMS (ESI) [M + H]* C,yH,,N,O; requires 363.1920,
found 363.1938.

L-Val-L-Pro methyl ester (Reaction ii). Hydrogenation was
carried out with CBZ-L-valine-L-proline methyl ester (0.35 g,
0.97 mmol) following the general procedure above, yielding the
product as a colourless oil (0.22 g, 100%). '"H NMR (500 MHz,
CDCl;) 0 4.59 (1H, br, Pro-a), 4.20 (1H, d, J = 6.0 Hz, Val-a),
3.95 (1H, m, Pro-9), 3.66 (3H, s, OCH;), 3.51 (1H, m, Pro-9), 2.32
(1H, m, Val-B), 2.25 (1H, m, Pro-f), 2.01 (1H, m, Pro-y), 1.94
(1H, m, Pro-y), 1.88 (1H, m, Pro-B), 1.11 (6H, m, Val-y(3H) and
Val-y(3H)); *C NMR (125 MHz, CDCl,) § 172.3, 167.9, 59.3,
57.0, 52.0, 47.8, 30.1, 29.0, 25.0, 18.6, 17.8; HRMS (ESI) [M +
H]* C,;H,,N,0O; requires 229.1552, found 229.1541.

N-(4-(Dimethoxymethyl)benzoyl)-L-Val-L-Pro methyl ester (Re-
action iii). L-Valine-L-proline methyl ester (0.22 g, 0.96 mmol)
and pDMA (0.19 g, 0.97 mmol) were coupled through the general
amide coupling procedure. Silica gel column chromatography
(EtOAc, R; = 0.50) yielded the product as colourless oil (0.21 g,
54%). '"H NMR (500 MHz, CDCl;) 6 7.73 (2H, d, J = 8.0 Hz,
Ar-H), 7.44 (2H, d, J = 8.0 Hz, Ar-H), 7.03 (1H, d, J = 8.5 Hz,
Val-NH), 5.36 (1H, s, CH(OCH;),), 4.79 (1H, m, Val-a), 4.43
(1H, m, Pro-a), 3.87 (1H, m, Pro-6), 3.67 (3H, s, OCH,), 3.66
(1H, m, Pro-9), 3.24 (6H, s, CH(OCH;),), 2.19 (2H, m, Pro-B(1H)
and Val-p), 2.04-1.88 (3H, m, Pro-f(1H) and Pro-y(2H)), 1.04
(3H, d, J = 6.5 Hz, Val-y), 0.96 (3H, d, J = 6.5 Hz, Val-y); “C
NMR (125MHz, CDCl;)6 172.2,170.8,166.9, 141.5,134.0, 126.9,
126.8,102.2, 58.8,55.8,52.4,52.0,47.2,31.5,28.9,24.9,19.2,17.7,
HRMS (ESI) [M + Na]* C,;H;N,O¢Na requires 429.2002, found
429.1996.

pVP: N-(4-(Dimethoxymethyl)benzoyl)-L-Val-L-Pro carboxylic
acid hydrazide (Reaction iv). The hydrazinolysis was carried out
with N-(4-(dimethoxymethyl)benzoyl)-L-valine-L-proline methyl
ester (0.21 g, 0.52 mmol) following the general procedure above,
yielding the product as a white solid (0.16 g, 76%). '"H NMR
(500 MHz, CDCl;) ¢ 7.88 (1H, br, NHNH,), 7.78 (2H, d, J =
8.0 Hz, Ar-H), 7.50 (2H, d, J = 8.0 Hz, Ar-H), 6.81 (1H, d,
J = 9.0 Hz, Val-NH), 5.42 (1H, s, CH(OCHs;),), 4.81 (1H, m,
Val-a), 4.48 (1H, m, Pro-a), 3.87 (1H, m, Pro-9), 3.66 (1H, m,
Pro-9), 3.30 (6H, s, CH(OCH),), 2.34 (1H, m, Pro-f), 2.15 (2H,
m, Val-f and Pro-y(1H)), 2.01(1H, m, Pro-y), 1.94 (1H, m, Pro-f),
1.03 3H, d, J = 6.5 Hz, Val-y), 0.98 (3H, d, J = 6.5 Hz, Val-y);
BC NMR (125 MHz, CDCl,) 6 172.1, 171.9, 167.0, 141.8, 134.0,
127.1, 127.0, 102.2, 58.4, 55.9, 52.6, 47.8, 31.8, 27.2, 25.2, 19.4,
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17.9; HRMS (ESI) [M + Na]* C, H3N,OsNa requires 429.2114,
found 429.2134.

Synthesis of pFP

CBZ-L-Phe-L-Pro  methyl ester (Reaction i). CBZ-L-
phenylalanine (0.30 g, 1.0 mmol) and L-proline methyl ester
hydrochloride (0.17 g, 1.0 mmol) were coupled through
the standard amide coupling process. Silica gel column
chromatography (EtOAc-Hex = 7 : 3, R; = 0.55) yielded the
product as colourless oil (0.38 g, 93%). '"H NMR (500 MHz,
CDCly) 6 7.33-7.16 (10H, m, Ar-H and Phe-Ar), 5.64 (1H, d,
J = 8.5 Hz, Phe-NH), 5.08-4.96 (2H, m, OCH,Ph), 4.69 (1H,
m, Phe-a), 4.47 (1H, m, Pro-a), 3.70 (3H, s, OCH;), 3.59 (1H, m,
Pro-4), 3.17 (1H, m, Pro-3), 3.09 (1H, m, Phe-B), 2.91 (1H, m,
Phe-B), 2.16-1.60 (4H, m, Pro-B(2H) and Pro-y(2H)); *C NMR
(125 MHz, CDCL,) ¢ 172.1, 171.7, 170.2, 136.3, 136.1, 129.6,
128.3,128.2, 127.9, 127.8, 126.7, 66.6, 58.8, 53.7, 52.0, 46.7, 38.9,
28.9,24.7, HRMS (ESI) [M + H]* C;;Hy;,N,Os requires 411.1920,
found 411.1933.

L-Phe-L-Pro methyl ester (Reaction ii). Hydrogenation was
carried out with CBZ-L-phenylalanine-L-proline methyl ester
(0.38 g,0.92 mmol) following the general procedure above, yielding
the product as a colourless oil (0.25 g, 98%). '"H NMR (500 MHz,
CDCl;) 6 7.29-7.18 (5H, m, Phe-Ar), 4.50 (2H, br, Pro-o and
Phe-a), 3.65 (3H, s, OCH;), 3.60 (IH, m, Pro-§), 3.46 (1H, m,
Phe-B), 3.21 (1H, m, Phe-B), 2.54 (1H, m, Pro-9), 2.10 (1H, m,
Pro-B), 1.79 (2H, m, Pro-y(1H) and Pro-B(1H)), 1.66 (1H, m, Pro-
v); *CNMR (125 MHz, CDCl;)6 172.0,167.9, 134.4,130.3, 128.5,
127.3, 59.4, 53.4, 52.1, 47.1, 37.3, 28.9, 24.8; HRMS (ESI) [M +
H]* CsH, N, O, requires 277.1552, found 277.1564.

N-(4-(Dimethoxymethyl)benzoyl)-L-Phe-L-Pro methyl ester (Re-
action iii). L-Phenylalanine-L-proline methyl ester (0.25 g,
0.91 mmol) and pDMA (0.18 g, 0.92 mmol) were coupled
through the general amide coupling procedure. Silica gel column
chromatography (EtOAc, R; = 0.55) yielded the product as
colourless oil (0.36 g, 88%). '"H NMR (500 MHz, CDCl;) 6 7.64
(2H, d, J =8.5Hz, Ar-H), 7.38 2H, d, J = 8.5 Hz, Ar-H), 7.32—
7.16 (6H, m, Phe-Ar and Phe-NH), 5.34 (1H, s, CH(OCHs;),),
5.11 (1H, m, Phe-a), 4.48 (1H, m, Pro-a), 3.71 (1H, m, Pro-9),
3.68 (3H, s, OCH;), 3.25 (6H, s, CH(OCHs),), 3.24-3.08 (3H, m,
Phe-B(2H) and Pro-3(1H)), 2.16 (1H, m, Pro-p), 1.92 (2H, m, Pro-
B(1H) and Pro-y(1H)), 1.65 (1H, m, Pro-y); "C NMR (125 MHz,
CDCly) 6 172.1, 170.5, 166.3, 141.4, 136.2, 133.8, 129.7, 128.3,
126.9, 126.8, 126.7, 102.3, 59.0, 52.5, 52.5, 52.1, 46.9, 38.3, 28.9,
24.9; HRMS (ESI) [M + Na]" C,sH3N,O4Na requires 477.2002,
found 477.1996.

pFP: N-(4-(Dimethoxymethyl)benzoyl)-L-Phe-L-Pro carboxylic
acid hydrazide (Reaction iv). The hydrazinolysis was carried out
with N-(4-(dimethoxymethyl)benzoyl)-L-phenylalanine-L-proline
methyl ester (0.36 g, 0.79 mmol) following the general procedure
above, yielding the product as a white solid (0.31 g, 86%). '"H NMR
(500 MHz, CDCly)6 7.75 (2H, d, J = 8.0 Hz, Ar-H), 7.69 (1H, br,
NHNH,), 7.50 (2H, d, J = 8.0 Hz, Ar-H), 7.32-7.16 (5H, m, Phe-
Ar), 6.92 (1H, d, J = 8.0 Hz, Phe-NH), 5.41 (1H, s, CH(OCH5;),),
5.16 (1H, m, Phe-0), 4.48 (1H, m, Pro-a), 3.64 (1H, m, Pro-9), 3.30
(6H, s, CH(OCH,),), 3.15(2H, m, Phe-f), 3.06 (1H, m, Pro-9), 2.30
(1H, m, Pro-B), 1.88 (3H, m, Pro-B(1H) and Pro-y(2H)); *C NMR
(125MHz, CDCl;)6 171.5,171.1,166.4, 141.9, 135.6, 133.7, 129.5,
128.7,127.4, 127.1, 127.0, 102.2, 58.6, 52.6, 52.3, 47.4, 39.1, 27.0,
25.0; HRMS (ESI) [M + Na]* C,,H;N,O;Na requires 477.2114,
found 477.2116.
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This review focuses on the use of micro reactors as tools in synthetic organic chemistry, aiming to
highlight the many advantages associated with their use, in particular their ability to synthesise

products in high yield, purity and, where relevant, selectivity.

Introduction

Current production technology is based on the scale-up of
successful laboratory-scale processes. This approach is however
flawed as at each stage of the scale-up, reactor modifications
result in changes to the surface to volume ratio, which often
have a profound effect on the thermal and mass transportation
properties of the reaction. As a result of these variations, it is
often necessary to re-optimise the process at each stage of scale-up,
leading to severe delays; consequently the route from laboratory
to production is both time-consuming and expensive.

