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Abstract: Ring-rearrangement metathesis (RRM) refers
to the combination of several metathesis transformations
into a domino process, in which an endocyclic double
bond of a cycloolefin reacts with an exocyclic alkene.
RRM has proven to be a powerful method for the rapid
construction of complex structures. The extension of the
basic ring-opening-ring-closing metathesis process by fur-
ther metathesis steps as well as an examination of the

driving forces, limits, scope, recent advantages, and future
perspectives of these domino sequences is presented with
various examples, thus reflecting the high efficiency and
utility of RRM in organic synthesis.

Keywords: catalysis « domino reactions - metathesis -
natural-product synthesis - ring rearrangement

/

1. Introduction

Alkene metathesis has proven to be a valuable synthetic
tool in organic chemistry and is nowadays well-established.
A number of reviews on this topic have been published
during the last few years, focusing on the application of the
reaction in organic synthesis,'! natural-product synthesis,”
and polymer chemistry,”! as well as the development of new
well-defined catalysts.™

Several synthetically useful intra- and intermolecular var-
iants of this process are known, including the classical ring-
opening metathesis (ROM), ring-closing metathesis (RCM),
cross metathesis (CM), and polymerization reactions
(Scheme 1). Recent investigations also involved the meta-
thesis reaction of an alkyne with either a second alkyne
(diyne metathesis)® or an alkene (enyne metathesis)
(Scheme 1).

X cM ;Xz RCM X
_ + =
R»/( Q AR 7 N\ ROM (=j ~

X enyneRCM (7 X7 diyneRoM_ X, o
R U A S

Scheme 1. Classification of metathesis reactions.

N

[a] N. Holub, Prof. Dr. S. Blechert
Institute of Chemistry
Technische Universitit Berlin
StraBe des 17. Juni 135, D-10623 Berlin (Germany)
Fax: (449)30-314-29745
E-mail: Blechert@chem.tu-berlin.de

Chem. Asian J. 2007, 2, 1064 —1082

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

As all of these transformations (except diyne metathesis)
can be promoted by the same carbene catalysts, the combi-
nation of several metathesis steps in sequence is apparent.
These domino reactions allow the rapid construction of
structurally intricate compounds from relatively simple start-
ing materials in one pot, in which the subsequent transfor-
mation always occurs at the functionality formed in the pre-
vious step. Apart from the ease of the synthesis, these pro-
cesses are also considered favorable from an ecological
point of view, as the amount of energy used, chemical waste
produced, and therefore the costs involved can be signifi-
cantly lowered.

Among the possible combinations of metathesis reactions,
ring-rearrangement metathesis (RRM), in particular, has
demonstrated its high efficiency for the formation of carbo-
and heterocycles. By definition, in these domino reactions a
strained carbocyclic alkene is transformed into a new cycle
by intramolecular ring opening/ring closing with an exocy-
clic double bond (Scheme 2). These reversible processes are
driven by a combination of thermodynamic factors (loss of
ring strain, substitution pattern, or release of a volatile
olefin) and kinetic effects such as the formation of a less-re-
active carbene complex. A particularly attractive feature of
RRM is the complete transfer of stereochemical information
from the starting material to the product; RRM has there-
fore been used intensively in the synthesis of various natural
products.

” _'Q(, catalyst {fm
}Q)" RS xS Ab

X = CHy, NR, O

Scheme 2. General principle of the ROM-RCM sequence.
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The metathesis catalysts utilized in the reactions described
in this Focus Review are shown in Scheme 3. Several other
reviews have been published, which address in particular the
reactivity, stability, and selectivity of these carbene com-
plexes.”

RC QN’ ‘N%}
Y3 N
Ry ol

u
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Ph
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OO

F,C CF,
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Scheme 3. Selected metathesis catalysts. Cy =cyclohexyl.

Recently, several tandem reactions connecting a metathe-
sis reaction with a reaction of a different type were report-
ed. Useful examples are combinations with Diels—Alder re-
actions,® isomerization,”’] dihydroxylation,'” hydrogena-
tion," sigmatropic rearrangements,'? or Pd-catalyzed reac-
tions."”! Herein, domino reactions that involve exclusively
metathesis steps will be described, in particular RRM reac-
tions. Apart from various examples that show the high effi-
ciency of this reaction and their successful application in
natural-product synthesis, this article also includes a discus-
sion of the driving forces, limits, and scope as well as the
perspectives of this reaction in future organic chemistry.

Abstract in German: Ringumlagerungsmetathesen (RRM)
haben sich als effektive und schnelle Methode fiir die Dar-
stellung von komplexen Strukturen Defi-
nitionsgeméil handelt es sich bei diesen Prozessen um die
Kombination von mehreren Metatheseschritten, bei denen
die Doppelbindung eines Cycloolefins mit einer exocycli-
schen Doppelbindung in einer Ringoffnungs—Ringschluss-
Metathese Sequenz (ROM-RCM) reagiert. Die Erweite-
rung dieses Konzeptes um zusitzliche Metatheseschritte, als
auch die Betrachtung der Triebkriafte und der Grenzen
dieser Reaktion werden in diesem Review an aktuellen
Beispielen erldutert.

erwiesen.

N. Holub and S. Blechert

2. Simple ROM-RCM Sequences
2.1. RRM of Alkenyl-Substituted Cycloolefins

The RRM reactions described in this section involve intra-
molecular metathesis reactions between an endocyclic olefin
and an exocyclic C—C double bond. In these transforma-
tions, the ring is opened (ROM) and a new one is formed
concomitantly (RCM), thus resulting in a rearranged ring
system in the product (Scheme 2). This is the shortest gener-
al sequence of an RRM reaction.

2.1.1 Monocyclic Substrates

In 1996, Grubbs and co-workers reported pioneering work
about the ring rearrangement of dialkenyl-substituted cyclo-
pentenes.' These substrates afforded in an RCM—ROM-
RCM sequence the corresponding bicyclic products in good
yield (Scheme 29). One year later, Hoveyda and co-workers
applied the ROM-RCM combination to the synthesis of
chromenes and showed effectively the dependency of the
process on substrate structure and reaction conditions.!"!
Initial experiments with cycloheptene 6¢ indicated that
high dilution as well as reaction under ethylene atmosphere
was necessary for the suppression of dimerization
(Scheme 4). Under these conditions, 6¢ rearranged into 7¢
in a satisfying 92 % yield. The eight-membered analogue 6d
also proved to be a suitable substrate, whereas cyclohexene
6b afforded the corresponding chromene in only 35 % yield,
and cyclopentene 6a did not react at all. This discrepancy in
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studied chemistry at the University of Re-
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5mol% 1,
ethylene,
CH,Cl,, RT
—_—

@(ﬁ\ﬁ/\/
=
O h

6a n=1 7a 0%
6b n=2 7b  35%
6c n=3 7c  92%
6d n=4 7d  90%

Scheme 4. Synthesis of chromenes by Hoveyda and co-workers.['*)

reactivity was ascribed to a kinetic barrier caused by high
angle strain present in the assumed metallacycle intermedi-
ates.

The application of RRM reactions for the synthesis of
heterocycles has been investigated extensively in our
group."! The fact that asymmetry in the carbocyclic sub-
strate is easily introduced and transferred quantitatively to
the product offers a simple and rapid entry to chiral hetero-
cyclic systems that are present in an array of natural prod-
ucts. A number of cyclopentene and cycloheptene deriva-
tives with olefinic side chains of varying length were subject-
ed to rearrangement conditions (Scheme 5).%! The results

H(ﬁ 5mol% 1, RO
CH,Cl,, RT = %
N _— n( s
Ns N
\ OR
RO ©OR Ns
8a n=1R=Ac 9a 70%
8b n=1R=TBS 9%  96%
8¢ n=2,R=Ac 9¢ 100%
8d n=3 R=Ac 9d 0%
Ns
/ AcO
AcO N 5 mol% 1, [:\-is)o\)\/
WA CHsCl, RT N
ER L
OTBS Ns
10a n=1 1Ma  94%
10b n=2 1b  86%
10c n=3 Me 0%

Scheme 5. RRM for the synthesis of heterocycles. Ns=nitrobenzenesul-
fonyl, TBS =tert-butyldimethylsilyl.

impressively indicate the scope of RRM reactions: cyclopen-
tenes 8a—c and cycloheptenes 10a and 10b can be complete-
ly converted into the corresponding dihydropyrroles or tet-
rahydropyridines. Furthermore, the introduction of bulkier
substituents at the cyclopentene ring (Ac vs. TBS) shifted
the equilibrium to the product (70 % vs. 96 %). The forma-
tion of the seven-membered heterocycles (9d, 11¢) failed in
both cases, thus indicating that the strain in the products is
higher than in the appropriate cycloalkenes.

