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ABSTRACT:

Artemether (AM) is one of the most effective antimalarial drugs.
The elimination half-life of AM is very short, and it shows large
interindividual variability in pharmacokinetic parameters. The aim
of this study was to identify cytochrome P450 (P450) isozymes
responsible for the demethylation of AM and to evaluate functional
differences between 26 CYP2B6 allelic variants in vitro. Of 14
recombinant P450s examined in this study, CYP2B6 and CYP3A4
were primarily responsible for production of the desmethyl metab-
olite dihydroartemisinin. The intrinsic clearance (V. /K,,) of
CYP2B6 was 6-fold higher than that of CYP3A4. AM demethylation
activity was correlated with CYP2B6 protein levels (P = 0.004);
however, it was not correlated with CYP3A4 protein levels (P =
0.27) in human liver microsomes. Wild-type CYP2B6.1 and 25
CYP2B6 allelic variants (CYP2B6.2-CYP2B6.21 and CYP2B6.23-

CYP2B6.27) were heterologously expressed in COS-7 cells. In vitro
analysis revealed no enzymatic activity in 5 variants (CYP2B6.8,
CYP2B6.12, CYP2B6.18, CYP2B6.21, and CYP2B6.24), lower activ-
ity in 7 variants (CYP2B6.10, CYP2B6.11, CYP2B6.14, CYP2B6.15,
CYP2B6.16, CYP2B6.20, and CYP2B6.27), and higher activity in 4
variants (CYP2B6.2, CYP2B6.4, CYP2B6.6, and CYP2B6.19), com-
pared with that of wild-type CYP2B6.1. In kinetic analysis, 3 vari-
ants (CYP2B6.2, CYP2B6.4, and CYP2B6.6) exhibited signifi-
cantly higher V, .., and 3 variants (CYP2B6.14, CYP2B6.20 and
CYP2B6.27) exhibited significantly lower V,, ., compared with that
of CYP2B6.1. This functional analysis of CYP2B6 variants could
provide useful information for individualization of antimalarial drug
therapy.

Introduction

Malaria is a very serious problem in many countries, and there are
more than 200 million cases that result in approximately 1 million
deaths worldwide each year (World Health Organization, World
Malaria Report 2009, http://www.who.int/malaria/world_malaria_
report_2009/en/index.html). The management of malaria has tradi-
tionally relied on monotherapy with quinolines such as quinine,
mefloquine, and chloroquine. However, the widespread and excessive
use of these agents has resulted in drug resistance (Wernsdorfer, 1991;
Price and Nosten, 2001; Le Bras and Durand, 2003). In several
studies, artemisinins, unique sesquiterpene lactone endoperoxides,
have been used in areas with multidrug-resistant Plasmodium falci-
parum malaria (Woodrow et al., 2005; Gautam et al., 2009; World
Health Organization, 2010).

This work was supported by the Japan Society for the Promotion of Science
[KAKENHI 20590154] and in part by the Smoking Research Foundation.

Article, publication date, and citation information can be found at
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doi:10.1124/dmd.111.040352.

Artemisinin is a natural antimalarial agent derived from the Chinese
medicinal plant Artemisia annua (Klayman, 1985). The artemisinin
derivative artemether (AM) is the most effective antimalarial drug.
AM has a fast onset of action, therapeutic efficacy against multidrug-
resistant malaria, and few side effects, although neurotoxicity has
been observed in experimental mammals (Hien and White, 1993;
Brewer et al., 1994). AM is mainly converted to dihydroartemisinin
(DHA) (Fig. 1), a desmethyl metabolite that contributes to the major-
ity of the antimalarial activity. The conversion of AM to DHA is
catalyzed by cytochrome P450 (P450) (van Agtmael et al., 1999b,c;
Navaratnam et al., 2000). However, the elimination half-life of AM is
very short, and it shows large interindividual variability in pharma-
cokinetic parameters (Na Bangchang et al., 1994; Mordi et al., 1997;
van Agtmael et al., 1999a; Lefevre et al., 2002; Ali et al., 2010;
Mwesigwa et al., 2010).

The P450 isozymes CYP2B6 and CYP3A4 are thought to catalyze
AM demethylation (Navaratnam et al., 2000). In contrast, it has been
reported that CYP2D6 and CYP2C19 make no major contribution to
this reaction (van Agtmael et al., 1998), and the role of other P450s
remains unclear. CYP2B6 plays a major role in the biotransformation
of several therapeutically important drugs, including cyclophosph-

ABBREVIATIONS: AM, artemether; DHA, dihydroartemisinin; P450, cytochrome P450; ART, artemisinin; LC, liquid chromatography; MS/MS,

tandem mass spectrometry.
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FiG. 1. Metabolic pathway of artemether to dihydroartemisinin by P450 enzymes.

amide, bupropion, selegiline, efavirenz, nevirapine, and methadone
(Roy et al., 1999; Hesse et al., 2000; Hidestrand et al., 2001; Salonen
et al., 2003). Many genetic polymorphisms in the CYP2B6 gene have
been reported, and these are thought to be responsible for interindi-
vidual and interethnic differences in responses to CYP2B6 substrate
drugs [Zanger et al., 2007; Human Cytochrome P450 (CYP) Allele
Nomenclature Committee, 2008; Mo et al., 2009]. In the case of
chemotherapy using cyclophosphamide, the increasing enzymatic ac-
tivity of CYP2B6 variants can be associated with the increased blood
concentration of the active metabolite of the drug, resulting in a
heightened risk of side effects (Xie et al., 2003, 2006; Nakajima et al.,
2007).

Several functional analyses of CYP2B6 variant proteins, using an in
vitro expression system, have been reported. Watanabe et al. (2010)
characterized the functional relevance of many CYP2B6 variants,
including CYP2B6.1 to CYP2B6.28, using 7-ethoxy-4-trifluorometh-
ylcoumarin and selegiline as substrates, and reported that CYP2B6.8,
CYP2B6.11, CYP2B6.12, CYP2B6.13, CYP2B6.15, CYP2B6.18,
CYP2B6.21, CYP2B6.24, and CYP2B6.28 were inactive with regard
to these compounds. These results were consistent with those of a
number of in vitro studies using bupropion as a substrate. In contrast,
CYP2B6.16, CYP2B6.19, and CYP2B6.27 exhibited activity toward
7-ethoxy-4-trifluoromethylcoumarin and inability to detect selegiline
metabolism. Several researchers have reported that these CYP2B6
variants exhibited decreased protein expression/activity when bupro-
pion was used as the CYP2B6 substrate (Lang et al., 2004; Klein et
al., 2005; Wang et al., 2006; Rotger et al., 2007). These results suggest
that some allelic variants of CYP2B6 are associated with a substrate-
dependent decrease in the catalytic properties of the enzyme. To date,
there have been no reports of functional characterization of CYP2B6
variants in relation to AM demethylation activity.

In this study, we performed an in vitro analysis of 14 P450s (CYP1A1,
CYPIA2, CYPIBI, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2CI109,
CYP2D6, CYP2EI, CYP2J2, CYP3A4, CYP3AS, and CYP4Al1) to
identify isoforms responsible for AM demethylation and evaluated func-
tional differences among 26 CYP2BG6 allelic variants (Fig. 2).

Materials and Methods

Chemicals. AM, DHA, and artemisinin (ART) were purchased from Tokyo
Chemical Industry Corporation (Tokyo, Japan). Recombinant CYPIAI,
CYP2A6, CYP2B6, CYP2C8, CYP2D6, CYP2J2, and CYP4A11 Supersomes
were purchased from BD Biosciences (Woburn, MA). CYP1A2, CYP2C9,
CYP2EI, CYP3A4, and CYP3A5 Baculosomes were purchased from Invitro-
gen (Carlsbad, CA). NADPH was obtained from Oriental Yeast (Tokyo,
Japan). Protease Inhibitor Cocktail Set Il was purchased from Merck Chem-
icals (Darmstadt, Germany). Methanol (CH,OH) and acetonitrile (CH,CN) of
LC-mass spectrometry grade were obtained from Kanto Chemical (Tokyo,
Japan). Ammonium formate (HCOONH,) and formic acid (HCOOH) of LC-

1861

mass spectrometry grade were obtained from Wako Pure Chemical Industries
(Tokyo, Japan).

DHA stock solution (5 mM) was prepared in CH,CN/H,O [50:50 (v/v)],
and working solutions (1.0, 2.0, 5.0, 10, 25, 50, 100, and 200 uM) were
prepared from the stock solution. These solutions were further diluted in 50
mM potassium phosphate buffer, pH 7.4, and the final calibration curves were
obtained with 0.1, 0.2, 0.5, 1.0, 2.5, 5.0, 10, and 20 M solutions. Working
solutions (100 pl) were prepared in 1.5-ml plastic tubes, and 100 pul of
CH,OH, 5 ul of internal standard (ART at 100 M), and 100 ul of H,O were
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indicated by numbered boxes. Some promoter and intronic polymorphisms are not
shown.
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added. The resulting mixture was vortexed. After centrifugation at 12,000g for
10 min, 80 pul of the supernatant was transferred to a new plastic tube and
passed through a filter (pore size: 0.2 um:; YMC Co., Ltd., Kyoto, Japan).
Subsequently, 10 ul of the filtered solution was injected into the liquid
chromatography-tandem mass spectrometry (LC-MS/MS) system for analysis.
All peaks were integrated automatically by Xcalibur software (Thermo Fisher
Scientific, Waltham, MA). Levels of DHA were calculated from the calibration
curves by the ratios of their peak areas to that of ART. An eight-point
calibration curve was plotted for DHA concentration (0.1, 0.2, 0.5, 1.0, 2.5,
5.0, 10, and 20 uM).

Sample Preparation for Analysis of Specific Activity. AM demethylation
activity was determined by measurement of the formation of DHA, according
to the method of Asimus and Ashton (2009), with minor modifications. AM
stock solution (50 mM) was prepared in CH;CN/H,O [50:50 (v/v)], and a
working solution (500 M) was prepared by dilution of the stock solution in
potassium phosphate bufter, pH 7.4. The incubation mixture contained AM as
a substrate (1 and 50 uM), recombinant P450 enzymes (CYP1A1, CYPIA2,
CYPIB1, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2DS,
CYP2EI, CYP2J2, CYP3A4, CYP3AS, and CYP4All; 0.5 pmol) or human
liver microsomes (50 pg), 0.5 mM NADPH, 5 mM MgCl,, and 50 mM
potassium phosphate buffer to a final volume of 90 ul. After preincubation (3
min at 37°C), the reaction was started by addition of NADPH. Reactions were
performed for 30 min and terminated by the addition of 100 pl of methanol.
Then, 5 pl of internal standard (ART at 100 M) and 100 pl of H,O were
added. The resulting mixture was vortexed. After centrifugation at 12,000g for
10 min, 80 gl of the supernatant was transferred to a new plastic tube and
passed through a filter (pore size: 0.2 pm; YMC). Then, 10 ul of the filtered
solution was injected into the LC-MS/MS system for analysis. All peaks were
integrated automatically by Xcalibur software. Levels of DHA were calculated
from the calibration curves by using the ratios of their peak areas to that of
ART. Formation of DHA was in the linear range between 10 and 60 min and
30 and 50 pg of microsomal protein.

Sample Preparation for Analysis of Kinetic Parameters of CYP2B6 and
CYP3Ad4. AM stock solution (50 mM) was prepared in CH,CN/H,O [50:50
(v/v)], and working solutions (0.25, 0.50, 1.25, 2.5, 5.0, 12.5, and 25 mM) were
prepared by dilution of the stock solution. These solutions were diluted with 50
mM potassium phosphate buffer, pH 7.4, and the final calibration curves were
obtained with 0.5, 1.0, 2.5, 5.0, 10, 25, 50, and 100 uM. CYP2B6 and
CYP3A4 activity was evaluated using the concentration ranges 0.5 to 50 and
2.5 to 100 uM, respectively. Samples were prepared as described above.