Micro reaction technology has been proposed as a means of
addressing this problem as laboratory scale reactions may be
performed and optimised using a single reactor and in order
to achieve production, multiple reactors may be employed in
parallel (Fig. 1).! From a production perspective this approach

Department of Chemistry, The University of Hull, Cottingham Road, Hull,
UK HU6 7RX. E-mail: P Watts@hull.ac.uk; Fax: 44 1482 466410, Tel: 44
1482 465471

o

e
=
— —=h
Lab-Scale Pilot Plant Large-Scale
Production
Scale-out

[T]

[T0
Lab-Scale Large-Scale
Production

Fig. 1 Schematic comparing the traditional and continuous flow ap-
proaches to large-scale production.

to scale-out, rather than scale-up, is advantageous as it enables
changes in production volume to be rapidly implemented, by
simply increasing or decreasing the number of devices employed.
Furthermore, in comparison to a production plant where reactors
are frequently configured for a single function, this system
flexibility is both advantageous and cost effective as it enables
the demands of the customer to be met with ease.
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Laboratory scale micro reactors

Micro reactors basically consist of a network of channels formed
in a substrate such as silicon, quartz, metal or polymer, which
may be fabricated using a wide variety of techniques." With
respect to synthetic applications, glass or metal micro reactors are
most commonly employed. To perform chemical syntheses within
such reactors reagents are brought together in a predetermined
sequence, in a designated region of the channel network, where
they are mixed and reacted.

For newcomers to the field of micro reaction technology,
the easiest way to manipulate fluids through a micro channel
network is through the use of pumps, such as syringe pumps.
This technique also enables the system to be integrated with on-
line analytics, such as HPLC, providing an automated system
suitable for reaction optimisation.? One disadvantage associated
with the use of mechanical pumping techniques is that the large
external pumps often dwarf the reaction system itself. This can
be addressed by the integration of miniaturised pumps within
the reactor, however these microfabricated components increase
reactor complexity and can be prone to wear and tear. In contrast,
the use of non-mechanical pumping mechanisms, which rely on the
direct transfer of energy, are advantageous as they are inherently
simple, contain no moving parts, enable pulse-free, low flow rates
to be obtained and are readily miniaturised. Of these techniques,
the most popular non-mechanical pumping mechanism used for
fluidic handling within micro fabricated devices is electroosmotic
flow (EOF).? In order to manipulate fluids using EOF, electrodes
are inserted into the reagent reservoirs, as illustrated in Fig. 2,
through which an electric field is applied.

Fig. 2 Glass micro reactor with integrated platinum electrodes, enabling
the generation of EOF along with on-line conductivity measurements.

Compared to the use of mechanical micro pumps, field induced
flow is advantageous as the electric field acts as both a pump
and a valve, providing control over the direction and magnitude
of fluid flow. In addition, the technique is readily automated
enabling the use of complex flow regimes such as stopped flow.
The main disadvantage of this approach however is that the
pumps’ performance is directly linked to the properties of the
fluid contained within the micro channel.

Chemical synthesis within micro reactors

A significant research program is now underway to establish the
benefits that micro reactors can bring to the field of synthetic
organic chemistry and although many micro reactions have been
reported over the past decade,*® for the purpose of this emerging
area article, we have focused on those examples that illustrate

enhanced reaction efficiency. Further details may be found in the
accompanying article by Wirth ez al®

Rapid reaction optimisation

Micro reaction technology enables the rapid optimisation of
reaction conditions, an example of this was recently reported by
Lu et al.*® whereby the effect of flow rate on the methylation of a
benzodiazepine ligand 1 was investigated (Scheme 1). The authors
reported that operating the reaction at a flow rate of 10 ul min™!
resulted in a low yield of product (ca. 10%), but by decresing the
flow rate (hence increasing the residence time of the reactants) to
I ul min™!, the yield was increased to 53% (Fig. 3).

OY OY

@[N Mel, Buy;NOH N
COOH ———
0 0

COOCH;
DMF, RT

1 2

Scheme 1 Methylation of benzodiazepine ligand 1.

60 -
[ ]
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Flow Rate (uL min'™")

Fig. 3 Effect of flow rate on the methylation of a benzodiazepine ligand
1 in a micro reactor.

Based on these preliminary results, the authors went on to
illustrate that they could employ radiolabelled methyl iodide
("'CHj;) in the reaction to enable the synthesis of a PET radioli-
gand. This example demonstrates that reactions can not only be
optimised rapidly, but in this particular example that the reaction
may be optimised using non-labelled alkylating agent before it
is substituted with a more expensive and radioactively labelled
counterpart. The principle was further developed by Gillies and
co-workers,''> whereby a glass micro reactor was employed for
the incorporation of radiolabels into Annexin-V. Cheng-Lee and
co-workers"™® more recently demonstrated the fabrication of an
integrated micro fluidic system capable of performing the multi-
step synthesis of 2-[*F]FDG.

Whereas Lu and coworkers! improved the efficiency of the
reaction by reducing the flow rate, an alternative approach is
to use the technique of stopped flow. Wiles et al.'* reported the
preparation of 1,3-diketone enolates, using an organic base 3, and
their subsequent reaction with a variety of Michael acceptors,
such as 4, to afford 1,4-addition products within a micro reactor
(Scheme 2).
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Scheme 2 Michael addition performed under EOF.

When using a continuous flow of reagents 4 and 5, only
15% conversion to the product 6 was observed, compared with
56% adduct 7 when diketone 8 was employed. The authors
however demonstrated enhancements in conversion through the
implementation of a stopped flow technique; this procedure
involved the mobilisation of reagents through the device whilst
employing a periodic stopping of the reagent streams (via removal
of the applied field), prior to re-mobilisation of the reagents upon
application of a voltage. Using a regime of 2.5 s on and 5 s off,
the authors report a 19% increase in conversion to adduct 6; while
lengthening the stopped flow period further to 10 s, resulted in
quantitative conversion to (£)-4-benzoyl-5-oxohex-2-enoic acid
ethyl ester 6. The procedure was subsequently repeated for the
synthesis of adduct 7, in which a regime of 2.5 s on and 5 s off
resulted in an increase in conversion to 95% ( E)-4-acetyl-5-oxohex-
2-enoic acid ethyl ester 7. The authors proposed that the observed
increase in conversion, when employing stopped flow, was due to
an effective increase in residence time within the device enabling
accommodation of the different reaction kinetics; this approach is
clearly relevant to those wishing to study reaction kinetics.

Improved selectivity in chemical reactions

Yoshida and co-workers® reported a series of Moffat-Swern
oxidations within a micro reactor. As Scheme 3 illustrates when
employing trifluoroacetic anhydride 9 as the activating agent for
DMSO 10, the Pummerer rearrangement is an inevitable side
reaction, which leads to the undesirable formation of by-products
11 and 12. In order to suppress these side reactions, batch reactions
are typically performed at reduced temperatures; for example
at —70 °C only 10% 11 and 5% 12 were obtained, compared
with 2% 11 and 70% 12 when the reaction was performed at
—20°C. The authors proposed that by conducting the reaction in a
micro reactor, where rapid mixing and precise temperature control
is attained, increased reaction temperatures could be employed
whilst maintaining reaction selectivity. With this in mind, the
micro reactor set-up was submerged in a cooling bath and the
reagents supplied to the reactor using a series of syringe pumps.
To perform a reaction, solutions of DMSO 10 and trifluoroacetic
anhydride 9 in DCM were introduced into the micro reactor from
two separate inlets, the reagents subsequently reacted to afford
the intermediate 13, prior to the addition of cyclohexanol 14 in
DCM. The reagents were again mixed and reacted in a second
reactor prior to the addition of Et;N in DCM before collection of
the reaction products at 30 °C. Using this approach, the authors
investigated the effect of reaction temperature (—20 to 20 °C)
and reagent residence time (0.01 to 2.4 sec) on the synthesis of
cyclohexanone 15, comparing the results obtained to a standard
batch reaction (—20 °C).
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Scheme 3 Moffat-Swern oxidations within a micro reactor.

As Table 1 illustrates, the authors obtained comparable conver-
sions and selectivities to batch, even when the micro reactions were
performed at room temperature; an observation that is attributed
to the short residence time employed for the generation of the
reactive intermediate 13.

Multi-step reactions

In addition to an array of single step reactions, Watts et al.'®
reported the synthesis of a tripeptide 16, demonstrating the first
solution phase multi-step synthesis within an EOF-based micro
reactor. As Scheme 4 illustrates, the synthesis involved coupling
a pentafluorophenyl ester 17 and an amine 18 to prepare a
dipeptide 19, which was further reacted with DBU 20 to effect
Fmoc deprotection. The resulting amine 21 was subsequently
reacted, in situ, with a second equivalent of pentafluorophenyl
ester 17 to afford the desired tripeptide 16, obtaining 30%
conversion (over three steps). The approach clearly demonstrates
the ability to control both the spatial and temporal evolution of
reaction intermediates, enabling efficient, multi-step processes to
be performed in continuous flow reactors. Although the example
presented demonstrates the generation of relatively non-toxic

Table 1 Effect of reaction temperature on the oxidation of cyclo-
hexanol 14
Batch reactor ~ Micro reactor
Residence time/sec N/A 2.4 0.01 0.01
Temperature/°C -20 -20 0 20
Total conversion (%) 86 88 90 81
Cyclohexanone 15 (%) 19 88 89 88
By-product 11 (%) 2 6 7 5
By-product 12 (%) 70 5 1 2
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Scheme 4 Multi-step peptide synthesis.

intermediates, the technique could be readily applied to the
synthesis of toxic intermediates, providing a safe, scalable route
to reactions that cannot currently be performed on a large-scale.

Schwalbe et al.'” subsequently performed the multi-step synthe-
sis of ciprofloxacin 22 within a micro reactor, demonstrating one
of the most complex micro fluidic reactions investigated to date
(Scheme 5).

Synthesis of analytically pure compounds

Although different approaches to compound purification have
been evaluated within micro reactors, including electrophoretic
separation’® and liquid-liquid extraction," in the vast majority of
cases the products tend to be purified, off-line, using traditional
techniques such as solvent extraction and chromatography; this
clearly detracts from the advantages of conducting the reactions
within micro reactors.

Wiles and co-workers® recently reported the Knoevenagel con-
densation within a micro reactor, demonstrating the quantitative
conversion of diethyl malonate 23 and benzaldehyde 24 to 2-
benzylidenemalonic acid diethyl ester 25 in quantitative conver-
sion (Scheme 6); the product 25 however remained contaminated
with dimethylamine 26.

In order to circumvent this problem, the authors investigated the
incorporation of a solid-supported base 27 into the micro reactor,
enabling the synthesis of analytically pure compounds without the
need for additional product purification. Again, EOF was used to
mobilise the reagents, ethyl cyanoacetate 28 and benzaldehyde 24
through the packed-bed where they condensed to afford 2-cyano-
3-phenyl-acrylic acid ethyl ester 29 in 99% conversion (Scheme 7).*'
Using the optimised reaction conditions, a range of aldehydes
and activated methylenes were investigated; in all cases excellent
product yields and purities were obtained. The authors concluded
that the supported reagents suffered less physical damage when
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Scheme 5 Synthesis of ciprofloxacin 22 in a micro reactor.
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Scheme 8 Continuous flow synthesis of carbamates.

used within the flow reactor, compared to their use in conventional
stirred/shaken reactors, resulting in extended reagent lifetimes.
Other reactions conducted in micro reactors incorporating
supported reagents include acetalisations,” oxidations® and the
multi-step synthesis of the natural product oxomaritidine.*

Large-scale manufacture

Although the use of micro reaction technology is well documented
within the academic environment, few papers in the open literature
describe their industrial use. A recent paper by Zhang et al.,*
from Johnson and Johnson Pharmaceuticals, reported the use of
a stainless steel CYTOS micro reaction system to perform a series
of reactions employing unstable intermediates and high reaction
temperatures for the synthesis of kilogram quantities of product.
One such example was the synthesis of N-methoxycarbonyl-L-zert-
leucine 30 (Scheme 8) via the addition of methyl chloroformate 31
to L-tert-leucine 32 in the presence of aqueous NaOH. Conducting
the reaction in a flow reactor, at —40 °C, resulted in the synthesis
of N-methoxycarbonyl-L-tert-leucine 30 in 91% yield affording a
throughput of 83 g hr™'.