The effectiveness of this concept was illustrated by our
group in the synthesis of diverse alkaloids and heterocy-
cles!'” such as the tetraponerines.'’*! Subjection of metathe-
sis precursor 12a to 5 mol % catalyst 1 resulted in only 71 %
conversion after two days (Scheme 6). Change of the N-pro-
tecting group from Ns to Cbz accelerated the metathesis re-
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CH(OE),
H

Ren s 5 moi% 1, CH(OE),
K ethylene, R. ,(J)
CH,Cl, @ N : I Ny N
NN H@
RN/~ R

12a R=Ns
12b R=Cbz

tetraponerine T7
13a 71% conversion
13b 100% conversion

Scheme 6. Application of RRM to the synthesis of tetraponerine T7.
Cbz =benzyloxycarbonyl.

action significantly: after 12 h, starting material 12b was
completely converted into the corresponding tetrahydropyri-
dine 13b. A possible explanation is that internal complexa-
tion of the carbonyl group to ruthenium occurs to yield the
more-stable carbene complex, thus shifting the reaction to-
wards the product.

Mariano and co-workers focused on the RRM reaction of
unsymmetrically substituted aminocyclopentenediol deriva-
tives to investigate the regiochemical and stereochemical
control of the process."® Whereas 14 rearranged to the tet-
rahydropyridine 15, in which the benzyl group is positioned
next to the N-acyl group (Scheme 7), reaction of diastereo-

P 10 mol% 2,
ACs ™ ethylene, BnQ |, ¢ \
CH,Cly, reflux X =N
BnO.. OTBS —M -
93% TBSO" OH
14 15 (+)-castanospermine
10 mol% 2,
AC\N/\/ ethylene, T8SQ H Ac HO,

_—
_—

CH,Cl,, reflux Xx N /
BnO ~OoTBS 272 T
P HO N
97% BnO H

16 17 HO
(-)-swainsonine

Scheme 7. Examination of regioselectivity in RRM processes by employ-
ment of unsymmetrical cyclopentene derivatives. Bn =benzyl.

mer 16 selectively furnished the regioisomer 17 in 97 %
yield. The high selectivity of this process was ascribed to an
energy difference of the ruthenacyclobutane intermediates,
thus suggesting the influence of kinetic factors. Tetrahydro-
pyridine 17 was further converted into (—)-swainsonine,
whereas 15 served as starting material in a recently pub-
lished synthesis of (4)-castanospermine,'” which illustrates
the high efficiency of RRM in natural-product synthesis.
Applications of six-membered cycloolefins in RRM pro-
cesses have seldom been reported. Investigations by Hovey-
da and co-workers towards the synthesis of dihydrofurans
indicated that the ring rearrangement of cyclohexene deriva-
tives to five-membered heterocycles is thermodynamically
disfavored.”” However, the synthesis of tetrahydropyridine
derivatives could be achieved by RRM, thus indicating that
the resulting heterocycle is thermodynamically more favored
than the corresponding cyclohexene. Dixneuf and co-work-
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ers, for instance, synthesized cyclic a-amino acid ester 19 by
metathesis reaction in good yield (Scheme 8, top).?!! Anoth-
er example is (+)-trans-195A, a frog alkaloid synthesized by
our group.? In the presence of 5Smol% catalyst 1, cyclo-
hexene 20 was completely converted into the disubstituted
tetrahydropyridine 21 (Scheme 8, bottom).

CO,Me

(_;|:3 10 mol% 1, COzMe
CHyCl, RT_ X
74%
5 mol% 1
@ ethylene
NS _CH,Cl, RF _
NN 96%
20 21 l
i
RPN

(+)-trans-195A

Scheme 8. Application of cyclohexenes to the domino process by
Dixneuf?!! (top) and Blechert™ (bottom) and their co-workers. Ts=
p-toluenesulfonyl.

Although the domino reaction published by Lazarova
etal. is not ring rearrangement by definition, it demon-
strates nicely the synthetic utility of ROM-RCM processes
for the contraction of macrocyclic ring systems
(Scheme 9).! Treatment of macrolide 22 with 20 mol % cat-

20 mol% 2,
1-hexene,
CH,Cly, reflux

78%

Scheme 9. Ring contraction of macrolides by metathesis.

alyst 2 and 2 equivalents of 1-hexene resulted in ring-open-
ing followed by RCM with the internal double bond of the
butadiene group formed in the intermediate. 1-Hexene
served as a substitute for ethylene and was essential for the
regeneration of the active ruthenium species.
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2.1.2. Bicyclic Substrates

Among the different types of substrates suitable for meta-
thesis reactions, bicyclic systems deserve special attention.
Owing to the highly strained ring system, these substrates
are highly reactive, and the driving force for the reaction
can be clearly attributed to a release of energy. Further-
more, the stereoinformation contained in the positions of
the ring junctions is conserved throughout the whole pro-
cess, which allows for the synthesis of cyclic compounds
with well-defined relative stereochemistry.

Norbornenes are well-established in the field of ring-
opening metathesis polymerization (ROMP).’l ROMP can
be efficiently suppressed in the presence of a second olefin,
which serves as metathesis partner either in an intermolecu-
lar (ROM-CM) or an intramolecular reaction (ROM-
RCM), thus leading to annulated rearranged bicycles
(Scheme 10). Herein the focus will be on RRM reactions;
for further details on ROM-CM reactions of norbornene
derivatives, see reference [24].

R2
CM
:/) R2™X X //
; catalyst catalyst ;
xg —— ROM%@? —_— x@

., intermolecular intramolecular " s
K R Ri=x MX
3\ - n
\RE RCM J)n

X', X2=CH,, NR, O
Scheme 10. Inter- (ROM-CM) and intramolecular (ROM-RCM)

metathesis reactions of norbornenes.

In 1998, we reported the first synthesis of [X.3.0] bicycles
by RRM.”! Under ethylene pressure, 24a—d were rear-
ranged in good yield to the corresponding annulated bicy-
cles (Scheme 11). Notably, the addition of an acyclic olefin
(here ethylene) is necessary to suppress the polymerization
process. Even the relatively strained bicyclooctene 25d was
obtained in good yield, although the more-reactive molyb-
denum-based catalyst 5 was required.

0.5 mol% 1,

ethylene,

CH,Cl,, RT Wi

nl
R "’Rz

24a n=0R'=H,R?=0TBS 25a 80%
24b n=1R'=H R’=0TBS 25b 88%
24c n=2R'=H R*=0TBS 25¢ 75%
24d® n=3 R'=0TBS, R?=H 25d 83%

Scheme 11. First application of norbornene derivatives in RRM.
[a] 5 mol% 5 used.

Two possible mechanistic pathways can be taken into ac-
count for these domino reactions (Scheme 12). The first in-
volves initial attack at the terminal exocyclic double bond,

Chem. Asian J. 2007, 2, 1064 —1082
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“OTBS

SN

Shom

OTBS OTBS [Ru] “oTBs
not observed
* I, ” RCM
N | OTBS
/ [Rul
1
(Rul “OTBS )
27 “OTBS
m /
N\
“OTBS
25a

Scheme 12. Mechanistic aspects of ROM-RCM.

which then reacts with the endocyclic olefin (pathway A).
Alternatively, ring opening may occur first (pathway B) to
lead to two possible intermediates, 26 and 27. As ring clos-
ing of 26 would result again in a strained bicyclic system,
isomerization to 27 is more likely, which results, after RCM,
in the formation of the rearranged product. Although the
driving force seems to be the loss of ring strain, we cannot
exclude the possibility that less-strained substrates are pri-
marily attacked at the exocyclic olefin (pathway A). Fur-
thermore, the by-products observed in our studies indicate
that the mechanism is dependent on the ring size formed by
RCM. Whereas five-, six-, and seven-membered rings are
presumably formed by pathway A, intermediates of type 26
and 27 are more likely formed for the eight-membered ana-
logue 24d. This is consistent with the use of catalyst §,
which is much more reactive towards disubstituted olefins
than catalyst 1.

Aubé and co-workers applied this RRM strategy to the
synthesis of indolizidine alkaloid 251F.”! Norbornene 28
was subjected to 5 mol % catalyst 1 under ethylene pressure
and furnished the desired [3.3.0] bicyclic compound in 93 %
yield (Scheme 13).

The synthesis of the carbocyclic core of tricycloclavulone,
a marine prostanoid that contains a cyclobutane ring, was
achieved by Harmata and Wacharasindhu.”” In a key step,

5mol% 1, H HJ H
7 ethylene, ) ”/OH
CH,Cly, RT N N
O 93% 6 H H

28 | 29 indolizidine 251F

Scheme 13. Application of RRM to the synthesis of indolizidine 251F.
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the tricyclic metathesis precursor 30a, synthesized by [4+3]-
cycloaddition and quasi-Favorskii rearrangement, was sub-
jected to 10 mol % catalyst 1 to give the desired ROM-
RCM product 31a in reasonable 50 % yield (Scheme 14). As

10 mol% 1,
ethylene, CH,CI,
—rmm e ere,

30a R=Me 31a 50% (30a)
30b R=H 75% (30b)
10 mol% 1,
ethylene, CH,Cl,
p oTBS 90%
30c 31b

Scheme 14. Synthesis of the carbocyclic core of tricycloclavulone by
Harmata and Wacharasindhu.*”)

the problem of this reaction was attributed to the trisubsti-
tuted alkene in 30a, the enone and allylic alcohol deriva-
tives 30b and 30c¢ were tested in RRM. Both substrates
proved to be more reactive in this domino process and fur-
nished the rearranged products 31a and 31b in 75% and
90 % yield, respectively.