Determination of DHA and ART Using Online Column-Switching LC-
MS/MS. Levels of DHA were determined by the LC-MS/MS method de-
scribed by Huang et al. (2009), with minor moditications. A Nanospace SI-2
LC system, comprising an LC pump, autosampler, column oven maintained at
40°C, and on-line degasser (Shiseido, Tokyo. Japan), was used. The on-line
column-switching valve system consisted of an automated switching valve
(six-port valve) connected to pump A and pump B. Pump A was connected via
the switching valve to the trap column, a CAPCELL PAK C18 SGII (10 x 2
mm i.d., 3-pum particle size) (Shiseido, Tokyo, Japan), and pump B was
connected via the switching valve to the analytical column, a Sunfire C18 (150
mm X 2.1 mm i.d., 3.5-pum particle size) (Waters, Milford, MA). The outlet of
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the analytical column was connected to the mass spectrometer via a divert
valve.

Sample loading. A 10-ul aliquot of sample was injected onto the trap
column using pump B with the switching valve in position 1. Impurities on the
trap column were eluted to waste using 0.1% HCOOH-H,O/CH.CN [5:95
(v/v)] at a flow rate of 200 wl/min for 4 min. Concurrently, initial flow was
maintained by pump A at 200 pl/min with 10 mM HCOONH,-H,O (adjusted
to pH 4.1 using HCOOH)-0.1% HCOOH-CH,CN [20:80 (v/v)] via the ana-
lytical column.

Sample elution. At 4 min, the switching valve was switched to position 2 to
allow the purified DHA and ART to be eluted from the trap column onto the
analytical column and subsequently into the mass spectrometer. Isocratic flow
was maintained by pump B at a rate of 200 pl/min for 11 min. Concurrently,
the flow from pump A was passed through the trap column and diverted
directly to waste. At 11 min, the switching valve was switched back to position
1, and the configuration of the online column switching system reverted back
to that in the initial conditions (described for the sample loading above). A
divert valve was used to divert the LC effluent to waste during the first 4.5 min
and last 0.5 min of the chromatographic run. The total run time was 11 min.

Quantification analyses by MS were performed in the selected reaction
monitoring mode because of the high selectivity and sensitivity of selected
reaction monitoring data acquisition, in which the transitions of the precursor
ion into the product ion were monitored: m/z 302 — 145 and 302 — 267 for
DHA and m/z 300 — 151 and 300 — 209 for ART. The optimized parameters
for MS are as follows: positive heated electrospray ionization voltage, 3 kV:
heated capillary temperature, 300°C: sheath gas pressure, 50 psi; auxiliary gas
setting, 20 psi: and heated vaporizer temperature, 300°C. Both the sheath and
auxiliary gases were nitrogen. The collision gas was argon at a pressure of 1.5
mTorr. The LC-MS/MS system was controlled by Xcalibur software, and data
were also collected with this software. The retention times of DHA and ART
were 7.0 and 7.5 min, respectively.

Liver Specimens. Human liver specimens were obtained from the Human
and Animal Bridging Research Organization (HAB) in Chiba, Japan, using
frozen human livers (most of the donors were white). Microsomes were
prepared from these specimens using differential centrifugation. Research

protocols were approved by the ethics committees of the Graduate School of

Pharmaceutical Sciences, Tohoku University (Sendai, Japan).

Expression of CYP2B6 Variant Proteins in COS-7 Cells. CYP2B6 variant
proteins were expressed in COS-7 cells as described by Watanabe et al. (2010).

Determination of Protein Expression Levels by Immunoblotting. West-
ern blotting was performed according to standard procedures, with 10%
SDS-polyacrylamide gel electrophoresis, and 30-pg microsomal fractions
were loaded into each lane. Recombinant CYP2B6 Supersomes reagent (BD
Gentest) was coanalyzed as the standard on each gel and used to quantify the
CYP2B6 protein. The CYP2B6 protein was detected using the antihuman
CYP2B6 antibody (BD Gentest) and horseradish peroxidase-conjugated goat
anti-rabbit 1gG (Dako Denmark A/S, Glostrup, Denmark). CYP3A4 Baculo-
somes reagent (Invitrogen) was coanalyzed as the standard on each gel and
used to quantify the CYP3A4 protein. The CYP3A4 protein was detected using
the antihuman CYP3A4 antibody (Nosan, Yokohama, Japan) and horseradish
peroxidase-conjugated goat anti-rabbit IgG (Dako Denmark A/S). Immuno-

Fig. 3. AM demethylation activity of 14 P450 isozymes. The con-
centration of AM was 50 M. Each number corresponds to a P450
subtype. Results are presented as the mean * S.D. in triplicate.
N.D., not detectable (activities were lower than 0.22 pmol - min™" -
pmol P450 ).
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blots were developed using the SuperSignal West Dura Extended Duration
Substrate (Thermo Fisher Scientific). Chemiluminescence was quantified us-
ing a lumino-imaging analyzer (LAS-1000; Fujifilm, Tokyo, Japan) and Im-
age] software (National Institutes of Health, Bethesda, MD).

Sample Preparation for Analysis of Kinetic Parameters of CYP2B6
Variants. Microsomal fractions (50 pg) obtained from COS-7 cells were used
for evaluation of the activity of CYP2B6 variants. Samples were prepared as
described above.

Statistical Analysis. Apparent K, and V, . parameters were determined
using nonlinear regression analysis. All data are the mean = S.D. in triplicate.
Statistical analyses of enzymatic activities and kinetic parameters were per-
formed by analysis of variance using the Dunnett method. P = 0.05 was
considered significant.

Results

AM Demethylation by Recombinant Human P450s. The activ-
ities of AM demethylation were measured in 14 recombinant human
P450 enzymes (CYP1A1, CYPIA2, CYPIBI, CYP2A6, CYP2B6,
CYP2C8, CYP2C9, CYP2Cl19, CYP2D6, CYP2El1, CYP2J2,
CYP3A4, CYP3AS5, and CYP4Al1l) at 1 and 50 M substrate con-
centrations. The lower concentration used was intended to approxi-
mate the plasma AM concentrations reported to be clinically relevant
(0.3-1 uM) (Ali et al., 2010). At I uM AM, AM demethylation
activities of recombinant CYP2B6 and CYP3A4 were 6.61 and 2.50
pmol - min~ " - pmol P450~ ", respectively. Under the lower substrate
conditions used in this study, DHA was not formed by the other P450
isoforms with the exception of CYP2B6 and CYP3A4. At a higher
concentration (50 uM), AM was principally metabolized by CYP2B6,
followed by CYP3A4. A low rate of demethylation was observed for
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CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP212, and CYP3AS:;
CYPIAI, CYPIBI, CYP2A6, CYP2C8, CYP2EI, and CYP4All
were inactive (Fig. 3).

Kinetics of AM Demethylation by CYP2B6 and CYP3A4. The
kinetics of AM demethylation were investigated for each of recom-
binant enzymes CYP2B6 and CYP3A4 by Michaelis-Menten plots
(Fig. 4). Apparent K, , V..., and V__ /K values for CYP2B6 were
estimated to be 1.95 uM, 17.9 pmol - min~ " - pmol P450 ', and 9.19
pul-min~! - pmol P450~ i respectively; those for CYP3A4 were 8.24
1M, 12.3 pmol - min~ " - pmol P450 ', and 1.49 pl - min~' - pmol
P4507", respectively, demonstrating a higher K, and lower V, .
which resulted in an approximately one-sixth V, /K, value for
CYP3A4 relative to that for CYP2B6.

Comparison of AM Demethylation Activities (at 50 uM AM) to
Immunoquantified CYP2B6 and CYP3A4 Protein Levels in 13
Human Liver Microsomes. As shown in Fig. 5, AM demethylation
activity in 13 human liver microsomes was correlated with immuno-
quantified CYP2B6 content (> = 0.548, P = 0.004) but not with
immunoquantified CYP3A4 content (7> = 0.109, P = 0.272).

Enzymatic Properties for AM Demethylation by Wild-Type
and 25 Variant CYP2B6s. The demethylation activities of wild-type
and 25 variant microsomal CYP2BG6 proteins were determined using AM
(50 pM) as a substrate (Fig. 6). For CYP2B6.8, CYP2B6.12,
CYP2B6.18, CYP2B6.21, and CYP2B6.24, no AM demethylation ac-
tivity was detected. The enzymatic activity of CYP2B6.3 could not be
calculated because its expression level could not be determined by
immunoblotting. CYP2B6.10, CYP2B6.11, CYP2B6.14, CYP2B6.15,
CYP2B6.16, CYP2B6.20, and CYP2B6.27 exhibited significantly de-
creased activities compared with that of wild-type CYP2B6.

The Michaelis-Menten kinetics for AM demethylation were de-
termined for CYP2B6.1, CYP2B6.2, CYP2B6.4, CYP2B6.5,
CYP2B6.6, CYP2B6.7, CYP2B6.9, CYP2B6.10, CYP2B6.13,
CYP2B6.14, CYP2B6.17, CYP2B6.19, CYP2B6.20, CYP2B6.23,
CYP2B6.25, CYP2B6.26, and CYP2B6.27. The kinetic parameters
are summarized in Table 1. The estimated kinetic parameters,
apparent K, V.., and V_  /apparent K for AM demethylation
by CYP2B6.1 were 3.10 puM, 36.0 pmol - min~' - pmol
CYP2B6™ ', and 12.4 ul - min~' - pmol CYP2B6 ', respectively.
The V, .. values for CYP2B6.14, CYP2B6.20, and CYP2B6.27
were significantly decreased, whereas those for CYP2B6.2,
CYP2B6.4, and CYP2B6.6 were significantly increased, relative to
that for the wild-type enzyme.

Discussion

In this study, we have determined the human P450 enzymes re-
sponsible for AM demethylation. Among 14 human P450s, CYP2B6

A B
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:: iE | & . Fi6. 5. Comparison of AM demethylation ac-
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s ¢ ficients (r”) obtained in these cases are shown.
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.
0 1.0 2.0 3.0 4.0 50 0 2.5 5.0 7.5 10.0

CYP2B6 expression levels
(pmol/mg protein)

CYP3A4 expression levels
(pmol/mg protein)

Z10Z ‘0z Aep uo uexung eweAleqoy eyy(1dr) Alun nyoyo] e Bio'sjeuinofjadse pwp wolj papeojumoq



DMD

Aspet® DRUG METABOLISM A DISPOSITION

i

[0}
). 2]
5 H
o

[
(=3
o

{pmol/min/pmol 2B6)
w
o

AM demethylation activity

0

*
*
* *, P <
) N.D: ‘N4°~. _ND- not detectable.

HONDA ET AL.

FiG. 6. AM demethylation activity of CYP2B6
proteins expressed in COS-7 cells. The concen-
tration of AM was 50 pM. Each number cor-
responds to CYP2B6 variant proteins. Results
are presented as the mean *= S.D. in triplicate.
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has the highest intrinsic activity for AM demethylation, followed by
CYP3A4. In the Kinetic parameter analysis, the affinity of CYP2B6
was 4-fold higher than that of CYP3A4, and the V__ /apparent K, of
CYP2B6 was 6-fold higher than that of CYP3A4. These results
suggest that AM demethylation is likely to be mainly catalyzed by
CYP2B6 in the liver. The contribution of CYP2B6 to AM demethyl-
ation by human liver microsomes was further substantiated by show-
ing a correlation to CYP2B6 protein content (> = 0.548). However,
van Agtmael et al. (1999b,c) have reported that administration of AM
with grapefruit juice, a CYP3A4 inhibitor, increased the blood con-
centration of AM and DHA but not their elimination half-life. Thus,
CYP3A4 in the small intestine might also play an important role in the
metabolism of AM.