Conclusions

In conclusion, we have demonstrated numerous advantages associ-
ated with micro reaction technology including: rapid reaction op-
timisation, reduced reaction times, enhanced conversions, reduced
by-product formation, the ability to generate and react reagents

formed in situ, along with increased reaction selectivity compared
to conventional stirred reactor methodology. Consequently, the
application of micro reaction technology is of great environmental
importance as it has the potential to reduce the quantity of raw
materials required, along with efficiently converting them into
the desired product with minimal generation of side products
and waste. In addition, this approach enables stringent control
of reaction conditions, such as temperature, reducing the risk
associated with thermal runaway and subsequent explosion.
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Singlet oxygen ('O,) proves to be a powerful tool in mediating the one-pot synthesis of a
salinomycin-type [6,6,5]-bis-spiroketal unit starting from a suitably substituted furan nucleus.

Introduction

Bis-spiroketal motifs are found frequently in natural products
originating from a host of sources. Structurally, we see that
different biological sources produce spiroketals with subtle, but
possibly interlinked, differences. These subtleties have profound
implications for chemists striving to synthesise these biologically
important and architecturally complex molecules. For example,
if we examine and compare the bis-spiroketal unit present in
two terrestrially derived ionophore antibiotics, salinomycin' and
narasin,” with their marine counterparts, best exemplified by the
pinnatoxins® and pteriatoxins,* we can reasonably propose that
an oxidation level adjustment (at C-4 and C-5), combined with
a simple transketalisation event, might effect interconversion of
the two core structures (A <> B, Scheme 1). The most important
corollary of this hypothesis is that a single precursor might give rise
to two, apparently quite different, bis-spiroketal fragments. This
postulate has informed our approach to the synthesis of these
molecules.
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Scheme 1 Retrosynthetic options and concepts for the [6,6,5]-bis-spiro-
cycle A and the [6,5,6]-bis-spirocycle B.
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The majority of methods reported in the literature for bis-
spiroketal synthesis target a linear precursor of type C (Scheme 1),
which is, in general, assembled and cyclised using multiple
independent steps.” Amongst the other reported approaches,’
the oxidation of furans (employing Br,,° NBS,” or electrochem-
ical methods®) would appear to be particularly attractive, since
this strategy offers the opportunity to use a cascade reaction
sequence to yield the desired bis-spiroketal motifs by a one-
pot procedure.””4?* Indeed, an NBS-mediated oxidation/bis-
spiroketal formation of this type is at the heart of Kocienski’s
elegant total synthesis of salinomycin.”™ Our experience in using
singlet oxygen ('O,) as a powerful tool, with which cascade
reaction sequences that transform furan-bearing precursors into
important highly oxygenated motifs® (particularly spirocycles')
can be initiated, led us recently to investigate its use in the synthesis
of bis-spiroketal units."' In this preliminary study, minimally
functionalised furyl substrates were successfully zipped up to yield
either [5,5,5]- or [6,5,6]-bis-spiroketal units upon treatment with
10, followed by mild acid, through a domino reaction sequence in
which the linear precursor of type C was replaced by an endoper-
oxide (similar to 2, Scheme 2). However, before we could consider
using such a sequence in the synthesis of bis-spiroketal-bearing
natural products, the ramifications of including other functionality
had to be deconvoluted, for it was far from clear how the complex
reaction cascade would respond to such substrates. Of particular
interest was the effect of introducing a new electrophilic centre, in
the form of a furylic carbonyl group, as inclusion of this moiety
would allow us to probe the aforementioned [6,6,5]-/[6,5,6]-bis-
spiroketal equilibrium. Herein, we report the outcome of an
investigation in which the desired [6,6,5]-bis-spiroketal motif was
finally accessed from a substrate bearing a furylic carbonyl moiety,
through a one-pot cascade reaction sequence, despite the fact that
two competing fragmentation process were also uncovered.

Results and discussion

At the outset of our investigation we deemed that the first task
must be to assess whether the naked unprotected substrate, bearing
the desired furylic carbonyl functionality, could be induced to
participate in the previously designed cascade reaction sequence
without recourse to any oxygen functionality protection. Several
different fates could be envisioned for even the simplest substate,
furan 1 (Scheme 2), and which one of these pathways would
dominate was an important question requiring an answer. If the
endoperoxide 2, obtained from furan 1, followed the pattern set
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Scheme 2 Possible nucleophilic openings of the transient endo-
peroxide 2.

in the simple substrates which we had previously investigated,!!
one of the pendant alcohols would attack the endoperoxide, giving
either hydroperoxide 3 or 5 (by pathway a or b, Scheme 2). It is hard
on paper to assess which pathway might dominate, since pathway b
is likely to be favoured stereochemically due to the Thorpe-Ingold-
type effect exerted by the furylic carbonyl group, whilst, on the
other hand, pathway a would be electronically favoured because
pathway b suffers from having an electron-withdrawing substituent
attached to the carbon on which a positive charge must develop in
the transition state. It was anticipated that hydroperoxides 3 and
5 would both be readily reduced upon treatment with dimethyl
sulfide to afford the corresponding labile hemiketals. In turn, these
intermediates might cyclise to yield the desired bis-spiroketal 4, on
contact with traces of acid. The synthesis of the pinnatoxin and
pteriatoxin families requires access to bis-spiroketal 4. However,
we postulated that endoperoxide 2 could also succumb to an
entirely different fate. On losing the stabilising influence of the
furan ring, the carbonyl would become more electrophilic, and,
therefore, susceptible to attack from the hydroxyl most proximal
to it (pathway c¢). With this hydroxyl now tied up as a hemiketal,
the remaining C-12 hydroxyl is left to open up the endoperoxide 2
(pathway a), thus furnishing hydroperoxide 6. If hydroperoxide
6 were then to be subjected to the established reduction and
ketalisation conditions, it is reasonable to suggest that it may
rearrange to afford bis-spiroketal 7, or, in other words, the bis-
spiroketal motif required for the synthesis of salinomycin.

In order to begin delineating which pathway would dominate
upon inclusion of a furylic carbonyl in the oxidation substrate,
furan 10 was rapidly synthesised using a series of standard
reactions (3 steps, overall yield 70%). This model compound was
then subjected to our recently established 'O, cascade reaction
sequence conditions,'! namely 10~* M Methylene Blue as sensitizer,
with O, bubbling through the reaction solution and exposure

to visible light (Scheme 3). Unfortunately, the major product
isolated from this reaction was lactone 11 (75% yield), formed by
fragmentation of the intermediate hydroperoxide (fragmentation
I). A mechanistically similar fragmentation, occurring when a
furylic aldehyde was included in an oxidation precursor, has been
reported.’ In an attempt to circumvent this undesirable outcome,
the furylic carbonyl of furan 9 was reduced to the corresponding
alcohol using LiAlH,. Following a TBAF-mediated desilylation,
a new oxidation substrate 12 was obtained (81% two steps). When
furan 12 was subjected to the 'O, cascade reaction conditions, we
were gratified to see that the major product was the salinomycin-
type spiroketal 13 (formed as a 5 : 1 mixture of anomers)
accompanied by spiroketal 14 (13 : 14 ~ 2 : 1). When this crude
reaction mixture was treated with mild acid, spiroketal 14 was
transformed to the desired lactone 13 and furanone 10 (1: 1). The
total yield after column chromatographic purification was 57% for
13 and 11% for 10.

a) n-BuLi
OTBS
/j\ I/\/B\/ Me /\
0 b) n-BuL °
AcN(Me)OMe 0 OTBS
76% over 2 steps 9
e) LiAlH,
c) TBAF f) TBAF
2% 81% over
2 steps
N\ 7\
—
Me o OH Me o
o OH
OH
10 12
d) O,, MB, hv; g) Oy, MB, hv;
Me,S, 75% Me,S
fragmentation | 2
OQKA (0]
Me
" 13 (57%)
11% from 12 +
Me@{‘gﬁ MGW
L S0 - o
HO: h)TsOH  HO OH
15 [-H20] 14

Scheme 3 Successful one-pot formation of the [6,5,6]-bis-spiroketal 13
from dihydroxyfuran 12.

Encouraged by this positive result, we next sought to examine a
fully functionalised system from which the desired bis-spiroketal
might be derived. We reasoned that it would not be necessary to
take the extra protective step of reducing the furylic carbonyl if
the hydroperoxide functionality of the intermediate, formed upon
opening of the endoperoxide, could be generated regioselectively
at the position most distal to the carbonyl group (akin to
hydroperoxide 5 rather than hydroperoxide 3, Scheme 2). Prac-
tically, this result could be achieved by selectively protecting the
appropriate hydroxyl group, thereby blocking a pathway-a-type
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attack on the endoperoxide 2 (Scheme 2). Once the hydroperoxide
placement had been acheived, the resulting intermediate 5 would
not be susceptible to decomposition by a type-I fragmentation
mechanism. To this end, furan 17 was synthesised in short order by
acylation of the anion of furan 16! with butyrolactone (yield 53%,
Scheme 4).” Furan 17 was then subjected to the established 'O,
reaction conditions, followed by reduction with Me,S, but, instead
of exclusively forming the desired hemiketal 20, the major product
of this reaction was 4-hydroxybutenolide 19, presumably formed
by the loss of butyrolactone from intermediate endoperoxide 18
(type-II fragmentation®). Treatment of the mixture of 19 and 20
with p-TsOH, first in the presence of water (-OTBS deprotection)
and then in its absence (ketalization), furnished lactone 11 in an
overall yield of 67%, accompanied by the desired bis-spiroketal 7,
albeit in low yield (12%).
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Scheme 4 Obtaining spirolactone 7 from furan 17 provides us with the
missing pieces of the jigsaw puzzle.

Despite the disappointing identification of a new and unwanted
fragmentation process, the results of this reaction were highly
didactic and pleasing. Since pathway a was blocked by the TBS
protection of the C-12 hydroxyl group, the only means by which
furan 17 could have given rise to bis-spiroketal 7 was through
the intermediacy of a hydroperoxide analogous to 5 (by pathway
b, Scheme 2), thus validating certain aspects of our original
retrosynthetic proposal. However, no evidence of bis-spiroketal
4 was seen, suggesting that although the equilibrium between
the pinnatoxin/pteriatoxin core and the salinomycin core does
indeed exist, it strongly favours the latter structure under these
conditions. Perhaps most crucially, the reaction sequence also
revealed that pathway c is faster than pathway b, so that in the fully
functionalised systems there will always be a natural and in-built

protection against fragmentation I. It was, therefore, unnecessary
to expend any effort in trying to place the hydroperoxide moiety
using selective hydroxyl protection. Indeed, we now felt confident
that by utilising a complete and unprotected substrate we might be
able to synthesise the desired salinomycin core precursor in one-
pot, as originally hoped, using this beautiful ' O,-mediated cascade
sequence, the only caveat being that the rate of the pathway a
reaction must be faster than the undesired type-II fragmentation
(Schemes 2 and 4). If successful, this final investigation would
not only synthesise the sought-after [5,6,6]-bis-spiroketal unit in a
most efficient and elegant manner, but it would also complete the
deciphering of the relative rates of all the competing pathways open
to initially formed endoperoxide intermediate 2 (Scheme 2). Anx-
ious to test the final hypothesis, furan 1 was rapidly synthesised by
deprotecting furan 17 (TsOH, THF-H,O, 95%, Scheme 5). Furan
1 was then subjected to the tandem reaction sequence conditions
and we were gratified to observe the formation of the desired
bis-spiroketal 7 (as a separable 2 : 1 mixture of anomers) and in
53% overall yield. The major anomer was identified as being the
cis-[5,6,6]-bis-spiroketal after a conclusive NOE was seen between
one of the two C-3 protons and one of the C-9 protons (in the
other anomer no such NOE was observed). Further retrospective
study of the cascade sequence allowed us to isolate and fully
characterise the hemiketal product 22 (as the predicted mixture
of 4 diastereoisomers, but with one diastereomer dominating as
seen by “C NMR) of the reduction step, thus confirming its
intermediacy in this multifaceted transformation of 1 — 7. The
isolation of 22% of lactone 11 from this reaction proved that,
although pathway a dominated just as we had anticipated, type-
II fragmentation was still a reaction competing with the desired
alternative, albeit at a more minor level.
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Scheme5 Successful one-pot formation of the [6,6,5]-bis-spiroketal motif
7 from unprotected furan 1.
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Conclusions

A cascade sequence orchestrated by singlet oxygen was success-
fully employed to transform the simple furan 1, bearing a furylic
ketone, into the desired [5,6,6]-bis-spiroketal 7 in high yield and
one-pot, and despite the fact that two competing fragmentation
pathways were unveiled during the investigation.