Another application of this strategy in natural-product
synthesis was published by Chandler and Phillips.” 7-Oxa-
norbornene derivative 32 served as precursor for the meta-
thesis reaction and was rearranged to tetrahydrofuran 33,
which was then converted into the [4.3.0] bicyclic lactone 34
by Baeyer—Villiger oxidation (Scheme 15, top). Further
steps completed the synthesis of trans-kumausyne.

A direct access to a similar [4.3.0] bicyclic lactone by
RRM was achieved by Plumet and co-workers.””! Subjection

5 mol% 1 H H
ethylene 0.0
Lb}]/\ CHzC'g, RT “-u//4> \]\/\p -m//
o - o
83%
Has 1H 34
AcO,
N - P
-
¢}
H™H g

trans-kumausyne

o]
10 mol% 4 OAc
7 ethylene, 00, =
OAC CH,Cl,, RT '
o ”
N 90% g\
O 35 36
Scheme 15. Utilization of oxanorbornenes in the synthesis of bicyclic lac-

tones by Chandler and Phillips®! (top) and Plumet and co-workers”
(bottom).
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of 35 to 10 mol % catalyst 4 resulted in the clean formation
of the rearranged product (Scheme 15, bottom).

Recently in our group, RRM of 7-oxanorbornenes was ex-
amined to synthesize nonnatural amino acids with reverse
turn.®! With a low catalyst loading of only 1 mol%, 37a
and 37b rearranged quantitatively to the corresponding
[5.3.0] and [6.3.0] bicyclic compounds (38a and 38b), where-
as the reaction of 39 under the same conditions failed
(Scheme 16). Only the ROM product was obtained in this

(o)
CO,Et 1 mol% 2, U
y ethylene, ( O .//
CH,Cl,, reflux o g
A ~NH = Uo-N
\/%‘)nxg HH Bo,Et
2
37a n=1 38a 98%
37b n=2 38b 98%
o)
1 mol% 2, \ CO.Et
COEt ethylene, N 2
CHZCIZ, reflux /
HN\EO
/\ NHBoc Z>""NHBoc
40

Scheme 16. Nonnatural amino acids from oxanorbornenes by RRM.
Boc =tert-butoxycarbonyl.

case, thus indicating that the ring-closing step is hindered.
Different attempts with 39 under various conditions failed,
as well as a separately performed RCM reaction of the iso-
lated product 40. The lack of reactivity towards RCM may
be attributed to the high preference for a transoid conforma-
tion of the amide bond.

A similar effect was observed by Plumet and co-workers
during the synthesis of -lactam derivatives.’)! Conduction
of RRM with spirolactam 41 afforded the tricyclic system 42
in quantitative yield. In contrast, the ester 43 formed selec-
tively the ring-opening product, which could not be cyclized
in a separately performed RCM (Scheme 17).

Wright and co-workers investigated the ring rearrange-
ment of bicycles that involves a quaternary carbon at the
ring junction.”?! Several 8-oxabicyclo[3.2.1]octane deriva-

o N\
10 mol% 1, B Ph
7 o~ ethylene, 0 I
N~ Ph CH,Cl,, RT | N
~ 0 o 8% k S
M O a2
0 —
10mol% 1, = * Ph
4 /~ph ethylene, N
5 N CH,Cl,, RT o : o
Q)Lo o) 70% Z 4
43 44 o

Scheme 17. Synthesis of tricyclic p-lactam derivatives by Plumet and
co-workers.F!
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tives were rearranged in view of the synthesis of spiro-fused
pyrans, which are interesting building blocks in natural-
product synthesis (Scheme 18). Initial studies demonstrated
that only the five- and six-membered spirocycles 46a and
46b were formed in good yield, whereas the seven-mem-
bered homologue 46 ¢ was obtained in only 15% yield, with
the major by-product arising from dimerization of the termi-
nal vinyl groups.

O o
2mol% 2,
CH,Cl,, RT
)" O )n
N |
45a n=1 46a 56%
45b n=2 46b 82%
45¢ n=3 46c 15%
OR OR
2 mol% 2,
) CH,Cly, RT
k) O
\ |
47a R=H 48a 48%
47b R=TBS 48b  80%

Scheme 18. Synthesis of bicyclic spiropyrans by Wright and co-workers.

In previous studies,” a remarkable effect of the group
and stereochemistry at C3 was observed, which was ascribed
to steric interaction of the axial group with the bridged
alkene. Subjection of the reduced forms 47a and 47b to
RRM conditions led to a dramatic change: the seven-mem-
bered spirocycle was formed in 48% (R=H) and 80% (R=
TBS) yield, thus impressively illustrating the potential of
tuning the reactivity of alkenes in RRM reactions.

2-Azanorbornenes also proved to be suitable RRM sub-
strates, giving rise to indolizidines or quinolizidine structures
(Scheme 19). Maison and co-workers investigated the uti-

Lﬁyco ,Bu 10 Moi% 2, O co,Bu
ethylene, 2
Z R CH,Cl,, reflux 6‘3‘//
— " X
/\/&o 70% :
4 49

50

Scheme 19. Application of 2-azanorbornenes in RRM processes.

lization of these substances in several domino processes.*!
RRM of 49 afforded indolizidine 50 in good yield, although
side products from dimerization reactions were observed.
Liu and Rainier investigated the subjection of 7-azanor-
bornene derivatives to RRM processes in view of the syn-
thesis of perhydroindolidines,*' a common structural motif
of various natural products (Scheme 20). Whereas the meta-
thesis precursor Sla with an unsubstituted butenyl side
chain rearranged by addition of 5 mol % 2 at room tempera-
ture in good yield, norbornenes 51b and 51c¢ proved to be

Chem. Asian J. 2007, 2, 1064 —1082
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Boc R R
N NG
4o _etyene @J
4

R R? H Boc
51a® Ry R;=H 52a 69%
51pP! Ry =H, R, = OAc 52b 97%
51¢™! R;=PAc, R, =H 52c 98%

Scheme 20. Application of 7-azanorbornenes in RRM for the synthesis of
indolines. [a] 5 mol % catalyst, CH,Cl,, room temperature. [b] 15 mol %
catalyst, benzene, reflux.

unreactive under these conditions. However, RRM was ach-
ieved in refluxing benzene and with a higher catalyst loading
of 15 mol%; these conditions resulted in the formation of
the corresponding indolines 52b and 52¢ in 97 % and 98 %
yield, respectively.

2.2. RRM of Alkynyl-Substituted Cycloolefins

Cycloalkenes that bear an exocyclic alkyne moiety have
been successfully applied in RRM. In contrast to the se-
quences discussed so far, these domino reactions are not
only driven by the release of ring strain, but predominantly
by the formation of a conjugated diene. With the 1,3-buta-
diene unit formed being relatively unreactive towards the
metathesis catalyst, the transformation is strongly shifted
toward the product and cannot be seen as an equilibrium.
The regiochemical course of the enyne RCM is not only
affected by substrate geometry, but also by the size of the
ring formed and the catalyst employed. Two ring closures
are possible, leading either to vinylcycloalkenes (exo path)
or to larger ring systems, in which both alkyne carbon atoms
are located in the cycle formed (endo path) (Scheme 21).
Atom-economical domino reactions of alkynyl-substituted

|
Q|) exo mode (E endo mode @;

Scheme 21. Possible ring closures of enyne RCM.

cycloolefins were described by Mori and co-workers.* De-
pending on the position of the alkynyl side chain, different
products were observed.

Subjection of monosubstituted substrates 53a and 53b to
10 mol % catalyst 1 resulted in formation of the expected re-
arranged products (Scheme 22), whereupon higher yields
were obtained with the terminal alkyne (53b) relative to its
internal analogue (53a).

The assumed mechanism starts with attack of the rutheni-
um-methylidene complex at the electron-rich triple bond
(Scheme 23). Alkylidene complex 55 then reacts with the
endocyclic double bond to form the rearranged intermediate
56, which gives the product after CM with another olefin.
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Ts 10 mol% 1, Ts
N ethylene, N
©/ CH,Cly, RT
It R
R \
53a R=Me 54a 15%
53b R=H 54b 78%

Scheme 22. ROM-enyne RCM of 3-substituted cycloolefins.

Ts Ts Ts
O/NW [RUJ=CH, ©/N N
Il Ru]
53b 55 | Rl |
'!'s TS
N_ H,C=CH, N
Rul=CH, ’f((\(:é ﬂ%
\ /
\ 7 [Ru]
54b 56

Scheme 23. Mechanism of the ROM-enyne-RCM process.

The addition of an external olefin is essential in these pro-
cesses, as in its absence polymerization of 56 would occur.

Investigation of disubstituted cyclohexene derivatives con-
firmed the suggested initial attack of the catalyst at the
triple bond, as 57 was transformed completely into the CM
product 58 (Scheme 24). Due to steric hindrance the RCM
process was inhibited, which therefore led to the irreversibly
formed butadiene moiety. On the other hand, the trans-sub-
stituted substrate 59 rearranged to 60 as expected.