CYP2B6 is a genetically polymorphic enzyme (Zanger et al., 2007;
Arenaz et al., 2010). In vitro functional characterization of polymor-
phically expressed CYP2B6 variants revealed that CYP2B6.4 and
CYP2B6.6 increased AM demethylation activity, whereas CYP2B6.8,
CYP2B6.11, CYP2B6.12, CYP2B6.14, CYP2B6.15, CYP2B6.16,
CYP2B6.18, CYP2B6.20, CYP2B6.21, CYP2B6.24, and CYP2B6.27
exhibited no activity or decreased activity. These alterations were
consistent with those of previous in vitro studies performed using
bupropion, 7-ethoxy-4-trifluoromethylcoumarin, and selegiline as
CYP2B6 substrates (Lang et al., 2004; Klein et al., 2005; Wang et al.,
2006; Rotger et al., 2007, Watanabe et al., 2010). However,
CYP2B6.2 exhibited increased AM demethylation activity, and the
activity of CYP2B6.13 was similar to that of wild-type CYP2B6.1.
There have been several reports that CYP2B6.2 exhibited no func-
tional differences compared with CYP2B6.1 (Jinno et al., 2003;

Watanabe et al., 2010) and that CYP2B6.13 had no metabolic activity
toward 7-ethoxy-4-trifluoromethylcoumarin and selegiline (Watanabe
et al., 2010). These results suggest that these CYP2B6 variants show
substrate-dependent changes in the catalytic properties of the enzyme.

Gay et al. (2010) recently determined the crystal structure of
CYP2B6, allowing the prediction of precise locations within the
three-dimensional structure at which amino acid substitutions occur.
They suggested that the K262R substitution on the G/H loop is
assembled into a hydrogen-bonding network with His252, Thr255,
Asp263, and Asp266 and is involved in protein stability. In this study,
the AM demethylation activities of CYP2B6.12 (G99E) and
CYP2B6.24 (Q476D) were not detectable. In the CYP2B6 protein
structure, the Gly99 and GIn476 residues are located in substrate
recognition site 1 and 6, respectively. These amino acid changes may
reduce the affinity of CYP2B6 for AM. However, a number of amino
acids with altered AM demethylation activity are located far from
substrate recognition sites. Indeed, the apparent K, values of AM
demethylation were not significantly different among the CYP2B6
variants (Table 1). We hypothesize that the functional effects of these
variants are transduced via long-range hydrogen-bonding networks or
through subtle differences in the placement of secondary structural
elements. In addition, most of the amino acid substitutions that abol-
ished enzymatic activity are conserved among human P450s and are
therefore critical for CYP2B6 activity.

This is the first study to functionally analyze CYP2B6 genetic
variants with respect to AM demethylation activity. If CYP2B6 has a
significant role in the metabolism of AM in vivo as well as in vitro,
individuals with poor CYP2B6 metabolism might have higher plasma

TABLE 1

Kinetic parameters of AM demethylation by CYP2B6 proteins expressed in COS-7 cells

Results represent the mean + S.D. of triplicate determinations.

Variants Apparent K, (e V,/Apparent K, V,.../Apparent K Ratio
M pmol - min~" - pmol CYP2B6 ' wl - min~" - pmol CYP2B6 ' % CYP2B6.1

CYP2B6.1 3.10 = 1.1 36.0 = 5.67 124 £ 4.11

CYP2B6.2 429 + 217 64.4 + 3.92% 18.8 = 9.19 129
CYP2B6.4 273 £045 70.6 £ 9.29* 26.0 =242 223
CYP2B6.5 6.87 * 6.8 19.8 = 3.06 891 = 11.3 248
CYP2B6.6 6.72 3.0 150 =t 15.9% 242+ 6.84 192
CYP2B6.7 280+ 14 50.1 £ 12.3 19.2 = 4.65 154
CYP2B6.9 444 + 17 33.1 £5.20 838 + 394 64.2
CYP2B6.10 1.93 = 0.68 17.0 = 5.03 998 = 5.05 5.7
CYP2B6.13 7.33 = 4.1 18.2 = 5.54 293 = 1.13 21.3
CYP2B6.14 506 5.8 706 = 1.63* 6.70 = 9.40 12.0
CYP2B6.17 2.17 = 040 212433 9.44 £ 245 84.0
CYP2B6.19 8.06 + 8.9 36.9 + 21.9 7.38 £ 6.15 39.4
CYP2B6.20 647 £98 9.85 £ 2.22% 8.79 + 7.22 13.1
CYP2B6.23 191 =0.72 314 £ 77 17.6 = 593 142
CYP2B6.25 20419 25.3 £ 131 21,6159 108
CYP2B6.26 550 =34 37.3 £ 6.04 10.1 = 8.13 58.4
CYP2B6:27 4.50 = 0.98 10.6 = 6.16% 259+ 1.82 20.2

* P < 0.05 compared with CYP2B6.1.
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DEMETHYLATION OF ANTIMALARIAL ARTEMETHER BY CYP2B6 VARIANTS

AM concentrations than those with more active variants of this
enzyme. However, because DHA also has an antimalarial effect, it
would be difficult to assess the clinical outcome in subjects who
polymorphically express CYP2B6 without in vivo data. To more fully
understand the mechanistic basis of our findings, it would be of great
value to clinically examine the relationship between CYP2B6 geno-
types and the plasma concentration of AM and its metabolites.

In conclusion, demethylation of AM was mainly catalyzed by
recombinant CYP2B6, although recombinant CYP3A4 also exhibited
this metabolic activity. In addition, we performed a comprehensive
analysis, using COS-7 cells as a heterologous expression system, to
characterize nonsynonymous CYP2B6 variants. Many of the 26 vari-
ants expressed in COS-7 cells exhibited significantly altered AM
demethylation activity. This study provides insights into the genotype-
phenotype associations of CYP2B6 and lays a foundation for future
clinical studies on interindividual variation in drug efficacy and
toxicity.
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Boronic acid-containing 4-anilinoquinazolines were synthesized as selective inhibitors of EGFR and
VEGFR2 tyrosine kinases. The substituted position of the boronic acid is essential for control of both
kinase inhibitions, and the boronic acid substituted at the para position of the aniline moiety exhibited

significant inhibition of VEGFR2 tyrosine kinase.

Growth factor receptor tyrosine kinases play an important role
for the signal transduction pathway in cell proliferation.
Deregulation of the signaling pathway has been observed in
many human tumors, thus these kinases have been investigated
as potential targets for cancer therapy.' The kinase inhibitors
competitively bind to the ATP binding site of the protein kinases,
which is relatively conserved, therefore enzymatic selectivity has
been required for development of the kinase inhibitors. Among
the various protein tyrosine kinase inhibitors reported,? the 4-
anilinoquinazolines have proved to have great potential for
selectivity and potency.® In 1994, Fry and coworkers first found
the 4-anilinoquinazoline (PD153035) to be a specific inhibitor of
epidermal growth factor receptor (EGFR) tyrosine kinase.*
Based on their findings, ZD-1839 (Iressa™)>¢ and OSI-774
(Tarceva™)”® have been developed as EGFR tyrosine kinase
inhibitors and approved for non-small cell lung cancer (NSCLC)
therapy. In the meantime, various 4-anilinoquinazoline frame-
work-based protein kinase inhibitors have been reported
including cyclin-dependent kinase 2 (CDK2),° Src and Abl
kinases,'’ vascular endothelial growth factor receptor (VEGFR)
tyrosine kinases,'" and platelet-derived growth factor receptor

(PDGFR) kinase.'?
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Although organoborons have been developed as nucleophilic
reagents for C—C bond formation in organic synthesis,'* the use
of boron as a candidate functional group to interact with a target
protein is an attractive strategy for drug design in medicine. A
boron atom has a vacant orbital and interconverts with ease

Department of Chemistry, Faculty of Science, Gakushuin University,
Mejiro, Toshima-ku, Tokyo 171-8588, Japan. E-mail: hiroyuyki.
nakamura@gakushuin.ac.jp; Fax: +81 3 3986 0221; Tel: +81 3 5992 1029
+ Electronic supplementary information (ESI) available: Experimental
procedures and full characterisation for all new compounds. See DOI:
10.1039/c0md00115e

between the neutral sp2 and the anionic sp3 hybridization states,
which generates a new stable interaction between a boron atom
and a donor molecule through a covalent bond. In particular,
several boronic acid compounds have been studied as enzyme
inhibitors including thrombin,'* lactamases,' dipeptidyl pepti-
dases,'® and others.'”* However, the most promising achieve-
ment in the area of boron pharmaceutics is the development of
bortezomib (PS341), a proteasome inhibitor,* recently approved
for clinical treatment of relapsed multiple myeloma and mantle
cell lymphoma. The X-ray crystal structure of the 20S protea-
some in complex with bortezomib was reported. In this structure,
the boronic acid of bortezomib covalently interacts with the Thr-
1 hydroxyl in the active site of the 20S proteasome, forming the
hybridized borate.”> Recently, we reported the prolonged inhib-
itory activity of a boron-conjugated 4-anilinoquinazoline toward
the EGFR tyrosine kinase. The quantum mechanical docking
simulation revealed that the boronic acid moiety substituted at
the 6 position of the quinazoline with a benzyl linker formed
a covalent B-O bond with Asp800 in addition to hydrogen bonds
with Asp800 and Cys797, which may cause the prolonged inhi-
bition of the compound toward EGFR tyrosine kinase.?* In this
paper, we introduce a boronic acid, as an alternative candidate
for a functional group, into the 4-anilinoquinazoline framework
in pharmaceutical drug design and found that the selective
inhibition of EGFR and VEGFR tyrosine kinases was controlled
by a boronic acid substituent on 4-anilinoquinazolines (Fig. 1).

The synthesis of the diboron coupling precursors 3 and 5 is
shown in Scheme 1. Substitution of 4-chloroquinazoline 1 with 3-
chloroaniline and 3-chloro-4-fluoroaniline gave the correspond-
ing 4-anilinoquinazlines 3a and 3b in 69 and 87% yields,
respectively.* In a similar manner, 4-chloroquinazoline 2 was
reacted with 3-chloroaniline and 3-chloro-4-fluoroaniline, and
the resulting 4-anilinoquinazolines 4a and 4b were treated with
aqueous ammonia followed by anhydrous trifluoromethane

VEGFR,; inhibition
—B(OH),

N
Ny HN

R, %

N
EGFR inhibition /) —B(OH),

Ry N

Fig. 1 Design of boronic acid-containing 4-anilinoquinazolines.
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Scheme 1 Reagents and conditions: (a) anilines, isopropanol, reflux, 3a
(69%) or 3b (87%); (b) 1) 25% NHj agq; ii) Tf,0, Py.

sulfonic acid to afford the corresponding triflates 5a and 5b in
15 and 66% yields, respectively, from 2 in three steps.

The Suzuki-Miyaura diboron coupling reaction was employed
for 3 or 5 in the presence of palladium(i) catalysts in dime-
thylformamide (DMF) at 80 °C to give 6a—d in 21-58% yields.
Finally, deprotection of the pinacol boronate moiety was carried
out under transesterification conditions using KHF, and phe-
nylboronic acid to afford the corresponding boronic acids 7a—d
in 32-48% yields (Scheme 2).

Meanwhile, the boron-conjugated 4-anilinoquinazolines, in
which a boronic acid moiety was substituted on the aniline ring,
were synthesized by the substitution reaction of chloroquinazo-
lines 8a—c and boronated anilines as shown in Scheme 3. The
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Scheme 2 Reagents and conditions: (a) pinacolatodiboron, PdCl,, dppf,
KOAc, DMF, 80 °C; (b) i) KHF», MeOH-H-O; ii) PhB(OH)-.
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Scheme 3 Reagents and conditions: (a) i) (3-aminophenyl)boronic acid,
conc. HCI, isopropanol; ii) NaHCO3;, MeOH-H,O; (b) 10, conc. HCI,
isopropanol; (¢) KHF,, MeOH-H,0.

m-substituted boronic acids 9a—c were obtained from 8a—c with
(3-aminophenyl)boronic acid under acidic conditions. On the
contrary, the p-substituted boronic acids 12a—¢ were obtained
from 8a—c with commercially availrable pinacolatoboronic ester
10 under acidic condition. The resulting boronic esters 1la—¢
were treated with KHF, to afford the corresponding boronic
acids 12a—c.