Experimental
tert-Butyl(dimethyl)silyl 4-(2-furyl)butyl ether (16)

A solution of furan (300 mg, 4.4 mmol) in anhydrous THF (2
mL) was added dropwise to a solution of n-BuLi (3.14 mL of
a 1.4 M solution in hexane, 4.4 mmol) in anhydrous THF (2
mL) at —25 °C. After 4 h at —15 °C, a solution of iodide 8
(690 mg, 2.2 mmol) in anhydrous THF (3 mL) was added dropwise
and the reaction mixture stirred for 1 h at —15 °C. The reaction
was warmed to room temperature and stirred for a further 4 h,
after which it was partitioned between Et,O (15 mL) and H,O
(15 mL). The layers were separated and the organic layer was
washed with brine (15 mL), dried (Na,SO,), and concentrated in
vacuo.The residue was purified by column chromatography (silica
gel, hexane-EtOAc = 20 : 1) to afford the desired monosubstitued
furan 16 (505 mg, 90%). 16: "H NMR (500 MHz, CDCl;): 6 =
7.30 (d, J = 1.7 Hz, 1H), 6.28 (dd, J, = 2.9 Hz, J, = 1.7 Hz,
1H), 598 (d, J = 2.9 Hz, 1H), 3.63 (t, J/ = 6.5 Hz, 2H), 2.65
(t, J = 7.4 Hz, 2H), 1.69 (m, 2H), 1.57 (m, 2H), 0.90 (s, 9H),
0.05 (s, 6H) ppm; “C NMR (125 MHz, CDCl,): 6 = 156.3, 140.7,
110.0, 104.7,62.8, 32.3,27.7,25.9 (3C), 24.4, 18.3, —5.3 (2C) ppm;
HRMS(TOF ES+): caled for C,,H,,0,NaSi: 277.1600 [M + Na]*;
found: 277.1591.

1-[5-(4-{ [tert-Butyl(dimethyl)silylJoxy } butyl)-2-furyl]-1-ethanone
®

A soluition of n-BuLi (2.13 mL of 1.4 M solution in hexane, 2.98
mmol) was added dropwise to a solution of monosubstituted furan
16 (505 mg, 1.99 mmol) in anhydrous THF (7 mL) at 0 °C. After
20 min stirring at the same temperature, a solution of N-methoxy-
N-methylacetamide (307 mg, 2.98 mmol) in anhydrous THF (5
mL) was added dropwise. The reaction mixture was warmed to
room temperature and stirred for a further 3 h, after which it
was partitioned between Et,O (15 mL) and NH,CI (15 mL). The
layers were separated and the organic layer was washed with brine
(15 mL), dried (Na,S0O,), and concentrated in vacuo. The residue
was purified by flash column chromatography (silica gel, hexane—-
EtOAc=20:1— 10:1) to afford the desired methyl furylketone
9 (490 mg, 84%).9: '"H NMR (500 MHz, CDCl;): 0 =7.07 (d, J =
3.5Hz, 1H),6.16(d,J =3.5Hz, 1H), 3.62 (t,/ = 6.2 Hz,2H), 2.71
(t, J = 7.6 Hz, 2H), 2.42 (s, 3H), 1.74 (m, 2H), 1.56 (m, 2H), 0.89
(s, 9H), 0.03 (s, 6H) ppm; *C NMR (125 MHz, CDCl;): 0 = 186.0,
161.8, 151.4, 119.0, 108.1, 62.6, 32.1, 28.0, 25.9 (3C), 25.6, 24.1,
18.3, —5.4 (2C) ppm; HRMS (TOF ES+): caled for C,sH,,O;Si:
297.1886 [M + H]*; found: 297.1896.

1-[5-(4-Hydroxybutyl)-2-furyl]-1-ethanone (10)

A solution of TBAF (920 uL of a 1.0 M solution in THF,
0.92 mmol) was added dropwise to a solution of TBS-protected

hydroxyfuran 9 (179 mg, 0.60 mmol) in anhydrous THF (8 mL) at
0 °C. The reaction mixture was then warmed to room temperature
and stirred for 3 h, after which it was partitioned between EtOAc
(10 mL) and H,O (10 mL). The layers were separated and the
organic phase was dried (Na,SO,) and concentrated in vacuo. The
residue was purified by flash column chromatography (silica gel,
hexane-EtOAc=3:1— 1:1 — 1:2) to afford hydroxyfuran
10 (100 mg, 92%). 10: '"H NMR (300 MHz, CDCl;): 0 = 7.10 (d,
J = 3.3 Hz, 1H), 6.16 (d, J = 3.3 Hz, 1H), 3.64 (t, J = 6.3 Hz,
2H), 2.86 (brs, 1-OH), 2.71 (t, J = 7.5 Hz, 2H), 2.40 (s, 3H), 1.77
(m, 2H), 1.65 (m, 2H) ppm; “C NMR (125 MHz, CDCl;): 6 =
186.1, 161.8, 151.3, 119.3, 108.1, 61.9, 31.9, 28.0, 25.5, 23.9 ppm,;
HRMS (ESI+): caled for CyH,,O;Na [M + Na*]: 205.0835, found:
205.0835.

1,6-Dioxaspiro[4.5]dec-3-en-2-one (11)

Hydroxyfuran 10 (25 mg, 0.14 mmol) was dissolved in CH,Cl, (5
mL) containing a catalytic amount (10~* M) of Methylene Blue.
The solution was cooled to 0 °C. Oxygen was gently bubbled
through the solution while it was irradiated with a xenon Variac
Eimac Cermax 300 W lamp for 8 min. An excess of dimethyl sulfide
was added and the solution was warmed to room temperature and
stirred for a further 12 h. The solvent was removed in vacuo and
the residue passed through a short pad of silica (hexane-EtOAc =
6:1— 4:1)toafford 11 (16 mg, 75%). 11: '"H NMR (500 MHz,
CDCL): 0 = 7.12 (d, J = 5.6 Hz, 1H), 6.09 (d, J = 5.6 Hz, 1H),
4.02(dt,J, =11.4 Hz, J, = 3.3 Hz, 1H), 3.91 (dd, J, = 11.4 Hz,
J, =4.7Hz, 1H), 1.95 (m, 1H), 1.85 (m, 2H), 1.70 (m, 3H) ppm;
BCNMR (125 MHz, CDCl;): 0 = 170.5, 154.2, 123.0, 106.8, 65.0,
32.1, 24.0, 19.0 ppm; HRMS (ESI+): caled for C,sH,xO4 [2M +
Na*]: 331.1152, found: 331.1148.

4-[5-(1-Hydroxyethyl)-2-furyl]-1-butanol (12)

LiAIH, (58 mg, 1.52 mmol) was added to a solution of ketone
9 (226 mg, 0.76 mmol) in anhydrous Et,O (10 mL) under an
argon atmosphere at 0 °C. The reaction was then warmed to
room temperature and stirred for 30 min, after which it was
partitioned between EtOAc (10 mL) and a saturated solution
of sodium potassium tartate (10 mL). The layers were separated
and the organic phase dried (Na,SO,) and concentrated in vacuo
to afford the corresponding hydroxyfuran (215 mg, 95%). To a
solution of this TBS-protected hydroxyfuran (215 mg, 0.72 mmol)
in anhydrous THF (10 mL) at 0 °C, TBAF (870 pL of 1.0 M
solution in THF, 0.87 mmol) was added dropwise. The reaction
mixture was then warmed to room temperature and stirred for
2 h, after which it was partitioned between EtOAc (10 mL) and
brine (10 mL). The layers were separated, and the organic phase
was dried with Na,SO, and concentrated in vacuo. The residue
was purified by flash column chromatography (silica gel, hexane—
EtOAc=1:1 + Et;N) to afford hydroxyfuran 12 (113 mg, 85%).
12: '"H NMR (500 MHz, CDCl;): 0 = 6.08 (d, J = 3.0 Hz, 1H),
590 (d, J = 3.0 Hz, 1H), 4.80 (q, J = 6.5 Hz, 1H), 3.62 (t, J =
6.5 Hz, 2H), 2.62 (t, J = 7.5 Hz, 2H), 2.03 (brs, 1-OH), 1.72 (m,
2H), 1.67 (brs, 1-OH), 1.60 (m, 2H), 1.50 (d, J = 6.5 Hz, 3H) ppm,;
BCNMR (125 MHz, CDCl;): 6 = 155.8, 155.5, 105.7, 105.4, 63.5,
62.4,32.1,27.7,24.2,21.1 ppm.
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2-Methyl-1,7-dioxaspiro[5.5]undec-4-en-3-one (13)

Hydroxyfuran 12 (50 mg, 0.27 mmol) was dissolved in CH,Cl, (5
mL) containing a catalytic amount (10~* M) of Methylene Blue.
The solution was cooled to 0 °C. Oxygen was bubbled gently
through the solution while it was irradiated with light from a
xenon Variac Eimac Cermax 300 W lamp for 2 min. An excess of
dimethyl sulfide (50 L) was added and the solution was warmed
to room temperature, after which it was stirred for a further 17 h.
The solvent was removed in vacuo and the residue passed through
a short pad of silica (hexane-EtOAc = 1 : 2) to afford a mixture
of 13 and 14. To a solution of 13 and 14 in CH,Cl, (5 mL) at room
temperature was added catalytic amounts of p-TsOH (5 mg). The
reaction mixture was stirred for 12 h, after which it was partitioned
between CH,Cl, (5 mL) and NaHCO; (5 mL). The layers were
separated and the organic phase was washed with brine (5 mL),
dried (Na,SO,) and concentrated in vacuo to afford 13 (28 mg,
57%) as a 5 : 1 mixture of diastereoisomers, and 10 (5 mg, 11%).
13: "TH NMR (500 MHz, CDCl;, major): 0 = 6.67 (d, J = 10.1 Hz,
1H), 6.00 (d, J = 10.1 Hz, 1H), 4.46 (q, J = 6.8 Hz, 1H), 3.79 (m,
2H), 1.91 (m, 2H), 1.67 (m, 4H), 1.40 (d, J = 6.8 Hz, 3H) ppm; “C
NMR (125 MHz, CDCl;): 6 = 176.6, 148.4, 126.8, 93.2, 70.0, 62.6,
34.3,24.7, 17.8, 15.3 ppm; HRMS (ESI+): caled for C,iH,,O;Na
[M + Na*]: 205.0835, found: 205.0835.