Ts TS
N 10 mol% 1, N
ethylene,
CH,Cl,, RT TBSO
TBSO Il o5 |
57 58
Ts

Ts 10 mol% 1, i

N ethylene, N
©’ CH,Cl,, RT _
TBSO" Il 90% s0” | )
59 60

Scheme 24. Ring rearrangement of disubstituted cycloalkenes by Mori
and co-workers.!

Domino reactions of cycloalkenes, in which the alkynyl
side chain is connected to one of the sp>-hybridized carbon
atoms, resulted in the formation of bicyclic products
(Scheme 25). Whereas substrate 61 rearranged quantitative-
ly to the 5,7-fused-ring system 62, the cyclohexene analogue
63 led to an unexpected product mixture (62 and 64). This
could be rationalized by either dimerization of the inter-
mediate 65 or olefin migration (66) prior to RCM.

This sequence was also applied to the synthesis of iso-
quinoline derivatives (Scheme 25, bottom). Recently, Mori
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| | 10 mol% 2,
ethylene,
CH,Cl,, reflux

_——
100%

! |
61 1S 62 Ts
N—-Ts
| ‘ 10 mol% 2,
ethylene, + |
toluene, 80 °C A
. N N
63 Ts Ts T 64, 4%
62, 46%
l[Ru]=CH2
[Ru]=CH,
X %
—/" isomerization —/
N N
65 Ts 66 Ts
Il 5mol%2,
ethylene,

CH,Cl,, reflux @Q
D|\/ N 60% Nep

67 68

S

Scheme 25. ROM-enyne RCM of 1-alkynyl cycloolefins.

et al. successfully performed the rearrangement of cyclobu-
tene 67 to the corresponding 6,6-fused-ring system 68.°7

Application of this concept to a steroid skeleton was re-
ported by our group.”® Compound 69 was subjected to
3mol % catalyst 1 and yielded exclusively the rearranged
substance 70 in outstanding yield (99%) (Scheme 26).
Therefore, domino processes that include triple bonds prove
to be useful even for complex structures.

3mol% 1,
ethylene,
CH,Cl,, reflux

98%

MeO

70

Scheme 26. Application of ROM-enyne RCM to a steroid skeleton.

By analogy to the previously described examples, ROM-
enyne-RCM sequences were also applied to bicyclic systems.
Plumet and co-workers examined the domino process of 2-
azanorbornenes.”” Depending on the length of the alkynyl
side chain, different products were observed (Scheme 27,
top). Whereas a short propargyllic side chain (n=1) led to
the clean formation of rearranged product 73a, a longer
side chain (n=3) resulted in the formation of product 72b.

Recently, Mori et al. published further investigations of
azanorbornene systems in ROM-enyne-RCM reactions.[*”)
Interestingly, performing the RRM process with 71a at
higher temperatures led to a mixture of indolizidine 73a
and pyrrolizidine 75a, a side product which was not ob-
served by Plumet and co-workers at a reaction temperature
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\
10 mol% 2 \ 0
ﬁE\‘f ethylene, \\“"&O +
N N \\ N n
) CH,Cl,, reflux "
/ n j/d)n 1y
pZ
7a n=1 72a 0% 73a 98%
71b n=3 72b 98% 73b 0%
0 10 mol% 2 Q %
N toluene reflux - N R . \\H“ N
-/ P
/ H H
71aR=H 75a 18% 73a 56%
74a R = Me 75b 30% 76a 40%
74b R = Ph 75¢ 56% 76b 15%
74c R=TIPS 75d 31% 76c 0%

Scheme 27. Ring rearrangement of azanorbornenes by Plumet and
co-workers®! (top) and Mori et al.*! (bottom). TIPS = triisopropylsilyl.

of 40°C (Scheme 27, bottom). Further examination of this
domino process showed that substituted alkynes (74a—c)
swayed the product mixture towards the pyrrolizidine 75.
Bulkier substituents such as the TIPS group even caused the
selective formation of 75d, albeit in decreased yield.

In the course of our synthetic studies of nonnatural amino
acids with reverse turn,”” a norbornene derivative with an
aminopropargylic side chain was subjected to RRM
(Scheme 28). Upon treatment of 77 with 10 mol % catalyst 1
under ethylene atmosphere, the rearranged [4.3.0] bicyclic
product was obtained in 89 % yield.

10 mol% 1, H
7 ethylene, 2 "
S CO;Me  CH,Cl, RT N \\
\\/N\Ts 89% + COMe
77 78

Scheme 28. ROM-enyne RCM for the synthesis of nonnatural amino
acids.

3. Extension of the ROM-RCM Sequence by
Another Metathesis Step

The last step in the ROM-RCM sequences discussed so far
is the reaction of the formed carbene complex with ethylene
under transfer of a methylene group. Further possibilities
are therefore offered by intramolecular reaction of the
alkylidene complex with other appropriate double bonds in
the substrate. This formal extension of the general RRM
concept by another metathesis step will be addressed below.

3.1. RCM-ROM-RCM

RRM of dialkenyl cycloalkenes was described in a pioneer-
ing work by Grubbs and co-workers."¥ Substrates of this
type can undergo an RCM-ROM-RCM sequence to afford
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bicyclic products. In contrast to the reactions outlined
above, these processes have an additional driving force.
Apart from the release of ring strain or unfavorable steric
interactions of the substituents present in the starting mate-
rial, an entropy gain is achieved in these domino reactions
due to the formation of a volatile olefin such as ethylene as
by-product (Scheme 29).

RCM \ROM/ Rem
é* catalyst == =
g

NS oW ZE 4 L »
\/m()\X1 XZW ’"X1 “xzk

n
X', X2, =CH,, NR, O

Scheme 29. General concept of the RCM-ROM-RCM sequence.

The observed effects, which concern the dependence of
reactivity on substrate structure, are in accordance with the
results for ROM-RCM processes. Whereas cyclobutene and
cyclopentene derivatives 79a and 79b underwent fast ring
opening and yielded at high concentrations the rearranged
bicyclic cyclopentenes, the six-, seven-, and eight-membered
analogous 79 c—e gave only somewhat low yields, presumably
due to intermolecular reaction and formation of oligomeric
products (Scheme 30).

5mol% 1,
benzene
(0] e} o ’ o} o
79a n=0,R=H 80a 82%
79b n=1,R=H 80b 90%
79¢ n=2,R=H 80c 73%
79d n=3,R=H 80d 57%
79¢ n=4,R=H 80e 85% (79e); 71% (79f)
79f n=4,R=Me

Scheme 30. Pioneering work of Grubbs and co-workers!'* in the synthesis
of bisdihydrofurans by RCM-ROM-RCM.

Performance of the reaction at higher dilution succeeded
in suppressing the intermolecular reaction, and the desired
rearranged products (80c-e) were obtained in good yield,
with cyclohexene 79¢ requiring the lowest reaction concen-
tration. Another way to limit the oligomerization was the
addition of steric demand to the terminal olefins by increas-
ing their substitution. Subjection of the corresponding crotyl
ether 79 f to the metathesis conditions used for cyclobutene
79a resulted in the formation of bisdihydrofuran 80e in
good yield (71 %), although with a significantly slower con-
version and, therefore, a longer reaction time.

Two possible mechanistic pathways were discussed with
regard to the observed effects (Scheme 31). Mechanism A
involves initial metathesis at one of the terminal double
bonds and subsequent attack of the endocyclic olefin. Final
ring closure of 81 gives the rearranged product 80b. Alter-
natively, the sequence may begin with ring opening of the
endocyclic olefin, followed by double ring closure (mecha-
nism B). Although the increase in product formation by
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O\@/O
/j 79b k
[Rul=CH -
/; A\f&u] CH,
OWO O\< 7/0
/([Ru{ N k //( . k
H,C=CH, H,C=CH,
e e
_ o _ -
[Ru]
o 8

80b

[Ru]

Scheme 31. Assumed mechanism for the RCM-ROM-RCM process.

using lower concentrations and more-substituted olefins is
more consistent with pathway A, the second mechanism
cannot be completely ruled out, especially for substrates
with notable ring strain.

Nicolaou etal. employed a symmetric cyclobutene as
metathesis precursor in the synthesis of different polycyclic
ethers.!! Compound 82 was rearranged successfully in the
presence of 5 mol% catalyst 1 and proved the adaptability
of this concept to complex structures (Scheme 32).

H

H
(0] 2.0 5 mol% 1
X o
lj:)\ /OI) toluene, 45 °C
‘Q’ A 80%
82

Y

Scheme 32. Application of concept to complex structures by Nicolaou
et al.l¥!l

RRM reactions of this type have often been applied in
natural-product synthesis.*”’ Ring rearrangement of the
seven-membered rings 84a and 84b led to the core of the al-
kaloids (—)-anaferine,*¥ (4)-dihydrocuscohygrine, and cus-
cohygrine,* which were synthesized by our group
(Scheme 33). Variation of the length of the attached alkyl
chain enabled access to either dipyrrolidine 85a or dipiperi-
dine 85b in 72 % and 87 % yield, respectively.