Inhibitory activity of the boron-conjugated 4-anilinoquina-
zolines 6, 7, 9 and 12 against EGFR, HER2, Flt-1 and KDR
tyrosine kinases was determined by measuring the levels of
phosphorylation of the tyrosine kinase-specific peptides (poly-
(Glu:Tyr) substrate) in vitro.*> As shown in Table 1, the boron-
conjugated 4-anilinoquinazolines 6a—d and 7a-d, which have
a boronate ester or boronic acid group substituted at the C-6
position of the quinazoline framework, selectively suppressed
EGFR tyrosine kinase activity without inhibiting HER2, Flt-1
(VEGFRI1 tyrosine kinase catalytic domain) or KDR (VEGFR2
tyrosine kinase catalytic domain) kinases, and their ICs, values
against EGFR tyrosine kinase were at the range of 0.46-0.80
pM. On the contrary, the compounds 9a—c, and 12a—c, which
have a boronic acid group substituted at the aniline ring of the
quinazolines, displayed selective inhibition toward KDR tyro-
sine kinase. In particular, a boronic acid group substituted at the
para position of the aniline, such as the compounds 12a—c, is
potent for significant inhibitory activity of KDR. The ICs, values
of 12a and 12b are 0.036 and 0.037 uM, respectively, which is
similar to that of a known KDR inhibitor, AAL993 (ICs, =
0.014 uM).2¢

We next examined the effects of the boron-conjugated 4-ani-
linoquinazolines on the EGF-induced tyrosine phosphorylation
of EGFR and the signaling cascades in A431 cells by immuno-
blot analysis. Treatment of A431 with EGF (10 ng ml~") rapidly
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Table 1 Effect of the boron-conjugated 4-anilinoquinazolines on tyro-
sine kinase activity of EGFR, HER2, Flt-1, and KDR

1Cso/uM ¢
Compds EGFR HER2’ Flt-17 KDR”
6a 0.59 + 0.03 >1 (31 >1(12) >1(-)
6b 0.57 £ 0.04 >1(-) >1(8) >1(-)
6¢ 0.49 + 0.08 >1(-) >1(-) >1(-)
6d 0.52 + 0.07 >1(-) >1(-) >1(-)
Ta 0.65 + 0.02 >1(15) >1(7) >1(-)
b 0.80 + 0.07 >1(-) >1(-) >1(-)
Tc 0.46 + 0.05 >1(-) >1(-) >1(-)
7d 0.51 + 0.01 >1(-) >1(-) >1(-)
9a >1 (46) >1 () >1(-) 0.39 £ 0.03
9b >1 (24) >1(-) >1(-) 0.19 £ 0.02
9c >1 (45) >1(-) >1(19) 0.18 £ 0.02
12a >1 (40) >1(-) >1 (49) 0.036 £ 0.006
12b >1 (36) >1(-) >1 (41) 0.037 + 0.012
12¢ >1(28) >1(-) >1(-) 0.86 +0.12
Tarceva 0.047 + 0.003 >1 (-) >1(-) >1 (38)
AAL993 >1 (30) >1(-) >1(-) 0.014 + 0.002

“ The drug concentrations required to inhibit the phosphorylation of the
poly(Glu:Tyr) substrate by 50% (ICsq) were determined from
semilogarithmic dose-response plots, and results represent mean =+ s.d.
of triplicate samples. Percent of inhibition at 1 M concentration was
indicated in parentheses. ” -, no inhibitory effect at 1 pM.

induced autophosphorylation of EGFR, and the level of the
phosphorylation reached a maximum at 10 min after EGF
stimulation. Under these conditions, the boron-conjugated
4-anilinoquinazolines, 6a-d and 7a—d, potently suppressed the
EGF-induced phosphorylation of EGFR at 1 M concentration

(A) A431 cell

P-EGFR

P-Akt

PERK | o BB & &

EGFR

Tubulin m

Compd - - 6a 7a 6c 7c¢ 9a 9b 12a 12b 9¢c 12¢c Tar

EGF (10 ng/mL)

{B) HUVEC

P-KDR

-...!Qﬁﬁ&én
Rl bbbt

Compd - - 6a 7a 6¢c 7c 9a 9b 12a 12b 9c 12c AAL
VEGF (20 ng/mL)
Fig. 2 Inhibition of the EGF-induced phosphorylation of EGFR and

VEGF-induced phosphorylation of KDR. (A) A431 cells were incubated
with the boron-conjugated 4-anilinoquinazolines (1 pM) or Tarceva (0.3
uM) and then stimulated with EGF (10 ng mL '). (B) HUVECs were
incubated with the boron-conjugated 4-anilinoquinazolines (1 pM) or
AAL993 (1 pM) and then stimulated with VEGF (20 ng ml '). The levels
of each kinase were detected by immunoblot analysis with the specific
antibody.
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Scheme 4  Reagents and conditions: (a) anilines, isopropanol, reflux; (b)
4-(BocNH)C¢H4NH,, isopropanol, reflux, 87%; (c) TFA, CH,Cl,, >99%;
(d) conc. HCI, CH;0H.

of compounds, whereas compounds 9a—¢ and 12a—c did not
affect the EGFR phosphorylation at this concentration
(Fig. 2A). It has been reported that the autophosphorylation of
EGFR tyrosine kinase activated various downstream kinases
including ERK and Akt, which play an important role in the
regulation of cell proliferation and apoptosis, respectively.?’
Therefore, we examined the effects on the EGFR-dependent
activation of downstream signaling pathways. The boron-
conjugated 4-anilinoquinazolines, 6a—d and 7a-d, also signifi-
cantly suppressed the EGF-induced phosphorylation of ERK
and Akt in parallel with the inhibition of EGFR autophos-
phorylation. However, these inhibitions were not observed in
compounds 9a—c¢ and 12a—c. These results indicate that the
boron-conjugated 4-anilinoquinazolines, 6a—d and 7a—d, also
induce the inhibitory effect on autophosphorylation of EGFR
tyrosine kinase in cells as well as EGFR kinase in vitro, and arrest
the downstream signaling pathway. Furthermore, we examined
the effects of the boron-conjugated 4-anilinoquinazolines on the
VEGF-induced phosphorylation of KDR in HUVECs. As
shown in Fig. 2B, boron-conjugated 4-anilinoquinazolines 9b,
9¢, 12b and 12c¢ significantly suppressed VEGF-induced KDR
phosphorylation. Although compounds 9a and 12a potently
inhibited KDR kinase activity (Table 1), their inhibitory effect
on KDR phosphorylation in HUVECs was not observed. The
discrepancy of results between kinase assay and immunoblotting
analysis might be induced by the weak membrane permeability
property of dimethoxy groups in compounds 9a and 12a.

Since the substitution of a boronic acid group on the aniline
ring has been observed to be essential for selective inhibition of
KDR tyrosine kinase, we next synthesized various functional
groups-substituted ~ 4-anilinoquinazolines from  4-chloro-
quinazoline 8 and anilines, and examined their effects on tyrosine
kinase activity of EGFR, HER2, Flt-1, and KDR. As shown in
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Table 2 Inhibition of the Various Functional Groups-Substituted 4-
Anilinoquinazolines on Tyrosine Kinase Activity of EGFR, HER2, Flt-
1, and KDR at 1 uM Concentration

% Inhibition at 1 uM ¢

Compds EGFR” HER2" Flt-1" KDR”
12a 40 — 49 99
12b 36 — 41 99
13 35 e = 11
15 — — 32 7
16 16 — = 23
17 7 — — 6
18 10 — — 21
19 80 — — 9
20 5 — —
21 52 — — 8
23 27 5 == 4
24 72 57 32 88
25 59 — — 31
Tarceva 82 —— — 38
AAL993 30 — 34 95

“ Percent of inhibition of the phosphorylation of the poly(Glu:Tyr)
substrate at 1 pM concentration was indicated. * —, no inhibitory
effect at 1 pM.

Scheme 4, the substitution reaction proceeded and the corre-
sponding 4-anilinoquinazolines 13 and 15-20 were obtained in
high yields, except 4-(4'-hydroxymethylanilino)quinazoline 14
and 4-(3’-aminoanilino)quinazoline 21. The compound 14
generated from 8 and 4-hydroxymethylaniline was gradually
decomposed in air and the reaction of 8 with 1,4-diaminobenzene
gave the corresponding 4-anilinoquinazoline 21 in only 17%
yield. In the synthesis of 4-(4’-aminoanilino)quinazoline 23, the
first substitution reaction of 8 with Boc-protected 1,4-dia-
minobenzene was carried out and the resulting compound 22 was
treated with trifluoromethanesulfonic acid (TFA) to give 23 in
quantitative yield.

Table 2 shows the inhibition of a variety of functional groups
substituted on the aniline moiety of 4-anilinoquinazolines, such
as hydroxymethyl,® carboxylic acid, methyl ester, cyano, and
amine groups, toward various tyrosine kinase activity. Interest-
ingly, compound 19, which has a cyano group substituted on
a meta position of the aniline moiety, displayed high inhibition of
EGFR tyrosine kinase (80%) similar to Tarceva (82%) at 1 pM
concentration, indicating that both cyano and acetylene groups
can be similarly bound to the kinase pocket. In all cases except
AAL993, significant inhibition of KDR tyrosine kinase was not

observed at 1 pM.
J QN o
HN OH HN
N HaCO N
P P
HyCO N)
24 25
(KDR inhibitor) (JAKS3 inhibitor)

H,CO

H,CO N

Since a boronic acid has been observed as an essential function
for selective KDR kinase inhibition, we next examined whether

the boronic acids 9a—c and 12a—c are active species in the kinase
assay. It has been reported that an aryl boronic acid is able to
undergo oxidation with reactive oxygen species (ROS) in cells to
be converted to phenols.? Furthermore, 4-(3'-hydroxy-
anilino)quinazoline 24, which is considered as an oxidation
product of the corresponding boronic acid 9a, was reported as
a selective KDR inhibitor (IC5y = 0.05 puM),*® and 4-(4'-
hydroxyanilino)quinazoline 25, which may be generated from
the corresponding boronic acid 12a in a similar manner, was
reported as a selective JAK3 inhibitor (ICsy = 9.1 pM).*!
Therefore, we synthesized the meta-hydroxyl derivative 24 and
the para-hydroxyl derivative 25 according to the literature
procedures®”** and examined the inhibition toward various
tyrosine kinase activity. As shown in Table 2, the meta-hydroxyl
derivative 24 exhibited inhibitory potency of broad-spectrum
tyrosine kinases, whereas the para-hydroxyl derivative 25 did not
display significant inhibitory activity toward these kinases at 1
uM concentration. These results indicate that a boronic acid
substituted on the aniline ring of the 4-anilinoquinazoline
framework is essential for the selective inhibition of KDR tyro-
sine kinase.

Conclusions

We developed boronic acid-containing 4-anilinoquinazolines as
selective inhibitors of EGFR and VEGFR2 tyrosine kinases. The
substituted position of a boronic acid is essential for control of
both kinase inhibitions. Since a boron atom is not observed in the
living body, we believe that the current findings are promising for
the utility of the boron atom as an alternative element in phar-
maceutical drug design.
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Amphiphilic allylation of arylidene-1,3-oxazol-5(4H)-one using
bis-m-allylpalladium complexes: an approach to synthesis of cyclohexyl and

cyclohexenyl a-amino acids}
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An efficient method for synthesis of cyclohexyl and cyclohexenyl o-amino acids via
palladium-catalyzed three-component assemblies followed by ring-closing metathesis (RCM) is
described. The present catalytic reaction is successfully extended to substituted benzylidene azlactones
2a—j RCH=(1,3-oxazole): R = alkyl or aryl. The amphiphilic bis-allylation of these substrates has been
achieved by replacing toxic allylstannanes with allyltrifluoroborate and the reaction proceeded
smoothly to afford the corresponding 1,7-diene derivatives 3a—j in acceptable to good yields. RCM of
the resulting octadienes using the first generation Grubbs catalyst gave easy access to stereodefined
substituted cyclohexene derivatives 7-11 in high yields. Acid hydrolysis of the oxazolone ring of 7-10
gave protected amino acids 12-16. Debenzoylation of 13 and 15 afforded 1-amino-6-aryl-
cyclohex-3-enecarboxylic acids 17 and 18 in excellent yields, respectively. Moreover, catalytic reduction
of 13 gave the corresponding cyclohexane derivative 19 which could be debenzoylated to give
l-amino-2-phenylcyclohexene-1-carboxylic acid (20). The structures of compounds 9, 12 and 13 were
confirmed by X-ray structural analysis. It is an excellent method for creating a wide range of cyclic

a,o-disubstituted o-amino acids.