1-[5-(4-{[tert-Butyl(dimethyl)silyl]oxy } butyl)-2-furyl]-4-hydroxy-
1-butanone (17)

n-BuLi (787 puL of a 1.5 M solution in hexane, 1.18 mmol) was
added dropwise to a solution of 16 (200 mg, 0.79 mmol) and
TMEDA (238 puL, 1.57 mmol) in anhydrous THF (4 mL) at
—15°C. After 5 min at 0 °C, the mixture was added dropwise to a
solution of butyrolactone (90 uL, 1.18 mmol) in anhydrous THF
(2mL) at —15 °C and the reaction mixture stirred for a further 2 h
at —15 °C, after which it was quenched with MeOH at the same
temperature. The reaction mixture was partitioned between Et,O
(10 mL) and NH,CI (10 mL). The layers were separated, and the
organic layer was washed with brine (10 mL), dried (Na,SO,), and
concentrated in vacuo. The residue was purified by flash column
chromatography (silica gel, hexane-EtOAc=5:1—>4:1— 3:
1 —-2:1—1:1)to afford 17 (142 mg, 53%). 17: '"H NMR
(300 MHz, CDCly): 6 = 7.12 (d, J = 3.3 Hz, 1H), 6.15 (d, J =
3.3 Hz, 1H), 3.69 (t, J/ = 6.1 Hz, 2H), 3.61 (t, J = 6.1 Hz, 2H),
2.90 (t,J =7.2Hz,2H), 2.70 (t, J = 7.5 Hz, 2H), 2.22 (brs, 1-OH),
1.95 (m, 2H), 1.73 (m, 2H), 1.55 (m, 2H), 0.86 (s, 9H), 0.02 (s, 6H)
ppm; "C NMR (75 MHz, CDCl,): 6 = 188.8, 161.7, 151.1, 118.8,
107.9, 62.4, 62.0, 34.6, 31.9, 27.9, 26.9, 25.7 (3C), 23.9, 18.1, —5.6
(2C) ppm; HRMS (ESI+): caled for C3H;,O,NaSi [M + Na']:
363.1962, found: 363.1962.

4-Hydroxy-1-[5-(4-hydroxybutyl)-2-furyl]-1-butanone (1)

A catalytic amount of p-TsOH was added to a solution of 17
(116 mg, 0.34 mmol) in THF-H,O (20 : 1) at room temperature.
The reaction mixture was stirred for 3.5 h, after which it was
partitioned between EtOAc (10 mL) and NaHCO; (10 mL). The
layers were separated and the organic phase was washed with brine
(10 mL), dried (Na,S0O,), and concentrated in vacuo to afford the
desired diol 1 (73 mg, 95%). 1: '"H NMR (300 MHz, CDCl;):
0 =712 (d, J = 3.6 Hz, IH), 6.15 (d, J = 3.6 Hz, 1H), 3.67 (t,

J = 5.8 Hz, 2H), 3.64 (t, J/ = 5.8 Hz, 2H), 2.89 (t, J = 7.0 Hz,
2H), 2.71 (t, J = 7.3 Hz, 2H), 2.36 (brs, 2-OH), 1.94 (m, 2H),
1.76 (m, 2H), 1.61 (m, 2H) ppm; “C NMR (75 MHz, CDCl;):
0 =189.1, 161.7, 151.3, 119.1, 108.3, 62.2, 62.1, 34.8, 32.0, 28.0,
27.2,24.0 ppm; HRMS (ESI+): caled for C,,H;;O,Na [M + Na*]:
249.1097, found: 249.1100.

2-(2-Hydroperoxy-1,6-dioxaspiro[4.5]dec-3-en-2-yl)tetrahydro-2-
furanol (22)

Diol 1 (50 mg, 0.22 mmol) was dissolved in CH,Cl, (5§ mL)
containing a catalytic amount (10~* M) of Methylene Blue. The
solution was cooled to 0 °C. Oxygen was bubbled gently through
the solution while it was irradiated with light from a xenon Variac
Eimac Cermax 300 W lamp for 5 min. An excess of dimethyl
sufide was added (100 pL) and the solution was warmed to room
temperature, after which it was stirred for a further 12 h. The
solvent was removed in vacuo and the residue passed through a
short pad of'silica (hexane-EtOAc=2:1— 1:1— 1:2)to afford
22 (36 mg, 68%) as a mixture of 4 diastereoisomers and 11 (7 mg,
22%). 22: '"H NMR (500 MHz, CDCl;, major): 0 = 6.04 (d, J =
5.3 Hz, 1H), 5.95(d, J = 5.3 Hz, 1H), 3.95 (m, 3H), 3.80 (m, 2H),
2.14 (m, 2H), 1.95 (m, 4H), 1.75 (m, 2H), 1.60 (m, 2H) ppm; “C
NMR (125 MHz, CDCl;, major): 0 = 135.9, 130.2, 111.4, 110.3,
105.2, 68.8, 63.8, 34.5, 33.2, 24.8, 24.5, 19.0 ppm; HRMS (ESI+):
calcd for C,,H;s0sNa [M + Na*]: 265.1046, found: 265.1049.

1,6,8-Trioxadispiro[4.1.5.3]pentadec-13-en-15-one (7)

A catalytic amount of p-TsOH (5 mg) was added to a solution of
22 (36 mg, 0.15 mmol) in CH,Cl, (5 mL) at room temperature.
The reaction mixture was stirred for 30 min, after which it was
partitioned between CH,Cl, (5 mL) and NaHCO; (5 mL). The
layers were separated, and the organic phase was washed with
brine (SmL), dried (Na,SO,) and concentrated in vacuo to afford 7
(26 mg, 78%) as a mixture of two stereoisomersina 2 : 1 ratio. The
isomers were separated by flash column chromatography (silica
gel, hexane-EtOAc =10:1 — 5:1 — 2 : 1). Trans isomer: 'H
NMR (500 MHz, C;Dg):6 =6.30(d, J =10.4 Hz, 1H), 5.88 (d, J =
10.4 Hz, 1H), 3.95 (m, 1H), 3.75 (m, 1H), 3.66 (q, / = 7.3 Hz, 1H),
3.54 (m, 1H), 2.53 (td, J, = 12.8 Hz, J, = 8.5 Hz, 1H), 2.14 (brd,
J=12.8Hz,1H),1.91(ddd,J, =12.8 Hz,J,=7.9Hz,J;=5.0Hz,
1H), 1.73 (m, 2H), 1.60 (m, 1H), 1.40-1.28 (m, 3H), 1.14 (m, 1H)
ppm; “C NMR (125 MHz, C¢Dy): 6 = 190.2, 149.9, 125.9, 105.9,
95.3, 69.8, 61.6, 35.1, 34.9, 25.3, 25.0, 18.9 ppm; HRMS (ESI+):
caled for C;,H,,O,Na [M + Na*]: 247.0941, found: 247.0942. Cis
isomer: "H NMR (500 MHz, C,Dy, ): 0 = 6.22 (d, J = 10.5 Hz,
1H), 5.90 (d, J = 10.5 Hz, 1H), 3.87 (m, 2H), 3.72 (m, 1H), 3.61
(m, 1H), 2.66 (td, J, = 12.6 Hz, J, = 8.3 Hz, 1H), 1.81 (m, 2H),
1.74 (m, 1H), 1.65 (m, 1H), 1.44 (brd, J = 12.6 Hz, 1H), 1.34 (m,
2H), 1.23 (dt, J, = 13.1 Hz, J, = 4.3 Hz, 1H), 1.18 (m, 2H) ppm;
BC NMR (125 MHz, CsDy): 6 = 190.5, 148.7, 125.7, 105.0, 93.5,
70.3, 61.6, 35.8, 34.8, 25.5, 25.1, 18.3 ppm; HRMS (ESI+): calcd
for C;,H;s0,Na [M + Na*]: 247.0941, found: 247.0942.
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The fact that IBX exhibits reactivity akin to DMP is demon-
strated from the results observed with strained and sterically
hindered syn 1,2-diols, which undergo oxidative cleavage
via a 12-I-5 spirobicyclic periodinane. The use of TFA, a
protonating solvent, promotes the formation of the 12-I-5
intermediate for 1,2-diols of all types (sec,sec, sec,tert and
tert,tert), leading to efficient oxidative fragmentation.

The oxidizing agent o-iodoxybenzoic acid, popularly known as
IBX, has recently grown in importance in oxidation chemistry due
to its easy synthesis and hence cheap availability, environmentally-
benign attributes, and more importantly a multitude of trans-
formations that may be readily accomplished with it in a facile
manner.' Strangely, it was only after a century that the extremely
useful oxidation properties of IBX were uncovered. In 1994, Frige-
rio and co-workers? showed for the first time that IBX is soluble
in DMSO and that it oxidizes alcohols to carbonyl compounds
in this medium. The recent demonstration by Nicolaou and co-
workers of a variety of IBX-mediated transformations at elevated
temperatures in DMSO has spurred a renewed interest in IBX
oxidation chemistry.® Thus, the kaleidoscopic ability of IBX to
accomplish a myriad of transformations continues to be uncovered
even a decade after its oxidation properties were revealed.*

In the course of our studies on IBX oxidations,’> we were
intrigued by the reported results that IBX oxidizes sec,sec-1,2-diols
to the corresponding a-ketols and/or a-diketones without cleaving
the glycolic C-C bond,? and that it does not react with tert,tert-1,2-
diols to afford oxidative fragmentation products, namely ketones.®
In contrast, DMP has long been known to accomplish the same
transformation rather easily (Scheme 1).%” This difference in the
reactivities of IBX and DMP with respect to 1,2-diols was shown
to be a consequence of reversible formation of a 10-1-4 species with
IBX and irreversible formation of a 12-1-5 species with DMP;¢ the
latter decomposes rapidly into dicarbonyl compounds, while the
former cannot undergo cleavage. In the present investigation, we
have examined IBX-mediated oxidative cleavage of fert,tert-1,2-
diols and have also discovered pathways that favor fragmentation
of sec,sec-1,2-diols, which otherwise yield non-cleavage products.
Herein, we report that IBX can be employed to accomplish
oxidative cleavage of 1,2-diols in the manner of DMP by simple
variation of solvent and/or temperature, and present our results
that attest to the formation of a modified 12-1-5 species.

Department of Chemistry, Indian Institute of Technology, Kanpur, 208016,
India. E-mail: moorthy@iitk.ac.in, Fax: +91-512-2597436, Tel: +91-512-
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T Electronic supplementary information (ESI) available: Experimen-
tal procedures and characterization data for products. See DOI:
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In our initial experiments, we found that benzpinacol
(Ph,C(OH)C(OH)Ph,) underwent C-C bond cleavage when
heated with IBX in DMSO at 80 °C. Evidently, the elevated tempe-
rature drives the reaction over activation barriers necessary for the
observed fragmentation. Encouraged by this result, the oxidative
cleavage of a variety of 1,2-diols was examined at 70-80 °C in
DMSO. Four different tert,tert-1,2-diols were found to undergo
fragmentation to ketones (both aliphatic and aromatic) in excellent
isolated yields (entries 1, 3, 5 and 7, Table 1).; However, a range of
sec,sec as well as sec,tert-1,2-diols was found to be oxidized, under
same conditions, to the corresponding ketols and/or 1,2-diketones
(entries 9, 12, 14, 16, 24, 30, 32, 34 and 36); clearly, in these
cases the oxidation of hydroxyl group/s to ketol and/or diketone
competes with oxidative fragmentation. However, strained
syn-1,2-diols (at rt) and sterically-hindered sec,sec-1,2-diols (at
65 °C) were found to undergo cleavage to the corresponding
dialdehyde/aldehydes in varying yields (entries 18, 20 and 22), as
well as being converted to the non-cleavage oxdiation products,
viz., diketones and ketols. Indeed, sec,tert-1,2-diols also exhibited
moderate cleavage in DMSO as the solvent (entries 26 and 28).