The first enantioselective synthesis of (+)-dumetorine by
using an RCM-ROM-RCM strategy as the key step was re-
cently published by our group.™! Although the migration of
the double bond into conjugation with the ester group is re-
quired for the complement of the natural product, cyclopen-
tene 86 was chosen as the most-promising candidate for the
metathesis reaction (Scheme 34). As most known ruthenium
catalysts are derived from 1, we wished to probe its effec-
tiveness as a cheap, commercially available catalyst for
RRM. Unfortunately, initial metathesis experiments gave
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(-)-anaferine

= OoTBS =~
il . ; )n
N N
R R

85a 72%
85b 87%

(+)-dihydrocuscohygrine

P (O, it
OTBS

84a R=CO,Etn=1
84b R=Cbz,n=2

cuscohygrine

5 mol% 1
CH,ClI,, reflux

Scheme 33. Synthesis of piperidine- and pyrrolidine-containing natural
products.

/ 5mol% 1,
30 mol% Ti(OiPr),, XN =
(/ r@* CH,Cl,, 40 °C
o
5\‘ © 80% g © ©
Boc 86 oc 87
X

N (0o}
Me

(+)-dumetorine

Scheme 34. Application of RCM-ROM-RCM to the synthesis of
(4+)-dumetorine.

only 7% product, and most of the starting material was re-
covered. The low yield was attributed to the formation of a
stable and unreactive chelate complex (88), in which the ini-
tially formed ruthenium-alkylidene is chelated by the
oxygen atom of the ester moiety, thus inhibiting further re-
action (Scheme 35).

H@ﬁk[m] O\i

Scheme 35. Proposed intermediate in RRM without the addition of
Lewis acid.

[Ru]

Titanium isopropoxide was reported to be an effective co-
additive® that suppresses the formation of cyclic chelated
intermediates. Indeed, when 30 mol % coadditive was added
to the reaction mixture, the rearranged product 87 was ob-
tained in 80% yield, thus enabling the completion of the
synthesis.

This concept is not restricted to the formation of bicyclic
systems that contain rings of the same size. RRM of disub-
stituted cycloheptene 89 cleanly gave the rearranged prod-
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uct 90, which contains a dihydropyrrole ring and a six-mem-
bered cyclic silyl ether. Compound 90 was then directly de-
protected by addition of TBAF (Scheme 36), and further
steps gave rise to the indolizidine alkaloid 167B.1"!

Csz 7
‘@ O/ 5 mol% 1, — s
CH,Cl,, 40 °C O\/\ 0
/ § =T N
89 / Cbz 90

92% ‘ TBAF, 0 °C

HO
W
N
Cbz 9
(-)-indolizidine 167B

Scheme 36. Application of RCM-ROM-RCM to the synthesis of bicyclic
systems with different ring sizes. TBAF =tetrabutylammonium fluoride.

The ring rearrangement of cyclohexenes has only rarely
been reported in the literature. A successful application of
these substrates in a domino process was described in a
work by Mehta and Nandakumar.®® In the presence of
30 mol % catalyst 1, compound 92 was converted through an
RCM-ROM-RCM process into a mixture of two products:
the expected and major product 93, together with a small
amount of 94 (Scheme 37). However, after purification by

_~ a)30mol% 1,
CH,Cl,, 40 °C

b) SiO,

92

H
94, 62%

Scheme 37. Ring rearrangement of cyclohexenes by Mehta and Nandaku-
mar. !

column chromatography, 93 converted almost exclusively
into the more-stable 94 through an allylic rearrangement.
The success of this domino process can presumably be ascri-
bed to the high substitution pattern present in the starting
material.

Strained bicyclic molecules have proven their utility in
simple RRM sequences. Depending on the position of the
attached side chains, the RCM-ROM-RCM process of dis-
ubstituted norbornene derivatives enables access to complex
tricyclic structures.

Holtsclaw and Koreeda examined the domino process of
norbornenes that involves both tethers at the bridge carbon
atom (Scheme 38).! Treatment of 95b with catalyst 1 led to
the exclusive formation of expected tricycle 96b, whereas
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5 mol% cat.,
CH,Cl,, RT
—_—

95a n=0 96a 97a

1:1 (cat. 2)
95b n=1 96b

97b >99:1 (cat. 1)
22:78 (cat. 2)

N
SPh 50wz HO
OH CH,Cl,, RT

71%

98

Scheme 38. Formation of tricyclic systems by Holtsclaw and Koreeda."!

catalyst 2 yielded a mixture of
96b and the ring-closing prod-
uct 97b. Interestingly, after iso-
lation, 97b was rearranged
again to the angularly fused
tricycle 96b under the same re-
action conditions, thus indicat-
ing the thermodynamically un-
favorable nature of the spiro- 103
cyclic cycloheptenone. On the

other hand, RRM under vari-

ous conditions with norbor-

nene 95a, which has a shorter MeO
alkyl chain, resulted in differ-

ent mixtures of starting materi-

al and the rearrangement and
ring-closing products. To over- 105
come this problem, alcohol 98
was used as an alternative
metathesis precursor, and a
significant change in reactivity
was observed: tricycle 99 was
obtained selectively and in good yield with an even-lower
catalyst loading of 3 mol%. This example illustrates again
the broad possibilities of fine-tuning the metathesis process-
es.

Recently, Pfeiffer and Phillips reported the synthesis of
(4+)-cyanthiwigin U, a diterpenoid isolated from both fungal
and marine sources.”” The key step, utilized for the con-
struction of the tricyclic core, represented a two-directional
domino ROM-RCM sequence of bicyclo[2.2.2]octane 101
(Scheme 39). In the presence of 20 mol % catalyst 2 and eth-
ylene atmosphere, 101 rearranged smoothly to the tricyclic
skeleton of the natural product.

An interesting example of stereochemical control in
domino processes was published by Schreiber and co-work-
ers.”!l Subjection of diastereomers 103 and 105 to 10 mol %
catalyst 2 furnished two different metathesis products
(Scheme 40). Whereas reaction of 103 resulted in formation
of the rearranged ring system 104, its stereoisomer 105 un-
derwent ring closure to the 17-membered amide 106 in 87 %
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= 20 mol% 2,
( ethylene,
R

«CHO toluene, RT
CHO :
e}
100 101

(+)-cyanthiwigin U

Scheme 39. Application of the domino process to the synthesis of
(4)-cyanthiwigin U.

10 mol% 2,
CHZCIZ reflux

65%

10 mol% 2,
CH,Cly, reflux
_— =

87%

151]

yield, thus demonstrating the influence of a single stereocen-
ter on the resulting reaction pathway.

Although the extension of the basic ROM-RCM se-
quence by more ring-closing steps is possible in principle,
the limitation of this concept became visibly clear in the
synthesis of polyheterocyclic systems by Winkler et al.””
Treatment of oxanorbornene 107 with 30 mol % catalyst 2
under ethylene atmosphere resulted in the tris heterocycle
in nearly quantitative yield (Scheme 41). Encouraged by this
result, the sequence was applied to the dimeric norbornene
structure 109, with an envisaged ROM-triple-RCM se-
quence in which new six-, seven-, and eight-membered rings
of a polyheterocyclic system should be formed. However,
only by addition of an equimolar amount of catalyst was the
process accomplished by formation of product 110 in 10%
yield. On the other hand, the fact that such a metathesis cas-
cade is in principle realizable is an impressive result.

www.chemasianj.org 1075





FOCUS REVIEWS

30 mol% 2 1. O
? Q ethylene, 7 N
_ CHCL RT _ ZN
N
Bn O Boc 95% Bn O Boc
108
N\ 100 mol% 2,
CHQCIZ, reflux ( ‘>
O—\\ N— T
Boc
109 110

Scheme 41. Examination of the scope of domino processes by Winkler

et al.™?

3.2. Enyne RCM-ROM-Enyne RCM

In contrast to the RCM-ROM-RCM process involving
double bonds, a similar sequence with substrates that bear
triple bonds is not as widely exploited. During the course of
our studies of ROM-enyne RCM, dialkyne-substituted cy-
clopentenes were employed in a domino reaction.P*! Treat-
ment of 111 with 10 mol % catalyst 1 gave the bicyclic dihy-
dropyrrole in good yield (Scheme 42). As one molecule of

10 mol% 1, Ts s
Ts Ts ethylene, N N
Q\/NQAN\/; CH,Cl,, RT — —
62%
111 \ 112 %

o, | [Ni(cod)s],
82% \ toluene, 80 °C

Ts.
SN

)

N

-

Ts
113

Scheme 42. Enyne RCM-ROM-enyne RCM  of
cyclopentenes. cod =1,5-cyclooctadiene.

alkynyl-substituted

ethylene is incorporated into bisdiene 112, the addition of
an external olefin is essential for this enyne-RCM-ROM-
enyne-RCM process; this demonstrates the difference with
the corresponding process with double bonds, in which one
equivalent of ethylene is released. These bicycles are obvi-
ous precursors for further functionalization by Diels—Alder
reaction or other cycloadditions, such as nickel-catalyzed cy-
cloaddition leading to [4 4-4] tetracyclic adduct 113.