Introduction

Transition metal-catalyzed multicomponent assembling reactions
provide an efficient route for the construction of complex organic
molecules.! Catalytic transformations involving nucleophilic at-
tack on (n*-allyl)palladium intermediates have been widely applied
in a number of important chemical processes,”” including allylic
substitution and the oxidation of alkenes and conjugated dienes.
Palladium-catalyzed allylation with various nucleophiles (Tsuji—
Trost-type reaction) is now a very important modern organic
transformation for the construction of carbon—carbon or carbon—
heteroatom bonds.? Furthermore, it has been demonstrated that,
under catalytic conditions, bis-r-allylpalladium complexes can
undergo an initial electrophilic attack on one of the allyl moieties
followed by a nucleophilic attack on the other.®'* This bis-nt-
allylpalladium complex can act as an amphiphilic reagent reacting
with activated olefins and arynes to form the corresponding

“Department of Chemistry, Faculty of Science, University of Tanta, 31527-
Tanta, Egypt. E-mail: genadyafaf@yahoo.com

"Department of Chemistry, Faculty of Science, Gakushuin University,
1-5-1 Mejiro, Toshima-ku, Tokyo 171-8588, Japan. E-mail: hiroyuki.
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+ Electronic supplementary information (ESI) available: 'H and *C NMR
spectra of compounds 3a—j and 7-20, and X-ray crystallographic files for
compounds 9, 12 and 13. CCDC reference numbers 82954-82956. For
ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/¢c10b05952a

bis-allylation products. Subsequently, several modifications of
this reaction with variation of allyl sources, activated alkenes
and catalysts have been reported by different groups.’>** This
catalytic amphiphilic bis-allylation could also be applied to the
synthesis of medium-sized carbocycles.”” Moreover, regioselective
unsymmetrical tetra-allylation of Cg was reported recently using
the catalytic amphiphilic bis-allylation reaction.'®

In the past decade, organotrifluoroborates have become im-
portant reagents in organoboronate chemistry, in particular
for transition-metal-catalyzed coupling reactions.’®'** These
reagents are air- and thermostable species, which are usually easy
to handle and purify. Moreover, allyltrifluoroborates have been
shown to be effective allylating reagents for aldehydes.”* Recently,
Batey and co-workers** described the synthesis of a new class of
allylboron compounds containing a trifluoroborate functionality.
Due to the toxicity as well as the byproducts of organostannanes,
we preferred the use of allyltrifluoroborate in catalytic bis-
n-allylpalladium reactions. On the other hand, azlactones are
important synthons for the synthesis of several biologically active
compounds.”® They are also particularly useful precursors for the
synthesis of amino acids,* peptides,® heterocycles,* biosensors,?’
and antitumor® or anticancer® compounds.

The construction of suitably functionalized cyclohexene frame-
works plays a central role in many natural product syntheses.*
Although the Diels—Alder reaction is among the most powerful
tools for generating such carbocycles,* it is often difficult to form
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systems that are highly congested or possess substituent arrays
that are incompatible with the reaction.’? A number of alternative
methods for synthesizing cyclohexenes have arisen from catalytic
approaches, such as the phosphine-catalyzed Rauhut-Currier
reaction,” transition-metal-catalyzed ring-closing metathesis
(RCM),* and cycloisomerization reactions.* In contradistinction
to the widespread use of these intramolecular processes, inter-
molecular counterparts for catalytic cyclohexene synthesis are less
well developed.***” With the development of air-stable, function-
ally compatible, and highly active ruthenium catalysts, such as the
first-generation Grubbs catalyst®® and second-generation Grubbs
catalyst,* the ring-closing metathesis (RCM) reaction has become
one of the most powerful methods to synthesize many kinds of
cyclized products from acyclic diene or enyne precursors.® In
this study, the first-generation Grubbs catalyst was used in the
metathesis reaction of the resulting bis-allylated azlactones giving
the corresponding cyclohexenes in excellent yields.

o,0-Disubstituted o-amino acids are nonproteinogenic modi-
fied amino acids, in which the hydrogen atom at the o-position
of natural o-amino acids is replaced with an alkyl substituent.*
The a-alkyl substituents in o,a-disubstituted amino acids severely
restrict the conformational freedom of peptides containing such
residues, and these amino acids are used as a probe to investigate
the biologically active conformation,” to study the secondary
structure of peptides,* and to search for the origin of chirality.*
Furthermore, o,a-disubstituted a-amino acids are also found in
many biologically active compounds, including antibiotics such
as altemicidin.** Certain cyclic o,o-disubstituted amino acids,
notably those with 3-, 5-, and 6-membered rings, tend to induce
o-helical conformations when incorporated into peptides.* One
of the challenges is to have procedures that provide flexible and
simple methods for obtaining optically active o,c-disubstituted
o-amino acids and that, furthermore, give diversity in structural
and electronic properties.

Here we demonstrate a new protocol in amino acids synthesis;
bis-allylated azlactones can act as excellent precursors for the
synthesis of cyclic amino acids by bis-allylation of unsaturated
azlactones. To the best of our knowledge, this is the first bis-
allylation of azlactones. Catalytic cyclization of the resulting 1,7-
diene afforded cyclohexene-azlactone adducts.

Results and discussion
Catalytic amphiphilic bis-allylation

The three-component assembling reactions such as bis-allylation
gave the corresponding o, B-functionalized products in high yields.
Although these reactions are limited to highly activated olefins,'
we succeeded in utilizing substituted azlactones 2a—j as substrates.
In the current study, we used an alternative catalytic system of bis-
n-allylpalladium complexes generated from allyltrifluoroborate
(1). Arylidene azlactones 2a—g and 2i were prepared according
to the classic Erlenmeyer synthesis,*” whereas 2h and alkyli-
dene azlactone 2j were prepared under mild conditions using
alumina as a catalyst.*® In a preliminary study,” we reported
suitable conditions for the amphiphilic bis-allylation of arylidene
malononitrile with allyl acetate and allyltrifluoroborate to give
substituted 1,7-diene derivatives. The results prompted us to
extend this methodology into other olefins such as arylidene

azlactones in bis-allylation reactions as a masked amino acid
fragment. Moreover, we examined the optimization of palladium
catalysts and ligands for amphiphilic bis-allylation of activated
alkenes by replacing allylstannanes with allyltrifluoroborate.*
According to these results we found that the amphiphilic bis-
allylation reaction with allyltrifluoroborate and allyl acetate pro-
ceeded smoothly using Pd,(dba);CHCl;/tricyclohexylphosphine
(PCy;) in THEF. These reaction conditions could be applied to
azlactones 2. The reaction of benzylidene azlactone 2a (1 equiv.),
allyltrifluoroborate 1 (1.5 equiv.), and allyl acetate (1.5 equiv.) in
THF proceeded in the presence of Pd,(dba);CHCI; (5 mol%) and
PCy; (10 mol%) in an argon atmosphere at 70 °C for 24 h to furnish
1,7-diene derivative 3a in 45% yield. The low yield of 3a could be
explained by the formation of mono-allylated byproduct which
was identified by ESI mass spectrometry. Increasing the reaction
time had no effect on the bis-allylated yield. Moreover, allyl acetate
gave the highest yield of three-component assembling product.
Other substrates such as allyl chloride, which was considered
the most appropriate for the amphiphilic bis-allylation with
allyltributylstannane, were less effective for the reaction, affording
3a in lower yield (26%). So, in another attempt to enhance the
yield of the bis-allylated product, we performed the bis-allylation
reaction using 3 equiv. of allyl acetate. It was found that the yield
of 3a increased to 49% (Table 1, entry 1). To study the scope
of the reaction, attempting to enhance the activity of the double
bond in azlactone, we used different aryl derivatives of azlactones.
Several diversely substituted benzylidene azlactones underwent
bis-allylations by this procedure to produce the corresponding
1,7-octadiene derivatives. The results are summarized in Table 1.
This procedure is compatible with a wide range of substituents
including electron donating and electron withdrawing groups
substituted on the phenyl ring. Various substituted arylethylidene
azlactones 2b—i underwent bis-allylation with 1 and allyl acetate
to give the corresponding three-component assembling products
3b-3i in good yields (entries 2-9).

Arylethylidene azlactones with electron donating groups (en-
tries 2—4) are more effective substrates for the assembling reaction
than that bearing an electron withdrawing group on the phenyl
ring (entry 5). The lower yield of 3d compared to the yields of
3b and 3c was attributed to the insolubility of 2d in THF and
using DMF as the solvent (entry 4). The present protocol is
successfully extended to azlactones with a heterocyclic substituent,
such as furyl and pyridyl groups. Thus, treatment of furylidene
azlactone (2f) and pyridylidene azlactone (2h) with 1 as well as
allyl acetate in the presence of Pd,(dba);CHCI;/PCy; afforded
the corresponding 1,7-diene derivatives 3f and 3h in 73% and 62%
yields, respectively (entries 6 and 8). Under similar conditions,
the reaction of piperonylidene azlactone (2g) with 1 and allyl
acetate produced the corresponding assembling product 3g in 75%
yield (entry 7). The bis-allylation reaction also proceeded with
E/Z-cinnamylidene azlactone 2i to give (E/Z)-4-allyl-2-phenyl-
4-(1-phenylhexa-1,5-dien-3-yl)oxazol-5(4 H)-one (3i) in 32% yield
(entry 9). It should be noted that the allylation reaction is
completely regioselective, adding to the B and o carbons of
2i. No other regioisomer was detected as evidenced by the 'H
NMR spectrum of the crude reaction mixture, indicating that the
catalytic allylation is highly regioselective. The three-component
assembling reaction of alkylidene azlactone 2j gave 3j in 68%
yield (entry 10). The purification of the bis-allylation product was

This journal is © The Royal Society of Chemistry 2011

Org. Biomol. Chem., 2011,9, 7180-7189 | 7181



Downloaded by Tohoku Daigaku on 18 May 2012
Published on 08 July 2011 on http://pubs.rsc.org | doi:10.1039/C10B05952A

View Online

Table 1

Palladium-catalyzed double allylation of olefins 2a—j with allyltrifluoroborate 1 and allyl acetate

0,
N BF3K + /Z}
= R™T N

1 2a-j

o
\ : + /\/OAC
0 07©
)

R
Pd,(dba)sCHCl3 (5 mol %) LN

PCy; (10 mol %)

THF, 70 °C, 24 -48 h /7 \
3a-j
Entry R Product Time (h) Yield (%) d.r.?
1 ©/ 3a 24 45 5l
2 O/ 3b 24 58 4:1
MeO
3 3¢ 48 67 3:1
MeO
OMe
4 /@/ 3d° 24 47 3:1
(HaC)N
5 3e 48 49 4:1
O,N
6 (@) 3f 24 73 S5:1
v
T <Oj©/ 3g 24 75 4:1
(0]
8 = 3h 24 62 3:1
Na I
9 @__//‘ 3i 48 32 —
10 O/ 3i 24 68 4:1

“ Combined isolated yields of two diastereomers based on 2. ® Diastereomer ratio determined by 'H NMR. ¢ DMF was used as the solvent.

performed by preparative thin layer chromatography (TLC) using
hexane/ethyl acetate as the mobile phase. Diastereoselectivity (3—
5:1) of the bis-allylation reactions was observed in all substituted
azlactones 2a—j except 2i (Table 1). The major diastereomers were
isolated by preparative TLC and identified.

The proposed mechanism for the reaction course of this
transformation is summarized in Scheme 1. On the basis of
the known palladium chemistry and the mechanisms for the

catalytic reactions involving bis-r-allylpalladium complexes as
key intermediates,”'™***? a mechanism is proposed to account
for the present catalytic amphiphilic bis-allylation reaction. The
first step likely involves the oxidative addition of allyl acetate
to Pd(0) to give m-allylpalladium acetate 4. Transmetalation of
allyltrifluoroborate 1 to m-allylpalladium acetate 4 gives bis-mt-
allylpalladium intermediate 5 and KBF;OAc. Reaction of olefin 2
with 5 gives the complex 6, which undergoes reductive elimination
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Table 2 Metathesis reaction of 3

" 07/©
R /)

N Grubbs 1%, 5 mmol% N
CH,Cl,, 40°C
/ \ 5-8 h
3 7-11
Entry 3 Product R Yield (%)*
1 a3 7 ()/ 85
2 3 8 87
MeO
OMe
3 3 9 (@) 92
v
4 23 10 <O]©/ 76
e}
5 i3 11

“Isolated yields based on 3.