Mechanistically, the oxidative fragmentation of tert,tert-1,2-
diols with IBX in DMSO at 80 °C should be reconciled based
on the formation of a spirobicyclic periodinane 12-1-5 species

This journal is © The Royal Society of Chemistry 2007
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Table 1 Results of oxidative cleavage of 1,2-diols to carbonyl compounds with IBX in DMSO and TFA

Reaction conditions

Entry  Substrate Solvent Equiv.® Temp./°C  Time/h  Oxidation products Yield (%)*
1 Rt OH . R'=R?*=R*=R*=Ph DMSO 2.0 80 4.0 Cleavage 90
R
2 4
R OH R
2 TFA 2.0 30 3.0 Cleavage 75¢
3 R'=R*=Ph;R?=R*=Me DMSO 1.5 80 1.5 Cleavage 86
4 TFA 1.5 30 0.1 Cleavage 88
5 R'=R>=R’=R*=Et DMSO 1.2 80 1.2 Cleavage >80%¢
6 TFA 1.2 30 0.1 Cleavage >907-¢
7 R'=R?=-(CH,)s-; R’ = DMSO 1.2 80 5.0 Cleavage =904
R* = ‘(CHz)s'
8 TFA 1.2 30 0.1 Cleavage >904¢f
9 HO  OH X=H DMSO 2.5 30 0.5 Non-cleavage 86
X X
10 TFA 1.5 30 0.1 Cleavage 85
11 TFA 2.0 30 0.1 Cleavage 80
12 X =CH; DMSO 25 30 0.5 Non-cleavage 88
13 TFA 1.5 30 0.1 Cleavage 85
14 X=F DMSO 2.5 30 0.5 Non-cleavage >80
15 TFA L.5 30 0.1 Cleavage 80
16 X =Br DMSO 25 30 0.5 Non-cleavage 70
17 TFA 1.5 30 0.1 Cleavage 82
18 ;?_Q DMSO 25 65 3.0 Cleavage + non-cleavage 88
PhPh
19 TFA 1.2 30 0.3 (70 : 30) Cleavage 80
20 [ on DMSO 1.2 30 2.0 Cleavage 70
OH
21 TFA 1.2 30 0.1 —f —
22 DMSO 1.2 30 2.0 Cleavage + non-cleavage (66 : 34)?
OH
OH
23 TFA 1.2 30 0.1 Cleavage! —
24 HO HO Ph DMSO 1.5 30 0.5 Non-cleavage >90
PH \
25 TFA 1.5 30 0.1 Cleavage >909
26 Phon DMSO 2.0 80 7.0 Cleavage + non-cleavage (60 : 40)¢ —*
o8
27 TFA 1.1 30 0.1 Cleavage 90
28 OH DMSO 1.1 rt — Cleavage (27%)’ —
@A,@H
29 TFA 1.1 30 0.1 Cleavage 80
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Table 1 (Contd.)

Reaction conditions

Entry  Substrate Solvent Equiv.* Temp./°C  Time/h  Oxidation products  Yield (%)*
30 R R =-CH(CH;)CH,CH,- DMSO 6.0 rt 1.0 Non-cleavage/ —
CH,CH(CH;),
AcO
OHOH

31 TFA 1.2 30 0.1 Cleavage 90
32 R =-COCH; DMSO 6.0 rt 1.0 Non-cleavage’ —
33 TFA 1.2 30 0.1 Cleavage 85
34 HO OH Syn DMSO 25 30 1.0 Non-cleavage 85
35 TFA 1.2 30 0.2 Cleavage —=
36 Anti DMSO 2.5 30 1.0 Non-cleavage 82
37 TFA 2.5 30 0.2 Non-cleavage 76

“Molar equivalent of IBX. ®Isolated yields, unless mentioned otherwise. ¢ Conversion 75%. ¢ Based on '"H NMR (400 MHz) analysis of the reaction
mixture. ¢ With 2.0 equiv. of IBX, a,B-unsaturated ketone was also observed. / Based on GC analysis. # A complex mixture of products was observed.

" Conversion 85%. ' Ref. 6.7 Ref. 2.

(as formed in DMP oxidation), while non-cleavage oxidation must
occur via a 10-I-4 species. In order to characterize the 12-I-5
intermediate formed during the oxidative cleavage of fert,tert-1,2-
diols, the progress of the reaction of pinacol, a representative case,
with IBX was monitored by '"H NMR spectroscopy. The NMR
profiles for the reaction of pinacol with IBX in a sealed NMR
tube after different reaction durations are shown in Fig. 1. The
appearance of 4 methyl signals at rt suggests that IBX reacts
with pinacol to form an alkoxyiodinane oxide (A), which has
been previously characterized.® Upon heating at 80 °C, 2 new
methyl signals with equal intensity appear, with concomitant
disappearance of the signals of A (see B — C — D). Further,
one observes the formation of a fragmentation product, acetone
(C). We attribute these two new signals to the formation of a
spirobicyclic 12-1-5 species, ¢f. Scheme 2. A rapid equilibrium on
the NMR time scale between two enantiomeric species, as shown
in eqn (1), presumably occurs, and accounts for the appearance of
only two methyl signals.?

How is the formation of 12-1-5 species, responsible for oxidative
cleavage, facilitated at a high temperature in DMSO? Based
upon 'H NMR studies, Nicolaou and co-workers showed recently
that DMSO forms an adduct with IBX at higher temperatures
(Scheme 2).° The formation of such an adduct may increase
the reactivity of IBX toward alcohols. Thus, the formation of
a 12-1-5 spirobicyclic periodinane intermediate must be promoted
(Scheme 2) by initial attack of the 1,2-diol on the DMSO-IBX

o M JL ©\W:O§;,A

o Lol A WL

Fig.1 '"HNMR monitoring of the reaction of IBX with pinacol in DMSO
in a sealed NMR tube: (a) 0.5 h, 30 °C; (b) 1 h, 80 °C; (¢) 2 h, 80 °C and
(d)4h,80°C.

adduct followed by dehydration of the monoalkoxy periodinane;®
DMSO may initially depart as a good leaving group, akin to
that of the acetoxy group in DMP. These considerations do not
appear to apply for cyclic strained syn-1,2-diols, as reflected in
their reactivity at rt; the formation of 12-I-5 species should be
facile for conformationally predisposed cyclic syn-1,2-diols.

To achieve oxidative cleavage of sec,sec-1,2-diols which yield
non-cleavage products with IBX in DMSO, we envisaged that
protonation of 10-1-4 species may suppress the nucleophilic attack

This journal is © The Royal Society of Chemistry 2007
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leading to the ketol (path ‘a’, Scheme 3). It was soon realized from
preliminary experiments that TFA not only serves as a proton
source, but is also an extremely good solvent for IBX. Thus, with
neat TFA as solvent, a variety of sec,sec, tert,tert and sec,tert syn-
1,2-diols were found to undergo oxidative cleavage in very short
reaction times (5-30 min) and in respectable isolated yields
(Table 1).% Surprisingly, addition of the diol to TFA, followed
by IBX, led to an intractable mixture of products.

R
/\Y\'é R\{H)(H
o H 3
® |)\.7OH Oﬁ,‘%‘\\g
(')‘Oe —_— qu‘Oe
10-1-4 O O 1215
path ‘2’ L\_, ©; ¢ path 'b'
[0}
o2l
BA
O

Scheme 3

Insofar as the mechanism of fragmentation is concerned, we
believe that IBX is converted to a 12-I-5 spirobicyclic periodinane
species in TFA much more rapidly than for DMP, because
CF;COO~ is a much better leaving group than CH;COO~
(Scheme 2). The rapidity with which the reaction is completed
(within 10-30 min after the addition of the diol) appears to suggest
that the formation of the 12-I-5 species is rate-determining.’ In
line with this mechanism, one molar equivalent of IBX suffices for
oxidative cleavage. The reduction product of IBX was confirmed
to be iodosobenzoic acid (IBA, Schemes 1-3) by isolation and
characterization by '"H NMR studies (see ESIT).

The results of oxidation of acenaphthylen-1,2-diols with IBX in
TFA are quite instructive. The syn diol (entry 35, Table 1) gave a
complex mixture of products (presumably due to the dialdehyde
undergoing further reactions in the acidic medium), whereas
the anti diastercomer (entry 37, Table 1) yielded non-cleavage
products in 76% isolated yield—clearly suggestive of the difficulty
associated with the formation of spirobicyclic 12-1-5 periodinane
intermediate, which is responsible for oxidative cleavage.

In summary, the fact that IBX does exhibit reactivity akin to
DMP is revealed from the results observed with strained and
sterically-hindered syn-1,2-diols. The relief of strain in the 12-1-
5 intermediate (path ‘b’, Scheme 3) and the difficulty of hydrogen
transfer in the 10-1-4 intermediate (path a) facilitate the cleavage.
When the use of DMSO does not result in the cleavage of 1,2-
diols, TFA serves as a solvent as well as a proton source to
effect rapid oxidative cleavage. The drawback with the protocol
involving the use of the TFA is that it cannot be employed for
acid-sensitive diols, e.g., protected mannitols, cyclic sec,sec-1,2-
diols (for which the resultant dialdehydes may undergo rapid acid-
catalyzed aldol chemistry), etc. Given that IBX is an excellent
eco-friendly oxidation reagent, the above-described reactivity of
IBX in a protic solvent is expected to further enhance the
breadth of its applications in organic oxidation chemistry. As far
as vicinal diols are concerned, simple variation of experimental
conditions permits oxidation of choice, i.e., oxidative cleavage or
non-cleavage.
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Under slightly basic or neutral reaction conditions peptide-
o-thioesters are photochemically synthesized from peptide-
o-nitroindoline precursors, either in solution, or by direct
photorelease from a solid support.

In the past decades solid phase peptide synthesis (SPPS) has
significantly advanced due to the development and commercial
availability of numerous different linkers on a variety of solid
supports, modern coupling reagents, and orthogonally protected
amino acids.! Yet, one major limitation of SPPS is that it fails in
the synthesis of large peptides and proteins. Recently, a novel
technique called native chemical ligation (NCL) has emerged
that allows for the total chemical synthesis of moderately sized
proteins.? A peptide with a C-terminal thioester is condensed with
a second peptide that has an N-terminal cysteine. The two building
blocks undergo trans-thioesterification in an aqueous buffer,
under denaturing conditions, and the resulting thioester rapidly
rearranges to produce a native peptide bond. Peptide-a-thioesters
can be easily prepared by SPPS using the Boc protecting group
strategy,® but recently, alternative methods that do not require
acidic deprotection and cleavage with hydrofluoric acid have been
reported. By developing methods that made the synthesis of
peptide-o-thioesters compatible with Fmoc chemistry,* and by
developing cysteine-free techniques,” NCL could be extended to
the generation of large glycopeptides.