Banti and North examined the RRM of bisalkyne-substi-
tuted norbornenes.”™ Subjection of 114 to 5mol % catalyst
1 yielded quantitatively the tricyclic product 115
(Scheme 43). Further cycloaddition was performed with dif-
ferent dienophiles, thus leading to polycyclic structures.
These two steps were also successful in a one-pot sequence,
although lower yields were attained. For instance, by addi-
tion of maleic anhydride to the reaction mixture, the hepta-
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5mol% 1,
; ethylene,
CH,Cl,, RT
SN o O
—
14 = 15
29% | |l ©

Scheme 43. Synthesis of polycyclic ring structures by RRM and
Diels—Alder reaction.

cycle 116 was obtained as a single stereoisomer that encom-
passes ten consecutive stereocenters.

This concept was extended by another RCM process,
when norbornene derivative 117, which bears two alkenynyl
side chains, was employed in RRM.P" The resulting mixture
showed that, in each case, the starting material underwent
opening of the norbornene ring and subsequent eny-
ne RCM, but the products differed in the extent to which
they underwent the following ring closure with the double
bonds (Scheme 44). The process was optimized by using an
additional 5 mol% catalyst 2, although by-products were
still present.

CH20I2, RT

dy _ 2 O O,%@
\/\ /\¢

cat.: 5 mol% 1 Q/( OM 3\\(\

118 (33%), 119 (14%), 120 (18%) 119
+

117

cat.: 5mol% 1+ 5 mol% 2
118 (43%), 119 (6%), 120 (15%) W/( )\\(\

Scheme 44. RCM—-enyne RCM-ROM-enyne RCM-RCM  of
nenes.

norbor-

3.3. ROM-RCM-CM and ROM-Enyne RCM-CM

The domino processes discussed so far concern intramolecu-
lar reactions. Extension of the intramolecular domino meta-
thesis processes described in previous sections to an inter-
molecular reaction, namely, cross metathesis (CM), was also
successfully applied in organic synthesis (Scheme 45). Al-
though CM is afflicted with difficulties in E/Z selectivity
and chemoselectivity in the choice of reaction partner (three
isomers are possible in a reaction of two different olefins),
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X
moY Z O R? catalyst
% )n R1* X X )n

R X
X =CH,, NR, O
enyne RCM
oM X Rzi M C'V'
2 X R2 catalyst
R X o+ Q)n +
X
X=CHy, NR, O

Scheme 45. General concept of RRM extended by a CM step.

the choice of suitable substrates and catalysts alleviates the
limitation of these problems.

In our synthesis of quinolizidine alkaloid (—)-lasubine II,
an ROM-RCM-CM sequence was utilized as the key step
(Scheme 46).! Earlier experiments in our group®™ with cy-

5mol% 2 = %
D/\ _ CHyCly, reflux reflux N = OMe
T as% Boc
N~Boc

121 122

MeO

OMe
(-)-lasubine 1|

Scheme 46. Application of the ROM-RCM-CM sequence to the
synthesis of (—)-lasubine II.

clopentene 124 resulted in clean formation of the rearranged
product; however, only small amounts of the desired CM
product 126 were observed (Scheme 47).

The failure of the final CM step was attributed to the
bulky TBS group, which has a favorable effect on the equi-
librium of ring rearrangement,!'®! but an adverse steric
effect on CM. Transformation of the TBS-protected alcohol
into the corresponding enone 122 was performed, as these
substrates were proven to be efficient in CM. Indeed, treat-
ment of 122 with 5 mol% catalyst 2 and 3 equivalents of

TS~N/\\\

7 mol% 1, n oTBS
<‘ ] - CH,Cl,, RT O
SiMe; 2@ ™ O T .
\ o SNEs < 10% NN e SV
N 1
TBSO 4124 125 Ts 126

Scheme 47. ROM-RCM-CM
Blechert.>

sequence described by Stragies and
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olefin 121 resulted in the formation of E-configured product
123 in 48% yield. The main by-product observed was the
one resulting from CM between 121 and 122, which demon-
strates clearly the concurrent reaction and, therefore, the
main problem of these sequences.

Recently, Kouklovsky and co-workers applied for the first
time dihydrooxazines in an ROM-RCM-CM process to
give direct access to isoxazolo[2,3-a]pyridine-7-ones
(Scheme 48).°" These versatile scaffolds are structural

10 mol% 2

127a R = CH,TMS 128a 129a 85115 93%
127b R = (CH,)sMe 128b 129b  60:40 85%
127¢ R = (CH,);0H 128¢ 129¢ 964  91%

Scheme 48. Application of dihydrooxazines in ROM-RCM-CM. TMS =
trimethylsilyl.

motifs shared by tyrosine kinase inhibitors and can be syn-
thetically viewed as latent 1,3-cis-aminoalcohols. Initial ex-
periments with bicyclic substrate 127a under ethylene at-
mosphere failed. However, addition of allyltrimethylsilane
as external olefin furnished a 60:40 mixture of 128a and
129a in 91 % yield. Optimization of the 128/129 ratio up to
85:15 was achieved by increasing the amount of catalyst 2 to
10 mol% (in two portions of 5 mol%). Different external
alkenes were tested under the optimized reaction conditions,
with 1-pentene-5-ol being the best CM partner (91 %, 128 ¢/
129¢=96:4).

Phillips et al. employed a norbornene derivative in an
ROM-RCM-CM process during the synthesis of the bicyclic
fragment of geodin A and (4)-cylindramide A, two tet-
ramic acid containing macrolactams (Scheme 49). In both
cases, bicycle 130 served as the metathesis precursor, which
should undergo CM with different olefins after rearrange-
ment. Application of 131 as CM partner led to the forma-
tion of 54 % of product 133 (E/Z=1.5:1) along with 30 % of
132, thus indicating the partial failure of the final CM step.
Interestingly, when olefin 134 was employed, none of the
CM unreacted rearranged product was found, and the de-
sired bicycle 135 was formed in 59 % yield, with a selectivity
of E/Z=2:1.

Recently, Funel and Prunet examined the synthesis of
fused tricyclic frameworks by an ROM-RCM-CM sequence
(Scheme 50).°! By addition of different alkenes, the forma-
tion of tricycles 137a—¢ was achieved. Amazingly, cleaner
and better results were obtained when substituted olefins
were employed, in comparison to the reaction under ethyl-
ene atmosphere. This effect was ascribed to the fact that
nongaseous alkenes favor the domino process by competing
with polymerization. CM proceeded stereoselectively in
both cases (only E) and without the detection of bicyclic
CM adducts.
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OTIPS
® \ 4mos1,  QH
RN . \\\\ CH,Cl,, reflux
oTIPS CO,Me b
130 131
132, 30%
TIPSO
0 4 mol% 1,
@\\/\ CHZCIz, reflux
oTIPS 7< 59%
130 134

Scheme 49. Synthesis of naturally occurring macrolactam (+)-cylindramide A by Phillips et a

O 5mol%1
CH,Cl, reflux
Z R
136a R=H 137a  64%
136b R = CH,SiMe, 137b 88%
136¢ R = CH,P(0)OEt, 137¢  61%

Scheme 50. Norbornene derivatives as substrates in ROM-RCM-CM
processes by Funel and Prunet./*”]

As the addition of an external olefin was proven to be es-
sential for ring rearrangements that involve triple bonds, the
observation of ROM-enyne-RCM-CM processes should be
straightforward. In accordance with the expected mechanism
(Scheme 23), we observed the incorporation of olefin 139 at
the terminal alkene in the synthesis of dihydrofuran 140
(Scheme 51).1°"! Interestingly, the transformation of N-substi-
tuted cycloalkene 141 led to CM between olefin 142 and the
butadiene moiety.® Whether this change in mechanism is
dependent on an electronic or chelating effect of the heter-
oatom is still unclear.

Products of ROM-enyne-RCM processes were shown to
be suitable substrates for cycloadditions. Therefore, we ex-
amined the ring rearrangement of cyclic enones 144a—c with
regard to further functionalization of the adduct by CM
(Scheme 52).12

EtO,C
10 mol% 1,
ethylene, EtO,C
CH,Cl,, RT

COzEt 75%, E/Z = 3:1

CO,Et

138 139
Ts 10 mol% 1, Ts
N ethylene, N
g + ~~_0TBS CH,Clp, RT _
‘ [ 78%, E/Z=11 7 /
141 142 143
TBSO

Scheme 51. Selective CM of cyclopentenes in the ROM-enyne-RCM-
CM process.
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OTIPS

(+)-cylindramide A OH

1.158.591

Ns  10moi%?2, B Ns
thylene N ‘
o) N, € "
ﬁ’ CH,CL. 80°C _ Hy O N
// NN
144a n=1 145a 30% 146a 10%
144b n=2 145b 55% 146b 0%
144¢c n=3 145¢ 45% 146¢ 20%

10 mol% 2, 0
CH,Cl,, reflux

o?
b
=

N+ 2R
144a n=1,R=Ph 147a 87%
144b n =2, R = CH,C,H,0TBS 147b 83%
n=2R=Ph 147¢ 93%

Scheme 52. RCM-enyne RCM of cycloenones.

Although treatment of enones 144a—c with 10 mol % cata-
lyst 2 proceeded efficiently, an unexpected product mixture
was obtained. Besides the cycloaddition products, cyclohex-
enes 146a—c were also isolated, which indicates that apart
from the exo product, enyne RCM also proceeded by endo
ring closure (Scheme 21). By addition of olefins other than
ethylene as CM partners, the formation of the endo product
was completely suppressed and gave the rearranged systems
147 a—c in good yields. Notably, both the olefin and the buta-
diene moiety of the heterocycles underwent CM and gave
the products with E selectivity.