O .

3
OAc
>/. Pd(O)Ln \g/\/
Ph
0——\(N ‘
e
= II
R s
e
2
5

Scheme 1  Palladium-catalysis mechanism.

% _~_BFK
1

KBF5-OAc

to afford the corresponding bis-allylated product 3 and regenerate
the Pd(0) catalyst.

Metathesis of bis-allylated compounds

Catalytic olefin metathesis transformed some of these bis-allylated
products (3a, 3¢, 3f, 3g and 3i) to the corresponding cyclohexenes
(7-11) in 70-92% yields (Table 2).

In our experiments the metathesis of bis-allylated products to
cyclohexenes worked with excellent results when the reaction was
carried out in dichloromethane at reflux for 5-8 h in the presence
of 1st generation Grubbs’ catalyst, allowing the formation of
the corresponding cyclohexenes. The metathesis of 3i is highly

chemoselective giving the cinnamyl-substituted product 11, exclu-
sively (entry 5). The "H NMR spectrum of compound 11 showed
6- and y-CH protons resonate at 5.9 and 6.5 ppm, respectively.
It was possible to obtain X-ray quality crystals from 9 by slow
evaporation of a CH,Cl,/hexane solution at room temperature.
The solid state structure of the cyclohexene 9, determined by X-
ray diffraction, is depicted in Fig. 1. The cyclohexene 9 consists
of a cyclohexene ring having azlactone and furan moieties as
substituents at positions 1 and 6. The C—C bond lengths of the
cyclohexene ring span over a narrow range of 1.495(2)-1.555(2) A
compared with the C=C bond distance 1.322(2) A.

o1

c ca

(\(;5 CS/O
,/)—-q

o ye)
Cis

Cc18
ci6

c17

Fig. 1 ORTEP representation of 9, showing 50% probability thermal
ellipsoids.
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Hydrolysis of oxazolone ring

One of the goals of our synthetic work was the successful
preparation and characterization of a structurally diverse series
of a,o-disubstituted o-amino acids derived from compounds 7—
11. Incubation of azlactone 7 in a mixture of MeOH/H,O (1:1)
and HCI (6 N) at room temperature for 1 h resulted in cleavage of
the oxazolone ring to give a mixture of 12 and 13 which could
be isolated by preparative TLC to give 40% and 36% yields,
respectively (Scheme 2).

0.0
Bh )/Ph ph. CO.CHj ph. COH
¢N  6NHCI, MeOH/H,0 Zj-NHCOPh + G-NHCOPh
- 50°C, 1h
7 12 (40%) 13 (36%)

Scheme 2 Cleavage of azlactone 7.

In the '"H NMR spectra of 12 and 13, the new signals at 6.8 and
6.7 ppm indicated the presence of an NH group. C NMR spectra
showed a low field shift of C=N of the former oxazolone ring in
compounds 7-11, from ca. 160.2 ppm to ca. 166.8 ppm, whereas a
high field shift of ca. 7 ppm for the carbonyl carbon of compounds
12 and 13 (172.8 ppm) compared with compound 7 (180.3 ppm)
was observed. The expected deviations in these positions were
attributed to oxazolone ring opening. Alternative conditions using
a mixture of THF/aq. HCI (6 N) for direct conversion of 7 to the
corresponding free carboxylic compound (13) were also possible.
The compounds 12 and 13 crystallize in the monoclinic space
groups P2,/c¢ and C2/c¢, respectively (Fig. 2, Table 3).

Similarly, compounds 8-10 were hydrolysed producing ben-
zoylated amino acids 14-16 (Scheme 3). The structures of these
compounds were also confirmed by both 'H and “C NMR
spectroscopy, which showed the disappearance of the benzoyl CH
and NH signals and appearance of high field NH, broad singlet at
ca. 4.6 ppm. Amino acids 17 and 18 could be obtained from 13 and
151in good yields by treatment with ammonia solution (Scheme 3).

Reduction of cyclohexene

Cyclohexene 13 was quantitatively hydrogenated in MeOH at
room temperature, using 10% palladium/carbon as a catalyst
to give cyclohexane 19, which is the direct precursor of the
cyclohexane amino acid 20 (Scheme 4). The chemical shift of
the CH=CH group of the former cyclohexene (compound 13)
disappeared with appearance of new high field signals at 1.6 and
1.8 ppm of two methylene groups (compound 20) upon reduction.
The “"C NMR spectrum showed new signals at approximately
25 ppm for the new methylene carbons of compound 20.

Ci4

C15

C7 s

12

Fig. 2 X-Ray crystal structures of 12 and 13. Thermal probability
ellipsoids are drawn at the 50% probability level (hydrogen atoms are
omitted for clarity).

ph. COH ph.  COMH ph. COM
d-mcoph PA/C. MeOH ZjNHCOPh NH,OH L NH,
RT, 6h reflux, 24 h
13 19 (95%) 20 (64%)

Scheme 4 Reduction of cyclohexene 13.

Azlactones and amino acids have characteristic stretching
modes that are suitable for study by IR spectroscopy. The IR
spectra of 3a—j contained weak and strong absorption bands
located at ca. 1654, 1778, and 1816 cm™, which could be attributed
to the vibrational modes of the C=C, C=N and C=0 groups,
respectively. These bands were not sensitive to the metathesis
reactions in compounds 7-11. However, hydrolysis of azlactone
followed by debenzoylation led to the complete disappearance of

Ro o»/ph R COH R COM
N 6 N aq.HCI, THF . "NHCOPh NH,4OH . NH,
50°C,1h Reflux, 24 h
7:R=Ph 13: R=Ph, 79% 17: R=Ph, 76%
8: R = 3,4-(OMe),CgH3 14: R = 3,4-(OMe),CgH; 80% 18: R = furan-2-yl, 65%
9: R = furan-2-yl 15: R = furan-2-yl, 69%
10: R = piperonyl 16: R = piperonyl, 71%

Scheme 3 Conversion of azalactones to cyclic amino acids.
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Table 3 Details of crystallographic data collection for 9, 12 and 13

9 12 13
Formula Ci3sHsNO; C,,H, NO; CyH;yNO;
Fw 293.31 347.40 321.36
Crystal system Orthorhombic Monoclinic Monoclinic
Space group Fdd2 P2,/c €2/c
a/A 18.004(3) 10.6098(13) 29.149(6)
b/A 39.249(6) 18.036(2) 7.5081(15)
c/A 8.1408(11) 9.5122(12) 15.387(3)
a(?) 90 90 90
B 90 98.7510(10) 107.300(2)
y () 90 90 90
V/nm? 5.7526(14) 1.7991(4) 3.2152(11)
Z 16 4
D./gcm™ 1.355 1.283 1.328
F(000) 2464 736 1360
#/mm™ 0.093 0.085 0.089
AMA 0.71073 0.71073 0.71073
Range (20) for data collection/® 2.08-27.57 2.25-27.46 2.77-217.52
GOF 1.675 1.027 1.03
T/K 123 123 123
R“ (I >20(I)) 0.0391 0.0403 0.0448
wR (I > 20(1)) 0.0546 0.0985 0.0954
R, (all data) 0.0476 0.0495 0.0693
wR," (all data) 0.0557 0.1039 0.1059

“Ry=Z|F,| = |FIl/Z|F,|.* WRy = [EW(F,? = FZ)/Zw(F,’ )]

the vibrational mode of C=N in the IR spectra of compounds
7-11, which was replaced with a new strong absorption band
(compounds 17, 18 and 20) at ca. 3500 cm™', which is characteristic
of the NH, group, whereas v(C=0) is shifted from ca. 1816 to
1725 cm™.

Conclusion

We have developed a procedure for the bis-allylation of activated
azlactones via the three-component assembling reaction between
arylidene azlactones, trifluoroborate and allyl acetate in the pres-
ence of palladium catalysts. In combination with our previously
reported methodologies on the activated olefins, this methodol-
ogy provides a novel process for the 1,2-bisfunctionalization of
activated C=C bonds. This method allows an efficient synthesis
of various 1,7-diene derivatives in good to excellent yields.
The present catalytic reaction proceeds with various substituted
azlactones. Metathesis cyclization of the resulting bis-allylated
azlacones yielded the corresponding 3-oxa-1-aza-spiro[4.5]deca-
1,7-dienes which could be either hydrolysed to the corresponding
cyclohexenyl o-amino acids or reduced to the corresponding
cyclohexyl o-amino acids.

Experimental section
Materials and methods

Most chemicals and solvents were of analytical grade and used
without further purification. Aldehydes and Grubbs’ catalyst were
commercially available. Starting materials 1, 2a~h and 2i-j were
prepared as described in the literature.**** NMR spectra ('H and
C) were measured on 400 MHz spectrometer. Chemical shifts of
"H NMR and"”C NMR were expressed in parts per million (ppm,
0 units), and coupling constant (J) values were expressed in units

of hertz (Hz). IR (cm™) spectra were determined as KBr disc on
an FTIR-8600PC spectrometer. Electron spray ionization (ESI)
mass spectra were recorded on an LCMS-2010 eV spectrometer.
Elemental analyses were performed by 2400 automatic elemental
analyzer. All compounds gave elemental analysis within +0.4% of
the theoretical values. Analytical thin layer chromatography (TLC)
was performed on glass plates of silica gel 60 GF.s,. Visualization
was accompanied by UV light (254 nm), I, or KMnO,. Melting
points (mp) were determined on ATM-01 melting point apparatus.
Preparative TLC was carried out using 0.75 mm layers of silica gel
60 GF,s; made from water slurries on glass plates of dimensions
20 x 20 cm?, followed by drying in air at 100 °C.

General procedure of amphiphilic bis-allylation of azlactone 2

To a solution of azlactone 2 (0.65 mmol), allyltrifluoroborate
(145 mg, 0.98 mmol), and Pd(dba),-CHCI; (35 mg, 0.033 mmol)
in THF (10 ml) was added allyl acetate (2.1 ml, 1.96 mmol) and
tricyclohexylphosphine (18 mg, 0.066 mmol) under nitrogen. The
reaction mixture was heated with stirring at 70 °C for 2448 h
(TLC). The reaction was quenched with water, and the reaction
mixture was extracted with ether, dried over anhydrous magnesium
sulphate, and concentrated. Purification by preparative TLC with
n-hexane/ethylacetate (9 : 1) as eluent gave the major diastereomer
of bis-allylated product as a yellow oil.

Allyl-2-phenyl-4-(1-phenyl-but-3-enyl)-4 H-oxazol-5-one  (3a).
Yield (97 mg, 45%); yellow oil; R; 0.37 (n-hexane/AcOEt=9:1);
"H NMR (400 MHz, CDCl;) § 8.03 (d, 2H, J = 7.2 Hz), 7. 57-7.28
(m, 8H), 5.45 (m, 2H), 5.02 (dd, 2H, J = 8 Hz, J = 3.5 Hz), 4.83
(dd, 2H, J =8.0 Hz, J = 3.5 Hz), 3.18 (dd, 1H, J=4.0 Hz, J =4.0
Hz), 2.43 (m, 2H), 2.27 (m, 2H); “C NMR (100 MHz, CDCl,)
6 180.3, 160.2, 138.7, 135.2, 132.7, 130.5, 129.7, 128.8, 128.3,
128.0, 127.4, 125.8, 120.7, 117.1, 76.7, 52.1, 40.7, 36.2; IR (KBr
disc) 3062, 2931, 1816, 1778, 1654, 972, 883, 702 cm™; MS, m/z
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(EST) 332.41 [100, M + 1]*; Anal. Calc. for C,,H, NO,: C, 79.73;
H, 6.39; N, 4.23%. Found: C, 79.73; H, 6.32; N, 4.18%. 'H NMR
(400 MHz, CDCl,) of the minor diastereomer: § 7.98 (d, 2H, J =
7.00 Hz), 7.55-7.13 (m, 8H), 5.61 (m, 2H), 5.14 (dd, 2H, J =8 Hz,
J=3.5Hz),4.95(t,2H,J=7.5Hz),3.17(dd, IH, J=4.0Hz, J =
4.0 Hz), 2.67 (m, 2H), 2.51 (m, 2H).