While the NCL steps are usually high yielding, overall protein
yields often suffer from low yielding peptide-a-thioester syntheses.
Although these Fmoc-chemistry compatible preparations have
avoided harsh reaction conditions, and allowed for the generation
of large peptides and glycopeptides by NCL, their use is often
limited due to a) the occurrence of unacceptable levels of C-
terminal epimerization; b) hydrolysis of the activated carboxylic
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acid or thioester under basic conditions; c) or by the necessity of
post-chain assembly manipulations prior to thioesterification. In
light of the potential impact of NCL on the study of proteomics
and glycomics, there is still a great demand for a universal and
efficient synthesis of peptide-a-thioesters.

Here we report on a convenient synthesis of peptide-o-
thioesters by an unconventional photochemical thioesterifica-
tion under slightly basic or neutral conditions. Approximately
30 years ago, it was discovered that N-acyl-7-nitroindolines
undergo photosolvolysis upon illumination, which results in the
acylation of a nucleophilic solvent.® Mechanistic studies suggest
that N-acyl-7-nitroindolines (1) are latent until activation occurs
upon illumination with near UV-light.” The resulting nitronic
anhydrides (2) can serve as powerful acylating agents in inert
organic solvents (Scheme 1).® For example, we have demonstrated
that nitroindoline derivatives of aspartic acid and glutamic acid
side chains can acylate glycosylamines forming N-glycosylamino
acids by phototransamidation.” The scope of this chemistry was
subsequently extended to the convergent photochemical synthesis
of N-glycopeptides.’

Recently, an N-acylated nitroindoline linker attached to
aminomethyl polystyrene beads has proven effective in the pho-
tochemical release of amides and lactams.'' We envisioned that
attaching a nitroindoline to Rink amide resin would generate
a solid support with two orthogonal linkers suitable for SPPS
providing chemical flexibility for cleaving the peptides from
the solid support. Since the C-terminal amino acid would be
attached to the nitroindoline linker via an amide bond, peptides
could be synthesized by standard Fmoc strategy. Cleavage of
the mature peptide with 95% TFA at the Rink linker would
afford photoreactive peptide amides, which can subsequently be
converted into thioesters in solution. Alternatively, illumination
of the beads in the presence of a mercaptan would photorelease
peptide-o-thioesters directly. We hypothesized that the proposed
photochemical method would generate diastereomerically pure
peptide-o-thioesters due to neutral reaction conditions. Thus the
problem of base-catalyzed epimerization of the C-terminus would
be eliminated.

Polystyrene beads equipped with a Rink linker are commercially
available, but 7-nitroindoline building blocks suitable for attach-
ment to a resin are not. Our initial idea was to couple the first
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Photoacylation of nucleophiles in inert solvents.
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Fmoc amino acid on to a nitroindoline derivatized Rink Amide
resin. While 5-carboxylic acid 7-nitroindoline could be condensed
with Rink amide resin, coupling of Fmoc-amino acids to this
nitroindoline derivatized resin failed.

The strategy was revised to first condensing an Fmoc amino
acid with a nitroindoline derivative, followed by deprotection
and coupling to Rink amide resin (Scheme 2). Starting from
commercially available 5-carboxylic acid indole (3), the universal
7-nitroindoline building block 5 was synthesized following a pub-
lished route." We modified the chemistry and reaction sequence
to some extent to make it compatible with Fmoc based peptide
chemistry. An important change was the conversion of 3 into an
orthogonal allyl ester, followed by double bond reduction with
a small excess of NaCNBH;. Acetylation afforded the N-acetyl-
indoline derivative 4, which was then nitrated and deacetylated
by acid catalyzed hydrolysis at pH 1. The obtained allyl protected

@@/ -
N
H
3
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f.g
R
N
H

5

a, b, c
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O O
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nitroindoline 5 was condensed either with Fmoc-Gly-OH, Fmoc-
Ala-OH, or Fmoc-D-Ala-OH in the presence of thionyl chloride
followed by Pd(0)-catalyzed deallylation using N-methylaniline,"
to give the photoreactive amino acid building blocks 6-8. These
adducts were then attached to commercially available Rink amide
resin with HBTU, HOBt and DIPEA to furnish 9-11. The
photoreactive model peptides 12-14 were constructed by standard
SPPS. Cleavage of the photoreactive peptides at the Rink linker
allows for their spectroscopic analysis and characterization. Thus,
treatment with 95% TFA released peptides 15 and 16 from the
resin, each bearing a C-terminal nitroindoline moiety.

Initial attempts to photorelease the ethyl thioesters 17-19
by illumination of the beads with UV-light in the presence of
ethylmercaptan—dichloromethane (1 : 6) failed, as the C-terminal
peptide acids were obtained almost exclusively. Similar results were
observed by others when alcohol nucleophiles were used in the
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Scheme 2 Synthesis of Fmoc—amino acid-nitroindolines and their application in the synthesis of photoreactive model peptides. a) i. Cs,CO;, DMF; ii.
AlIBr (91%, crude); b) NaCNBHj;, AcOH; c) Ac,0 (76%, two steps); d) NaNO;, TFA (quantitative); e) HCI, H,O, MeOH, pH 1 (70%); f) Fmoc-Gly-OH,
Fmoc-Ala-OH or Fmoc-D-Ala-OH, SOCL,, toluene, 70 °C (61-76%); g) Pd(PPh;),, N-methylaniline, THF (66-76%); h) Rink amide resin, HBTU, HOBt,
DIPEA, NMP (quantitative); i) deprotection of Fmoc: 20% piperidine in NMP; Fmoc—amino acid coupling: HBTU, HOBt, DIPEA, NMP; j) 95% TFA,

2.5% water, 2.5% triisopropylsilane [70% (15); 84% (16)].
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Fig. 1 RP HPLC profile of crude peptide thioester 17, A) by direct photorelease from 12, and B) by photoesterification of 15 in solution. A byproduct,

Fmoc-Val-Ala-Gly-OH, elutes at 11.5 min.

attempt to generate esters by this photoacylation method."* We
found, however, that by conducting the photoacylation of peptide
12 or 15 in pyridine instead of dichloromethane, the peptide-a-
thioester 17 was produced in good yield (Scheme 3, Fig. 1)."
A small amount of the peptide acid is usually also present. It
originates mostly from base catalyzed hydrolysis of thioester 17
upon prolonged exposure to pyridine under anhydrous conditions.

120r15 -2 »  Fmoc-Val-Ala-Gly-SEt
17
130r 16 b . Fmoc-Ala-Val-Ala-SEt
18
14 b—> Fmoc-Ala-Val-D-Ala-SEt

19

Scheme 3 Photothioesterifications. a) pyridine-ethyl mercaptan 5 : 1,
molecular sieves (3 A), argon, UV light, 3040 °C, 24 h, yield 70-89%;
b) TMU-ethyl mercaptan 5 : 1, HOBt, molecular sieves (3 A), argon, UV
light, 30-40 °C, 19 h, yield 62% based on RP HPLC.

In order to investigate the potential occurrence of epimerization,
two tripeptides, 13 and 14, which differ only in their C-terminal
configuration, were prepared (Scheme 2). Photothioesterification
in pyridine gave 86% yield, but resulted in partial epimerization
(~11%). We found that epimerization could be largely suppressed
by conducting the photothioesterification in a non-basic solvent
in the presence of HOBt. Although substantial amounts of
the undesired peptide acids formed when DMSO was used as
a solvent, these reaction mixtures proved useful for studying
epimerization on two levels. Fig. 2 illustrates that L-configured
13 reacts to the L-configured peptide acid, and the L-configured
thioester 18. Likewise, D-configured 14 reacts to the D-configured
peptide acid and the D-configured thioester 19. The epimerization
levels are less than 5%.

A better solvent than DMSO is N,N,N’,N'-tetramethylurea
(TMU). Photoreactive peptide 16 underwent thioesterification in
TMU, ethyl mercaptan, and HOBL, to afford ethyl thioester 18 in
62% yield with 4% epimerization."

A
Fmoc-Ala-Val-L-Ala-OH
,I;J\*
B
T Fmoc-Ala-Val-D-Ala-OH
A (250 nm) 19
AN
C
%
A~
20 40 60 80 100

min ——

Fig.2 RP HPLC profiles of crude photothioesterifications in DMSO. A)
photorelease of 18 from 13; B) photorelease of 19 from 14; C) coinjection
of both reaction mixtures. The asterisk depicts material eluting at the
beginning of the column wash with 85% acetonitrile.

In summary, Fmoc chemistry based SPPS was applied on
Rink amide resin with an additional photoreactive nitroindoline
linker. In the presence of ethyl mercaptan, UV light photoreleases
peptide-a-thioesters. Alternatively, TFA treatment cleaves off the
peptide with an intact photoreactive moiety at the C-terminus,

This journal is © The Royal Society of Chemistry 2007
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allowing for analysis and photochemical thioesterification in solu-
tion. Neutral reaction conditions keep C-terminal epimerization
to a minimum. The direct photorelease from the resin might be
particularly useful for the preparation of highly acid-sensitive
glycopeptide thioesters.
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A series of symmetric and non-symmetric bis(oxazoline)
ligands were applied in the Nozaki-Hiyama-Kishi methallyl-
ation of a range of aromatic and aliphatic aldehydes. A
non-symmetrical ligand with rert-butyl/benzyl-substituted
oxazolines provided the highest enantioselectivity of 99.5%
for the methallylation of benzaldehyde.

The Nozaki-Hiyama—Kishi reaction was first reported in the late
1970’s and has proven to be a highly versatile procedure for the
formation of C—C bonds involving the nucleophilic addition to car-
bonyl compounds of intermediate organochromium(1) reagents,
which are generated in situ from the insertion of chromium(ir)
species into allyl, alkenyl, alkynyl, propargyl and aryl halides or
sulfonates." A number of unique and important features including
pronounced chemoselectivity for reactions with aldehydes in the
presence of ketones and an unprecedented compatibility with
numerous functional groups in both reaction partners have led to
the reaction being utilised in the synthesis of many complex natural
products, two examples being the total synthesis of palytoxin and
halichondrin B which both involved extensive use of chromium
additions.> The development of a catalytic redox process by
Furstner in 1996 significantly enhanced the synthetic utility of
the reaction.®* However, the presence of relatively few examples
in the literature of successful enantioselective Nozaki-Hiyama-—
Kishi reactions highlights the significant difficulties encountered
due to poor ligand coordination and specificity, in addition
to the tendency of chromium(i) to form dimers or clusters
with polydentate ligands. The most successful enantioselective
reactions relied on over stoichiometric amounts (up to 400%) of
chiral ligands. Examples of these ligands include bipyridine ligand
1, which afforded 28-74% ee for the allylation and alkenylation
of benzaldehyde,* and the N-benzoylprolinol ligand 2, which gave
up to 98% ee for the reaction of allyl bromide with a range of
aldehydes.®