Plumet and co-workers used this sequence for norbornene
148.1! Conduction of the domino metathesis with 8 mol %
catalyst 1 and allyl acetate as CM partner led to formation
of bicycle 149 in good yield (Scheme 53). Only the CM be-

1) 8 mol% 1,
CHCl, RT_ p
4
L@Ph X"0Ac
BN o
60%

148 149 A°

Scheme 53. Oxanorbornenes as substrates in the ROM-enyne-RCM
process.
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tween allyl acetate and the terminal olefin was observed;
the butadiene unit proved to be unreactive, which might be
explained by the disubstituted alkyne in 148.

4. Chirality-Inducing RRM

There are two possible pathways for the generation of a
new chiral center by means of metathesis: induction by
chiral information in the catalyst itself (enantioselective
metathesis) or the application of chiral substrates, in which
the existing stereocenters influence product formation in a
diastereoselective manner (Scheme 54).

/
30 = O
R X R X

catalyst
e catalyst o

diastereoselective
metathesis

X=CH, NR, O
* =
AM B \L Q catalyst* m
enantioselective X X
metathesis X =CH,, NR, O

Scheme 54. Chiral induction in metathesis reactions.

The advantages of diastereoselective metathesis sequences
are that no expensive and difficult-to-access metal com-
plexes are required and a wide spectrum of substrates can
be employed. The first diastereoselective RCM (dRCM)
was reported in 1996.%) Depending on the catalyst utilized,
chiral triene 151 gave, upon ring closure, the disubstituted
cyclopentene with different diastereoselectivities
(Scheme 55). Whereas catalyst 5 led to the cis-substituted
product 152 (72% de), cyclopentene 150 with trans-config-
ured side chains was obtained with excellent diastereoselec-
tivity (92 % de) when 1 was employed.

Vi | />
10 mol% 1, 10 mol% 5, B
benzene, RT benzene, 80 °C /

- i Tfa—NiJ

A

Tfa—N_ |
88%, 92 % de Tra” VX 97%, 72 % de
N OTBS {
oTBS oTBS
150 151 152

Scheme 55. The first example of diastereoselective RCM. Tfa=
trifluoroacetamide.

Recently, a diastereoselective RRM (dRRM) process was
reported by our group.! By analogy to dRCM, a stereocen-
ter positioned in the side chain of cycloalkenes should influ-
ence the generation of a new chirality center in the rear-
ranged product. The challenge of these processes consists in
adjusting the reaction towards the desired product, prefera-
bly with high selectivity.
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As expected, initial experiments with cyclopentene 153
demonstrated that diastereoselectivity and conversion
strongly depend on the catalyst (Scheme 56). Subjection of
153 to 5 mol % catalyst 4 resulted in only 29% conversion

X OH 5 mol% cat.,
CDCl,, ethylene, OH OH
/ +

RT .
A A
153 cat. 4 154 29%, d.r. = 1:1
cat. 3 70%, d.r. =2:3
88%, d.r.=1:4

cat. 3 + Ti(OPr),

Scheme 56. Catalyst dependency of dRRM processes.

without selectivity, whereas catalyst 3 gave the cis product
with 2:3 (d.r.) selectivity after 70 % conversion. The selectiv-
ity was improved by the addition of 1.5 equivalents of titani-
um isopropoxide, which shifted the diastereomer ratio to
1:4. Equilibration experiments performed with isolated 154
resulted in no change in the diastereomer ratio, thus con-
firming the kinetic control of the process.

Mechanistically, dRRM can be either thermodynamically
or kinetically controlled (Scheme 57). Intermediate 155 is
the result of an initial interaction of the catalyst with the
exocyclic double bond; it then undergoes ring closure via
the tricyclic intermediates 156a and 156b to the rearranged
products.  Alternatively, initial endocyclic-double-bond
attack can occur, followed by RCM via the diastereomers
157a and 157b. In both cases, chiral induction can be caused
by either the energy difference of the diastereomeric inter-

[Rul=CH [Rul=CH
R? = 158 \ 5

[Ru]\ i OR1 N OR1
7
155 [Ru] “ N
Ru H N\
[Ru] [Ru] [ ]H [Ru]-/ H
H R'O R? )
+ OR' + R
RO o2 H 3™y H H OR'
H R R / H
156a 156b 157a 157b
N\ \
RWOO R'O
R? R
trans-159 cis-159

Scheme 57. Proposed mechanism for dRRM.
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mediates (kinetic control) or that of the products formed
(thermodynamic control).

To investigate the influence of precoordination of the
metal center in contrast to steric influence, different O-pro-
tecting groups were tested in dRRM (Scheme 58). In all

RZ \RZ \RZ
N OR' 5 mol% cat., \ \
CDCl,, ethylene, <:>—OR1 + OR'
RT 4
A\ \
158a R'=TBS, R?=H cat. 3 159a 95%, d.r. = 2:1
158b R' = MEM, R® = H cat. 3 159b 95%, d.r. = 2:1
158¢c R' =H, R = TMS cat. 3 159¢ 35%, d.r.=1:15
cat. 4 86%, d.r. = 1:6
158d R'=H, R?=Ph cat. 3 159d 82%, d.r. = 3:1

Scheme 58. Examination of the electronic and steric influences of dARRM.
MEM = 2-methoxyethoxymethyl.

cases, no effect of the structure, together with a moderate
selectivity towards the trans product, was observed. Howev-
er, the introduction of a second stereocenter into the side
chain was found to have a strong influence on the selectivity.
Rearrangement of the TMS-substituted cyclopentene 158¢
in the presence of catalyst 3 resulted in low diastereoselec-
tivity (d.r.=1:1.5). On the other hand, with catalyst 4, 158¢
was converted into cyclohexene 159c¢ with high selectivity
(d.r.=1:6) in favor of the cis isomer, thus demonstrating the
strong influence exerted by the catalyst in this process. Inter-
estingly, the slim phenyl substituent gave preferentially the
trans product with inverse selectivity relative to the unsub-
stituted substrate 153 (Scheme 56).

The synthesis of heterocycles by employing dRRM has
also been achieved.” Upon treatment of cycloheptadiene
160 with 10 mol% catalyst 3, the unexpected rearranged
product 162 was obtained in 98 % yield and with high diaste-
reoselectivity  (d.r.=7:2) towards the «cis isomer
(Scheme 59). As the formation of cyclopentene 161 was de-

10 mol% 3,
ethylene,
(0] CH,Cl,, 50 °C (0]
!
[Rul

160
N

_,‘x\\/
- o =
. O
161

162 98%,d.r.=7:2

Scheme 59. dRRM of cycloheptadiene 160 with unexpected ring
contraction.

1080 www.chemasianj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

N. Holub and S. Blechert

tected by GC-MS and NMR spectroscopy during the course
of reaction, a reasonable explanation for the product is ini-
tial ring opening followed by subsequent RCM to the five-
membered ring through cleavage of butadiene, which then
rearranges to 162. This formal ring contraction is similar to
the one reported by Lazarova et al.®! (Scheme 9).

For the synthesis of N-heterocycles, cyclooctadienes 163a
and 163b were chosen as suitable precursors, as they cannot
undergo ring contraction due to the domino process. Treat-
ment of 163a with 5mol% 3 yielded tetrahydropyridine
164a in 83 % yield, in which the side chain was cleaved by
either CM or RCM to cyclopentene (Scheme 60). Even
higher selectivity was observed for the allylglycine deriva-
tive 163 b, which rearranged in favor of the trans piperidine
with a diastereomer ratio of 14:1.

S~
_ n 5mol% 3,
Ts=N ethylene, A A
CH,Cl,,reflux . P R P
—_— R\‘ N —_— R\\ N
Ts Z Ts

163a n=0,R = Me
163b n=1,R = CO,Me

164a 83%, dr.= 6:1
164b 95%, d.r. = 14:1

Scheme 60. dRRM of cyclooctadienes in the synthesis of N-heterocycles.

Diastereoselective RCM-ROM-RCM processes have also
been proven to be possible.® Upon treatment with
10 mol % catalyst 1, 165 rearranged cleanly with a gratifying
selectivity of d.r.>95:5 in favor of the trans piperidine 166
(Scheme 61).

10 mol% 1, \/
ethylene, N
CH,Cl,, reflux

\
Q D SIS
N “oN
N 50%, d.r. > 95:5 \

165 166 Ns

Scheme 61. The first example of diastereoselective RCM-ROM-RCM by
Neidhofer and Blechert.%!

Recently, we reported the first natural-product synthesis
that includes dRRM as the key step (Scheme 62).) Com-
pound 160 was shown to rearrange via cyclopentene 161 to
the cis-configured dihydropyran with high selectivity
(Scheme 59). Therefore, we chose cyclopentene 167 as a
suitable metathesis precursor. However, the envisaged incor-
poration of styrene 169 by CM required the migration of the
terminal double bond. This was achieved in a one-pot se-
quence by treatment of 167 with 10 mol % 3 followed by ad-
dition of sodium borohydride after complete dRRM to form
the ruthenium hydride catalyst for isomerization in situ.
Final CM and hydrogenation gave rise to (—)-centrolobine.