4-Allyl-4-[1-(4-methoxy-phenyl)-but-3-enyl]-2-phenyl-4 H -oxa-
zol-5-one (3b). Yield (136 mg, 58%); yellow oil; R; 0.53 (n-
hexane/AcOEt = 9:1); '"H NMR (400 MHz, CDCl;) 6 = 8.01
(d, 2H, J =8.2 Hz), 7.55-7.43 (m, 3H), 7.38 (m, 2H), 7.23 (m, 2H),
5.49 (m, 2H), 5.16 (t, 2H, J = 10.5 Hz), 4.78 (t, 2H, J = 10.3 Hz),
3.75 (s, 3H), 3.23 (m, 1H), 2.43 (m, 2H), 2.23 (m, 2H); "C NMR
(100 MHz, CDCl;) 6 = 180.0, 162.3, 149.2, 147.7, 137.8, 136.6,
133.6, 129.4, 128.3, 128.3, 127.4, 125.6, 121.7, 115.0, 76.9, 55.8,
53.7,39.4, 37.2; IR (KBr disc) 3065, 2935, 1808, 1774, 1655, 976,
885,705 cm™; MSS, m/z (EST) 362.43[100, M + 1]*; Anal. Calc. for
C»H;NO;: C, 76.43; H, 6.41; N, 3.88%. found: C, 76.32; H, 6.37;
N, 3.79%. 'H NMR (400 MHz, CDCl,) of the minor diastereomer:
6=17.90(d, 2H, J =8.0 Hz), 7.41-7.35 (m, 3H), 7.36 (m, 2H), 7.22
(m, 2H), 5.54 (m, 2H), 5.23 (t, 2H, J = 10.5 Hz), 4.71 (t, 2H, J =
10.3 Hz), 3.75 (s, 3H), 3.29 (m, 1H), 2.73 (m, 2H), 2.52 (m, 2H).

4-Allyl-4-[1-(3,4-dimethoxy-phenyl)-but-3-enyl]-2-phenyl-4 H-
oxazol-5-one (3¢). Yield (170 mg, 67%); yellow oil; R 0.43 (n-
hexane/AcOEt=9:1); "H NMR (400 MHz, CDCl;) 6 =8.03 (dd,
2H, J =1.5Hz, J = 1.5 Hz), 7.93 (d, 1H, J = 6.5 Hz), 7.57-7.49
(m, 3H), 6.84 (d, 1H, J = 8.0 Hz), 6.70 (m, 1H), 5.51 (m, 2H),
5.02 (t, 2H, J = 10.0 Hz), 4.86 (t, 2H, J = 10.0 Hz), 3.92 (s, 3H),
3.86 (s, 3H), 3.15 (m, 1H), 2.41 (m, 2H), 2.25 (m, 2H); "C NMR
(100 MHz, CDCl;) 6 = 179.3, 166.2, 149.2, 147.7, 137.6, 136.8,
133.1, 129.7, 128.8, 128.3, 127.4, 125.8, 121.6, 115.2, 77.0, 55.4,
55.2,53.7,39.5, 37.9; IR (KBr disc) 3058, 2936, 1812, 1772, 1655,
970, 882, 742 cm™'; MS, m/z (ESI) 392.46 [100, M + 1]*; Anal.
Calc. for C,,H,;;NO,: C, 73.64; H, 6.44; N, 3.58%. found: C, 73.59;
H, 6.39; N, 3.47%. '"H NMR (400 MHz, CDCl,) of the minor
diastereomer: 6 =7.93 (d, 2H, J =4 Hz), 7.90 (d, 1H, J = 6.5 Hz),
7.54-7.45 (m, 3H), 6.83 (d, 1H, J =8.0 Hz), 6.68 (m, 1H), 5.71 (m,
2H), 5.14 (t, 2H, J = 10.0 Hz), 4.79 (t, 2H, J = 10.0 Hz), 3.92 (s,
3H), 3.85 (s, 3H), 3.28 (m, 1H), 2.77 (m, 2H), 2.46 (m, 2H).

4-Allyl-4-[1-(4-dimethylamino-phenyl)-but-3-enyl|-2-phenyl-
4H-oxazol-5-one (3d). Yield (114 mg, 47%); yellow oil; R; 0.6
(n-hexane/AcOEt =9:1); '"H NMR (400 MHz, CDCl;) 6 = 8.07
(d, 2H, J = 3.5 Hz), 791 (d, 1H, J = 4.0 Hz), 7.73-7.40 (m, 5H),
5.47 (m, 2H), 4.99 (t, 2H, J = 7.5 Hz), 4.83 (t, 2H, J = 7.5 Hz),
3.17 (m, 1H), 2.99 (s, 3H), 2.83 (s, 3H), 2.42 (m, 2H), 2.23 (m,
2H); "C NMR (100 MHz, CDCl,) § =179.2, 168.3, 146.8, 137.6,
135.8, 131.5, 130.0, 129.6, 128.4, 127.4, 114.8, 115.7, 78.6, 40.5,
40.1, 35.8; IR (KBr disc) 3060, 2934, 1815, 1775, 1656, 987, 880,
725 cm™'; MS, m/z (ESI) 375.48 [100, M + 1]*; Anal. Calc. for
CHxN,0,: C, 76.98; H, 7.00; N, 7.48%. found: C, 76.92; H, 6.97,
N, 7.43%. 'H NMR (400 MHz, CDCl,) of the minor diastereomer:
6=793(d, 2H, J = 3.5 Hz), 7.90 (d, 1H, J = 4.0 Hz), 7.70-7.42
(m, 5H), 5.82 (m, 2H), 4.93 (t, 2H, J = 7.5 Hz), 4.80 (t, 2H, J =
7.5 Hz), 3.25 (m, 1H), 3.00 (s, 3H), 2.82 (s, 3H), 2.53 (m, 2H), 2.31
(m, 2H).

4-Allyl-4-[1-(4-nitro-phenyl)-but-3-enyl]-2-phenyl-4 H -oxazol-
5-one (3e). Yield (120 mg, 49%); yellow oil; R; 0.42 (n-
hexane/AcOEt = 9:1); '"H NMR (400 MHz, CDCl;) 6 = 8.21

(d, 2H, J = 8.0 Hz), 8.04 (d, 2H, J = 8.0 Hz), 7.66-7.51 (m, 5H),
5.47 (m, 2H), 5.06 (dd, 2H, J = 9.0 Hz, J = 8.5 Hz), 4.86 (dd,
2H, J =10.4 Hz, J = 9.6 Hz), 3.32 (dd, 1H, J = 6.0 Hz, J = 4.8
Hz), 2.45 (m, 2H), 2.20 (m, 2H); “C NMR (100 MHz, CDCl;)
6 =179.4, 160.7, 147.3, 146.5, 134.0, 133.0, 130.6, 129.7, 128.8,
128.0, 125.4, 123.5, 121.2, 118.0, 76.7, 51.5, 40.6, 36.0; IR (KBr
disc) 3061, 2939, 1820, 1771, 1652, 976, 885, 741 cm™. MS, m/z
(ESI) 454 [100, M + 2K]*; Anal. Calc. for C,H;0N,O,: C, 70.20;
H, 5.36; N, 7.44%. found: C, 70.17; H, 5.33; N, 7.40%. 'H NMR
(400 MHz, CDCl;) of the minor diastereomer: 6 =8.13 (d, 2H, J =
8.0 Hz), 8.07 (d, 2H, J =8.0 Hz), 7.66-7.51 (m, 5H), 5.61 (m, 2H),
5.14 (dd, 2H, J =9.0 Hz, J = 8.5 Hz), 4.84 (dd, 2H, J = 10.4 Hz,
J =9.6 Hz), 3.74 (dd, 1H, J = 6.0 Hz, J = 4.8 Hz), 2.84 (m, 2H),
2.61 (m, 2H).

4-Allyl-4-(1-(furan-2-yl)but-3-enyl)-2-phenyloxazol-5(4H)-one
(3f). Yield (152 mg, 73%)); yellow oil; R; 0.77 (n-hexane/AcOFEt =
9:1); '"H NMR (400 MHz, CDCl;) § = 8.00 (d, 2H, J¢; = 10.0
Hz), 7.58-7.47 (m, 3H.), 7.35 (d, 1 H, J = 8.0 Hz), 6.28 (d, 2H,
J =8.8 Hz) 5.57 (m, 2H), 5.12 (m, 2H), 4.85 (t, 2H, J = 10.0 Hz),
3.29 (m, 1H), 2.50 (m, 3H), 2.26 (m, 1H); *C NMR (100 MHz,
CDCly) 6 = 178.4, 169.1, 157.7, 141.9, 137.6, 135.5, 131.4, 128.4,
115.7, 111.1, 105.7, 78.3, 43.5, 37.8, 29.6; IR (KBr) 3067, 2933,
1814, 1774, 1655, 973, 885, 719 cm™; MS, m/z (ESI) 321 [75, M]*;
Anal. Calc. for C,oH yNOs: C, 74.75; H, 5.96; N, 4.36%. found:
C, 74.62; H, 5.87; N, 4.27%. "H NMR (400 MHz, CDCl,) of the
minor diastereomer: § =7.96 (d, 2H, J,; = 10.0 Hz), 7.56-7.48 (m,
3H.), 7.31(d, 1 H, J = 8.0 Hz), 6.17 (d, 2H, J = 8.8 Hz) 5.73 (m,
2H), 5.07 (m, 2H), 4.81 (t, 2H, J = 10.0 Hz), 3.31 (m, 1H), 262 (m,
3H), 2.41 (m, 1H).

4-Allyl-4-(1-benzo[1,3]dioxol-5-yl-but-3-enyl)-2-phenyl-4 H-
oxazol-5-one (3g). Yield (182 mg, 75%); yellow oil; R; 0.35 (n-
hexane/AcOEt=9:1); '"H NMR (400 MHz, CDCl;) § = 8.04 (d,
2H, J =8.0 Hz), 7.57-7.44 (m, 3H), 6.81-6.61 (m, 3H), 5.94 (s, 2H),
5.49 (m, 2H), 5.02 (m, 2H), 4.85 (m, 2H), 3.09 (m, 1H), 2.39 (m,
2H), 2.32 (m, 2H); "C NMR (100 MHz, CDCl;) 6 = 177.7, 169.0,
148.5, 146.1, 136.8, 136.0, 132.7,129.5, 128.7, 128.2, 121.6, 115.7,
113.6, 102.4, 78.6, 42.6, 42.3, 32.0; IR (KBr) 3066, 2932, 1815,
1775, 1656, 976, 885, 723 cm™; MS, m/z (ESI) 375.42 [100, M +
1]*. Anal. Calc. for C,;3H, NO,: C, 73.58; H, 5.64; N, 3.73%. found:
C, 73.53; H, 5.59; N, 3.71%. '"H NMR (400 MHz, CDCl;) of the
minor diastereomer: 6 = 7.91 (d, 2H, J = 8.0 Hz), 7.56-7.45 (m,
3H), 6.73-6.60 (m, 3H), 5.82 (s, 2H), 5.67 (m, 2H), 5.00 (m, 2H),
4.81 (m, 2H), 3.15 (m, 1H), 2.84 (m, 2H), 2.65 (m, 2H).