In 1999 Cozzi and co-workers developed the first catalytic
enantioselective Nozaki-Hiyama-Kishi (NHK) reaction using
chromium(1r) complexes of chiral salen 3. High levels of enan-
tioselectivity were obtained for the allylation (77-90% ee) and
crotylation (78-90% ee) of a range of aldehydes.” There have since
been numerous applications of a range of ligands, particularly
those containing a chiral oxazoline ring in the catalytic asymmet-
ric NHK reaction. Nakada’s bis(oxazolinyl)carbazole ligand 4a
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provided enantioselectivities of up to 73% ee in the asymmetric
allylation of benzaldehyde,® whilst Kishi’s ligand 5 afforded
enantioselectivities of up to 94%.° Sigman recently reported the
development of proline-oxazoline ligand 6, which achieved 94% ee
in the allylation of benzaldehyde.'® The reaction scope has recently
been extended by Nakada to include allenylation and methally-
lation of benzaldehyde employing ligand class 4, with optimum
enantioselectivities of 95% and 83% respectively.*'" We recently
reported the synthesis'> and application®® of bis(oxazoline) ligands
7 in the catalytic asymmetric chromium-catalysed allylation and
crotylation of a variety of aromatic and aliphatic aldehydes.
The convergent synthesis, which utilises a Buchwald-Hartwig
aryl amination as the key step, allowed for the preparation
of both the symmetric 7a—¢ and non-symmetric 7d-g series of
ligands. There are few other examples of the application of C;-
symmetric bis(oxazoline) ligands in asymmetric catalysis apart
from the groups of Nishiyama' and Bolm."” We now report the
application of a range of these ligands in the catalytic asymmetric
methallylation of aldehydes. This is an important asymmetric
transformation as, in addition to creating a secondary alcohol
chiral centre, the 2,2-disubstituted olefin is a useful functional
handle for further manipulation. Such potential has previously
been realised in the synthesis of a key intermediate of calcitriol
lactones.*
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Ligands 7a—g were initially investigated in the chromium(in)-
mediated reaction of benzaldehyde 8a with methallyl bromide
9 (Table 1).T Our previous studies have shown that the optimal
reaction conditions for allylation and crotylation employ THF-

acetonitrile (7 : 1) as the solvent and N,N-diisopropylethylamine
as the base. The methallylations proceeded cleanly using these con-
ditions, with high conversions after 16 hours at room temperature.
The best symmetrical ligand was the bis(isopropyl)-substituted

Table 1 Catalytic asymmetric methallylation of benzaldehyde using ligands 7a—g
(i) CrCl3 (0.1 eq.), Mn (3 eq.)

OH

(o) ligand (0.12 eq.), DIPEA (0.3 eq.)
Me;SiCl , THF/Acetonitrile (7:1), 16 h, RT
H + Br *
(ii) 1 M HCI, THF
Entry Ligand R! R? Conv.* (%) Yield® (%) ee’ (%) (conf.)
1 Ta Bn Bn 80 70 7(R)
2 7b i-Pr i-Pr 90 75 58 (S)
3 Tc t-Bu t-Bu 70 58 5(5)
4 7d Ph Bn 78 65 19 (R)
5 Te t-Bu Bn 86 64 95(R)
6 7t t-Bu i-Pr 75 60 35(R)
7 7g i-Pr Bn 78 60 16 (S)

“Determined from the 300 MHz 'H NMR spectrum of the crude silylated product. ® Isolated yields of the allylic alcohol 10a. ¢ Determined by chiral
HPLC analysis of the alcohol product 10a using a Daicel Chiralcel OD column (see general proceduret). ¢ Determined by comparison of the chiral HPLC
retention times with literature values."”

Table 2 Catalytic asymmetric Nozaki-Hiyama—Kishi methallylation of aldehydes using ligand 7e

R H+)VBF

(i) CrCl3 (0.1 eq.), Mn (3 eq.)
7e (0.12 eq.), DIPEA (0.3 eq.)

MesSiCl , THF/Acetonitrile (7:1), 16 h, RT

LU
R *

(ii) 1 M HCI, THF
Entry Aldehyde Conv.” (%) Yield® (%) ee‘ (%) (conf.?)
1 0 8a 86 64 95 (R)
o
2¢ o 8a 100 92 50 (R)
o
3 o 8 50 41 59 (R)
o
MeO
& 0 8¢ 90 78 65 (R)
o
Cl
5¢ o] 8d 58 48 33(R)
O)LH
6= 0 e 70 57 89 (S)
\/\/\)J\H
7 8f 75 60 55(S)

“Determined from the 300 MHz '"H NMR spectrum of the crude silylated product (except entry 2). * Isolated yields of the homallylic alcohol 10a—f.
¢ Determined by chiral HPLC analysis on a Daicel Chiralcel OD or AD column (see general proceduret). “ Determined by comparison of the chiral
HPLC retention times with literature values.'®'” ¢ ZrCp,Cl, used in place of TMSCL'"® /Enantiomeric excess determined by HPLC analysis of the
3,5-dinitrobenzoate ester. ¢ Configuration determined by analogy with alcohol 10e.
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(i) CrCl; (0.1 eq.), Mn (3 eq.)

O
7e (0.12 eq.), DIPEA (0.3 eq.) OH .
H Me;SiCl , THF/Acetonitrile (7:1), 16 h, RT . Conversion: 40%
. Cl Yield: 24%
. Ee: 99.5% (R)
(i) 1 M HCI, THF
8a 9a 10a

Scheme 1 Catalytic asymmetric Nozaki-Hiyama-Kishi methallylation of benzaldehyde using methallyl chloride.

ligand 7b, which afforded alcohol 10a with a moderate enantio-
selectivity of 58% (S) (Table 1, entry 2). Both the bis(benzyl) ligand
7a and the bis(zerz-butyl) ligand 7¢ afforded poor enantioselectiv-
ities of 7% (R) and 5% (S), respectively. Of the unsymmetrical
ligands, the zert-butyl/isopropyl ligand 7f provided a disappoint-
ing enantioselectivity of 35% (R). The optimal enantioselectivity
of 95% (R) was obtained using the fert-butyl/benzyl-substituted
ligand 7e (Table 1, entry 5). A small change in ligand structure
to the isopropyl/benzyl-substituted oxazoline ligand 7g led to a
reversal and lowering of enantioselectivity to 16% (S). These are
similar trends to those we observed in the allylation and crotylation
of benzaldehyde using ligands 7a—g, with ligand 7e again affording
the best enantioselectivity.

We then proceeded to examine the enantiodiscriminating ability
of ligand 7e in the reaction of methallyl bromide 9 with a range of
aromatic and aliphatic aldehydes 8a—f (Table 2).

In an effort to increase the yield of homoallylic alcohol 10a, we
changed our dissociating agent from TMSCI to ZrCp,Cl, (Table 2,
entry 2)."® While we observed complete conversion after 16 hours
at room temperature and a yield of 92%, there was a significant
decrease in enantioselectivity to 50% (R). We also wished to
examine the effect of having electron-donating and electron-
withdrawing groups on the aromatic aldehyde, and thus studied
para-methoxybenzaldehyde 8b and para-chlorobenzaldehyde 8c as
substrates. The enantioselectivities obtained were moderate, 59%
(R) and 65% (R) respectively, with the yield obtained for 8b (41%)
being significantly lower than that obtained with 8¢ (78%) (Table 2,
entries 3 and 4). Asymmetric nucleophilic addition to aliphatic
aldehydes is a less developed process, and we were pleased to find
that aldehydes 8d—f were successful substrates, and, in the case of
heptaldehyde 8e, an ee of 89% (S) was obtained.

Replacing methallyl bromide 9a with the less reactive methallyl
chloride 9b (Scheme 1) gave both low conversion (40%) and yield
(24%) with an excellent enantioselectivity of 99.5% (R). To the
best of our knowledge, this is the best enantioselectivity achieved
to date for the methallylation of benzaldehyde. As a comparison
with literature values, ligand 4¢'¢ afforded enantiomeric excesses
of up to 95% whereas ligand 6 gave an ee of 91%.°

In summary, we have applied both symmetric (7a—¢) and
non-symmetric (7d-g) bis(oxazoline) ligands in the asymmetric
methallylation of a range of aromatic and aliphatic aldehydes.
The best ligand was found to be the tert-butyl/benzyl-substituted
ligand 7e, which provided enantioselectivities of 95% and 99.5% in
the reaction of benzaldehyde with methallyl bromide and methallyl
chloride, respectively. Our results again highlight the significant
effect the substituents on the oxazoline rings have on both the
magnitude and sense of asymmetric induction. Efforts are ongoing
to elucidate the structures of the chromium-ligand complexes to
determine the mechanism of the reaction and explain these effects.
The results of such investigations will form the basis of future
publications from these laboratories.
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Notes and references

1 General procedure: A flame-dried Schlenk tube was charged with dry
THF (1 mL) and dry acetonitrile (150 pL). Anhydrous chromium(1ir)
chloride (4.0 mg, 25.3 pmol) and manganese (41.7 mg, 0.76 mmol) were
added simultaneously to the solvent mixture. The resulting suspension was
allowed to stand at room temperature for approximately 30 min until the
characteristic purple colour of the chromium(im) salt disappeared. The
mixture was stirred vigorously under an atmosphere of nitrogen for 1 h,
resulting in a green reaction mixture. DIPEA (13 pL, 75.9 umol) was added
followed by the bis(oxazoline) ligand 7 (30.4 pmol), immediately resulting
in a deep green catalyst mixture. This was stirred at room temperature
for 1 h prior to the addition of the halide (0.51 mmol), with the resulting
chromium(1) allyl solution being stirred for a further 1 h. The reaction was
initiated by the addition of aldehyde (0.25 mmol) and chlorotrimethylsilane
(64 puL, 0.51 mmol), and stirred under an atmosphere of nitrogen at
room temperature for 16 h. The resulting green-brown suspension was
quenched with saturated aqueous NaHCO; (I mL) and extracted with
Et,0 (3 x 1 mL). The combined organic layers were concentrated in vacuo
to give a green residue. This was flushed through a small silica gel column
(1.5 x 5 cm, pentane-AcOEt, 9 : 1) to remove the catalyst, and after
evaporation of the solvent, the reaction products were isolated as a yellow
oil. The percentage conversion of the reaction was determined at this stage
from the "H NMR spectrum of the crude product (generally a mixture of
silylated and free alcohol) by measuring the ratio of aldehyde to product
and assuming that all aldehyde consumed was converted to product. The
yellow oil was dissolved in THF (1 mL), a few drops of aqueous 1 M
HCI were added, and the resulting solution was stirred for 10 min, at
which point TLC (9 : 1 pentane-AcOEt) showed complete desilylation.
The solvent was removed in vacuo and the resulting aqueous phase was
extracted with Et,O (3 x 2 mL). The organic layers were combined, dried
over anhydrous Na,SO, and concentrated in vacuo to give a yellow oil. This
was purified by flash column chromatography onssilica gel (1 x 15cm) using
5 : 1 cyclohexane-AcOEt as the eluent to give the required product as a
pale yellow oil. Enantioselectivity was determined by HPLC as follows:
10a: Chiralcel OD, hexane-isopropanol, 98 : 2, flow rate 1.0 mL min™"):
(R) = 14.1 min, (S) = 16.9 min; 10b: Chiralcel, OD, hexane-isopropanol,
99 : 1 to 90 : 10 over 30 min, flow rate 0.5 mL min~'): (R) = 22.7 min,
(S) = 23.9 min; 10c (3,5-dinitrobenzoate ester): Chiralcel AD, hexane—
isopropanol, 99 : 1 to 90 : 10 over 20 min, flow rate 0.5 mL min~'): (S) =
22.8 min, (R) = 28.2 min; 10d (3,5-dinitrobenzoate ester): Chiralcel OD,
hexane-isopropanol, 95 : 5, flow rate 0.2 mL min~': (R) = 35.5 min,
(S) = 37.9 min; 10e (3,5-dinitrobenzoate ester): Chiralcel OD, hexane—
isopropanol, 99 : 1, flow rate 0.2 mL min~": (R) = 29.5 min, (S) = 34.4 min;
10f: Chiralcel OD, hexane-isopropanol, 90 : 10, flow rate 0.2 mL min":
(R) = 26.5 min, (S) = 32.9 min.
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