4-Allyl-2-phenyl-4-(1-(pyridin-4-yl)but-3-enyl)oxazol-5(4 H)-one
(3h). Yield (133 mg, 62%); yellow oil; R, 0.45 (n-hexane/AcOEt =
9:1); "H NMR (400 MHz, CDCl;) 6 = 8.75 (d, 2H, J = 8.5 Hz),
8.25 (d, 2H, J = 8.5 Hz), 8.0 (d, 2H, J = 8.5 Hz), 7.72 (m, 1H),
7.51 (m, 2H), 5.65 (m, 2H), 4.95 (m, 2H), 4.81 (m, 2H), 3.19 (m,
1H), 2.49, 2.30 (m, 4H); “"C NMR (100 MHz, CDCl;) § = 180.2,
160.1, 154.0, 149.1, 139.0, 135.0, 129.6, 128.4, 126.3, 120.9, 117.1,
76.8,52.1, 40.7, 36.2; IR (KBr disc) 3065, 2932, 1817, 1771, 1653,
975, 886, 722 cm™; MS, m/z (ESI) 333.40 [100, M + 1]*; Anal.
Calc. for C, Hy,N,O.: C, 75.88; H, 6.06; N, 8.43%. found: C,
75.84; H, 6.03; N, 8.40%. '"H NMR (400 MHz, CDCl,) of the
minor diastereomer: 6 = 8.73 (d, 2H, J = 8.5 Hz), 8.25(d, 2H, J =
8.5 Hz), 8.1 (d, 2H, J = 8.5 Hz), 7.68 (m, 1H), 7.53 (m, 2H), 5.74
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(m, 2H), 5.06 (m, 2H), 4.92 (m, 2H), 3.27 (m, 1H), 2.64, 2.45 (m,
4H).

(E/ Z)-4-allyl-2-phenyl-4-(1-phenylhexa-1,5-dien-3-yl)oxazol-
5(4H)-one (3i). Yield (74 mg, 32%); yellow oil; R; 0.5 (n-
hexane/AcOEt = 9:1); '"H NMR (400 MHz, CDCl,) § = 8.02
(d, 2H, J =7.0 Hz), 7.61-7.21 (m, 8H), 6.55 (m, 1H), 6.21 (m, 1H),
5.63 (m, 2H), 5.12 (m, 4H), 3.31 (m, 1H), 2.75 (m, 2H), 2.45 (m,
2H); *C NMR (100 MHz, CDCl;) 6 = 179.8, 160.4, 136.7, 135.2,
134.4,132.7, 130.5, 128.8, 128.5, 128.5, 128.0, 127.6, 127.3, 126.5,
126.4, 125.8, 120.7, 117.0, 76.5, 50.0, 40.7, 35.0; IR (KBr disc)
3065, 2937, 1815, 1778, 1659, 972, 886, 735 cm™; MS, m/z (ESI)
356 [100, M - 1T; Anal. Calc. for C,,H;sNO,: C, 80.64; H, 6.49; N,
3.92%. found: C, 80.59; H, 6.47; N, 3.87%. 'H NMR (400 MHz,
CDCl,) of the minor diastereomer: 6 = 8.00 (d, 2H, J = 7.0 Hz),
7.60-7.23 (m, 8H), 6.73 (m, 1H), 6.30 (m, 1H), 5.71 (m, 2H), 5.19
(m, 4H), 3.43 (m, 1H), 2.83 (m, 2H), 2.64 (m, 2H).

4-Allyl-4-(1-cyclohexylbut-3-enyl)-2-phenyloxazol-5(4H)-one
(3i). Yield (138 mg, 63%); yellow oil; R; 0.6 (n-hexane/AcOEt =
9:1); '"H NMR (400 MHz, CDCl;) & = 8.04 (m, 2H), 7.64-7.41
(m, 3H), 5.53 (m, 2H), 5.02 (m, 2H), 4.86 (m, 2H), 3.26 (m, 1H),
2.97 (t, 1H, J = 10.0 Hz), 2.62, 2.38 (m, 4H), 2.23, 1.95 (m, 3H),
1.71-1.49 (m, 4H); “C NMR (100 MHz, CDCl;) § = 176.5, 167.2,
137.9, 136.1, 131.3, 128.4, 115.8, 76.5, 41.5, 33.2, 31.7, 29.4, 28.4,
28.3, 26.8; IR (KBr disc) 3062, 2939, 1822, 1779, 1656, 975, 887,
741 cm™; MS, m/z (EST) 337[100, M]*; Anal. Calc. for C,,H,,NO,:
C, 78.30; H, 8.06; N, 4.15%. found: C, 78.27; H, 8.03; N, 4.11%.
"H NMR (400 MHz, CDCl,) of the minor diastereomer: & = 7.87
(m, 2H), 7.63-7.40 (m, 3H), 5.76 (m, 2H), 5.14 (m, 2H), 4.88 (m,
2H), 3.37 (m, 1H), 3.11 (t, 1H, J = 10.0 Hz), 2.83, 2.46 (m, 4H),
2.35,2.06 (m, 3H), 1.82-1.68 (m, 4H).

General procedure for ring closing diene metathesis: synthesis of
cyclohexene derivatives (7-11)

The typical procedure for the ring closing diene metathesis is
as follows: precursor diene 3¢, 3f, 3g, or 3j (I mmol) was
dissolved in freshly distilled and degassed dichloromethane (17
mL) under a nitrogen atmosphere. After stirring for 10 min at
room temperature, ruthenium catalyst 1st generation (41.2 mg,
0.05 mmol) dissolved in dichloromethane (3 mL) was added
by syringe. After 5-8 h of reflux at 40 °C, the reaction was
complete as indicated by TLC. The solution was concentrated
via rotavapor. TLC of the crude oil gave the corresponding
cyclohexene derivatives as white solids.

2,10-Diphenyl-3-oxa-1-aza-spiro[4.5]deca-1,7-dien-4-one (7).
Yield (257 mg, 85%); white solid; R; 0.2 (n-hexane/AcOEt =
9:1); mp = 140-142 °C; '"H NMR (300 MHz, CDCl;) 6 = 7.75
(d, 2H, J = 6.0 Hz), 7.46-7.10 (m, 8H), 6.04 (bs, 1H), 5.79 (bs,
1H), 3.45 (t, 1H, J = 6.6 Hz), 3.08 (t, 1H, J = 15.0 Hz), 2.90 (d,
1H, J =18.0 Hz), 2.45 (t, 2H, J = 18.0 Hz); *C NMR (100 MHz,
CDCly) 6 =177.0, 161.0, 138.4, 136.4, 131.6, 128.6, 126.7, 68.5,
39.0, 34.2, 27.6; IR (KBr disc) 3065, 2935, 1825, 1775, 1658, 1045,
887, 742 cm™'; MS, m/z (ESI) 304 [100, M + 1]*. Anal. Calc. for
CyH;NO,: C, 79.19; H, 5.65; N, 4.62%. found: C, 79.11; H, 5.58;
N, 4.57%.

10-(3,4-Dimethoxy-phenyl)-2-phenyl-3-oxa-1-aza-spiro[4.5]-
deca-1,7-dien-4-one (8). Yield (315 mg, 87%); white solid; R; 0.15

(n-hexane/AcOEt=9:1); mp=134-136 °C; 'H NMR (400 MHz,
CDCly) 6 =7.76 (t, 2H, J = 6.5 Hz), 7.47-7.34 (m, 4H), 6.79-6.69
(m, 2H), 6.05 (m, 1H), 5.68 (m, 1H), 3.78 (s, 3H), 3.74 (s, 3H), 3.40
(dd, IH, J = 6.0, 6.5 Hz), 3.05 (t, IH, J = 12.0 Hz), 2.85 (m, 1H),
2.43(t, 2H, J = 12.0 Hz); “C NMR (100 MHz, CDCl;) § = 177.0,
163.2, 147.6, 146.0, 136.4, 132.0, 128.6, 126.3, 115.8, 68.2, 54.5,
40.0, 33.8, 27.4; IR (KBr disc) 3059, 2928, 1810, 1775, 1652, 1025,
887, 738 cm™'; MSS, m/z (ESI) 364 [100, M + 1]*; Anal. Calc. for
C»HyNO,: C, 72.71; H, 5.82; N, 3.85%. found: C, 72.63; H, 5.77;
N, 3.81%.

10-Furan-2-yl-2-phenyl-3-oxa-1-aza-spiro[4.5]deca-1,7-dien-4-
one (9). Yield (269 mg, 92%); white solid; R; 0.25 (n-
hexane/AcOEt = 9:1); mp = 131-133 °C; '"H NMR (400 MHz,
CDCl;) 6 = 7.86 (d, 2H, J = 8 Hz), 7.52-7.49 (m, 1H), 7.43-7.40
(m, 2H), 7.18 (s, 1H), 6.15 (dd, 2H, J = 8.0, 6.5 Hz), 5.96 (m, 1H),
5.73 (m, 1H), 3.55 (t, 1H, J =10.0 Hz), 2.95 (t, 1H, J = 12.0 Hz),
2.78 (d, 1H, J = 12.5 Hz), 2.42 (m, 2H); “C NMR (100 MHz,
CDCly) 6 =177.2, 161.5, 153.3, 141.7, 132.6, 128.6, 127.8, 127.0,
125.7, 121.2, 110.0, 106.0, 69.4, 40.0, 33.7, 27.3; IR (KBr disc)
3057, 2932, 1821, 1775, 1656, 975, 889, 729 cm™'; MS, m/z (ESI)
295[100, M + 2H]*; Anal. Calc. for C,iH;sNO5: C, 73.71; H, 5.15;
N, 4.78%. found: C, 73.68; H, 5.11; N, 4.75%.

10-Benzo[1,3]dioxol-5-yl-2-phenyl-3-oxa-1-aza-spiro[4.5]deca-
1,7-dien-4-one (10). Yield (263 mg, 76%); white solid; R; 0.3 (n-
hexane/AcOEt = 9:1); mp = 165-167 °C; 'H NMR (400 MHz,
CDCl;) 6 = 7.97 (m, 2H), 7.46-7.34 (m, 4H), 6.72-6.53 (m, 3H),
6.02 (m, 1H), 5.87 (m, 2H), 5.72 (m, 1H), 3.37 (q, 1H, J = 8.0
Hz), 2.96 (t, 1H, J = 11.5 Hz), 2.79 (d, 1H, J = 11.5 Hz), 2.39
(m, 2H); “C NMR (100 MHz, CDCl;) 6 = 178.0, 162.8, 148.0,
146.7, 136.6, 135.7, 132.6, 129.6, 128.9, 121.3, 115.7, 113.4, 101.8,
68.5, 40.6, 36.0, 28.0; IR (KBr disc) 3065, 2935, 1813, 1772, 1654,
972, 885, 725 cm™; MS, m/z (ESI) 347 [100, M]*; Anal. Calc. for
CyHsNO,: C, 72.61; H, 4.93; N, 4.03%. found: C, 72.58; H, 4.88;
N, 3.99%

2-Phenyl-10-styryl-3-oxa-1-aza-spiro[4.5]deca-1,7-dien-4-
one (11). Yield (230 mg, 70%); white solid; R; 0.28 (n-
hexane/AcOEt = 9:1); mp = 172-174 °C; '"H NMR (400 MHz,
CDCl;) 6 = 7.94 (m, 2H), 7.54-7.41 (m, 3H), 7.22-7.15 (m, SH),
6.54 (m, 1H), 5.94 (m, 2H), 5.73 (m, 1H), 2.96 (m, 1H), 2.64 (m,
2H), 2.44 (m, 2H); "C NMR (100 MHz, CDCl,) § = 177.8, 160.3,
136.8, 134.1, 133.7, 129.0, 128.7, 128.4, 128.1, 126.5, 126.4, 126.3,
125.8,122.0,121.3, 69.7,43.5,42.9, 34.5,32.8, 28.5, 27.7; IR (KBr
disc) 3068, 2932, 1815, 1775, 1656, 977, 889, 741 cm™; MS, m/z
(ESI) 352 [100, M + NaJ*; Anal. Calc. for C,,H,,NO,: C, 80.22;
H, 5.81; N, 4.25%. found: C, 80.19; H, 5.79; N, 4.21%.

General procedure of hydrolysis of azlactones

Method A. 6 N aq. HCI (10 mL) was added to a solution
of azlactone 7 (303 mg, 1 mmol) in 10 mL methanol at room
temperature in a 50 mL round flask. The reaction mixture was
heated at 50 °C for 1 h and the formation of the products was
monitored by TLC. The solvents were evaporated under vacuum
to yield a white solid of the crude product which was purified by
preparative TLC using CH,Cl,/methanol (90 : 5) as eluent to yield
colorless crystalline solids.
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