Enantioselective RRM (entRRM) processes have been
realized by Schrock, Hoveyda, and co-workers.® Chiral mo-
lybdenum complex 170a showed very good reactivity and
enantiomeric excess in different RRM  processes
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MeQ MeO

a) 10 mol% 3, \©

benzene, 50 °C 1, Oy~
_}—o b) NaBH,, Q

O 1o0rc 168, 55%
167

OH | a) 10 mol% 5,
toluene, RT
A b) Pd/C, H,
50%

(-)-centrolobine

Scheme 62. Application of dRRM in the synthesis of (—)-centrolobine.

(Scheme 63). Cyclopentene 171, for instance, was rearranged
in 94 % yield and with 96 % ee.

5 mol% 170a, A

benzene, TBSO.,
THF, 4 °C '

94%, 96 % ee

172

170a R'=Cl, R*= Me
170b R'=/Pr, R?=Ph

Scheme 63. An example of enantioselective RRM published by Schrock,
Hoveyda, and co-workers.[*"!

The utility of this concept was demonstrated through an
enantioselective approach to (4)-africanol.® Upon treat-
ment of 173 with 3 mol% 170b, the [5.3.0] bicycle 174 was
obtained in 97 % yield and with 87% ee (Scheme 64). Al-
though this process proved to be efficient for a number of
substrates, it is still limited by the required utilization of an
air- and moisture-sensitive chiral catalyst.

=

" 3 mol% 170b,
pentane p—
97%, 87 % ee
173 H 174 (+)-africanol

Scheme 64. Application of entRRM in the synthesis of (4)-africanol.

5. Conclusions and Outlook

Ring-rearrangement metathesis has proven to be a very effi-
cient and versatile method for the construction of carbocy-
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cles, heterocycles, and polycyclic structures. Owing to the
enormous possibilities presented by varying the applied cy-
cloolefin (monocycle vs. bicycle), the side chains (length, po-
sition, substitution pattern), and the RCM partner (alkene
vs. alkyne), an array of cyclic substrates is accessible. The
extension of the ROM-RCM sequence by further metathe-
sis steps has been also established in organic synthesis and
leads to even more complex structures, although the need of
catalysts with higher activities is still required, as seen in ex-
amples that involve four or five metathesis reactions in se-
quence.

Domino metathesis has often been applied in natural-
product synthesis. The transfer of stereoinformation is an at-
tractive feature, but chiral starting materials are still needed.
Further development of asymmetric processes is therefore
essential. Either by easily accessible, cheap, and efficient
chiral catalysts or by highly diastereoselective processes, the
consistency of ring-rearrangement metathesis in future or-
ganic synthesis can be confirmed.
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Abstract: A solid-state dynamic supra-
molecular structure consisting of (anili-
nium)([18]crown-6) was arranged as
the cation in a salt of [Ni(dmit),]”
(dmit =2-thioxo-1,3-dithiole-4,5-dithio-
late). With the ammonium moiety of
anilinium located within the cavity of
[18]crown-6, a hydrogen-bonded supra-
molecular structure is formed, with an
orthogonal arrangement between the
nt plane of anilinium and the mean O6
plane of [18]crown-6. In this supra-

space for the 180° flip-flop motion of
the phenyl ring and the rotation of
[18]crown-6 was observed in the cation
layer. Thermally activated 180° flip-
flop motions, with a frequency of
6 MHz at room temperature and an ac-
tivation energy of 31kJmol™, were
confirmed by temperature-dependent
HNMR spectra of ([Ds]anilinium)-
([18]crown-6)[Ni(dmit),]. A double-
minimum potential for the molecular
rotation of anilinium, with a barrier of

approximately 40 kJmol ™!, was indicat-
ed by abinitio calculations. The wide-
line '"H NMR spectra indicated a ther-
mally activated rotation of [18]crown-6
at temperatures above 250 K. There-
fore, multiple molecular motions of the
180° flip-flop motion of the phenyl ring
and the rotation of [18]crown-6 occur
simultaneously in the solid state. The
temperature-dependent dielectric con-
stants revealed that the molecular
motion of [18]crown-6, other than the

molecular cation, both anilinium and
[18]crown-6 act as dynamic units with
different rotational modes in the solid
state. The uniform stacks of cations
form an antiparallel arrangement, thus

. o chemistry
producing a layer structure. Sufficient

Introduction

A large number of artificial molecular machines, involving
molecules such as rotaxanes and catenanes, have been syn-
thesized and studied.!"? Although the structures and func-
tions of such molecular machines are far from those of bio-
logical molecular machines,”! a few fundamental and signifi-
cant functions have been attained in artificial molecular
rotors, for example, unidirectional molecular rotation has
been proposed with triptycyl[4]helicene, biphenanthrylidene,
and catenane derivatives, in which combinations of thermo-,
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flip-flop motion, dominates the dielec-
tric response in the measured tempera-
ture and frequency range.

crown

photo-, and chemical energy are utilized to interconvert
their molecular structures and conformations through step-
wise structural isomerizations in solution.l! From the theo-
retical aspect, the transduction of kinetic energy into work
has been discussed as the Brownian ratchet mechanism,
which indicates the importance of the saw-tooth-type asym-
metric potential for and the biasing mechanism of molecular
rotation.”’

Solid-state molecular motion, in which arrangements of
the molecules are fixed within a crystal in accordance with
crystal symmetry, is important for device applications of mo-
lecular mechanical machines. Several attempts to construct
molecular motion in the solid state have been carried out to
array dynamic molecular systems in molecular assem-
blies.*” In general, however, molecules are closely packed
in the crystal and often do not have sufficient space to allow
molecular rotation; therefore, molecular design and crystal
engineering are essential for realizing solid-state dynamic
molecular systems. For example, derivatives of 1,4-bis(3,3,3-
triphenylpropynyl)benzene have been defined as gyroscope
molecules that function as molecular rotators in the solid
state, in which a phenylene rotator is connected to the bulky
triphenylpropynyl stators.” In the solid state, the phenylene
moiety exhibits a 180° flip-flop motion with a rotational fre-
quency of roughly 100 MHz.["

We have employed the supramolecular-cation approach to
realize dynamic molecular systems in the solid state; supra-
molecular cations were introduced into magnetic [Ni(dmit),]
salts (dmit =2-thioxo-1,3-dithiole-4,5-dithiolate).®! Because
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the supramolecular cations are structurally diverse and flexi-
ble, various combinations of the cations and crown ethers
can yield molecular-assembly structures with a variety of
sizes and shapes.”’ Among these supramolecular cations, the
dynamic molecular structure in the salt Cs,([18]crown-
6);[Ni(dmit),], demonstrated the synergetic rotation of
[18]crown-6 molecules."! In this salt, the rotation of
[18]crown-6 was coupled with the magnetic properties of
[Ni(dmit),]~ anions. The biasing of the molecular rotation
was achieved by applying an external stimulus (hydrostatic
pressure), which functioned as a brake for the molecular
motion. Although the molecular rotation of [18]crown-6 is
random owing to the symmetric rotational potential, the
supramolecular-cation approach can be employed to devel-
op a new type of dynamic molecular system in the solid
state. We recently reported the molecular rotation of (ada-
mantylammonium)([18]crown-6) in the salt of [Ni-
(dmit),] ! As adamantane is known to form a plastic crys-
tal, the rotation of the molecule was performed at lower
temperatures due to the high symmetry of the adamantyl
group. The supramolecular cation of (anilinium)([18]crown-
6) in the salt of [Ni(dmit),]” (Scheme 1) is therefore a prom-

0(\0/\0 S S S
Q¢ =TI
S S s s
NH;* o/

(anilinium)([18]crown-6) [Ni(dmit),]~

Scheme 1. The (anilinium)([18]crown-6)[Ni(dmit),] salt.

Abstract in Japanese:

A9 72 (anilinium)([18]crown-6)88 53 F 4 F A4 &4 | [Ni(dmit), iz v v ¥
—HF AL & L THEA L (anilinium)([18]crown-6)[Ni(dmit), )5 & fE8L L 7=,
Anilinium HF AL DT E=y LEE (18] crown6 Y FOBERFHT
N-H-O KFEEZ2 AT HE T, anilinium # FA4 > On-LEAS [18]crown-6 DEE
FREFPECH L TEEICRE LB THFA U HELFA L. anilinium
&[18]crown-6 3y Fi%, BEEPTENENRELR ZEERE— K TEBZIT-> TV
Tro ¥ ICHBLI AT AU HEEPEFRICES T2 & T, BIRIEE 2T
LTV, HFAVBATIE, Z==AED 180 BV Y vy F— 7y 7EEE
[18]crown-6 D[EEZEEN A FTHE & T 2 MR ST, BEKFEEBRL -
([DyJanilinium) ({1 8]crown-6)[Ni(dmit), L O E & H NMR DRERFHI S|
BRIZBVTH 6 MHz OREETI80EY ) v 7~ 7 vy SEEIELTH
HIEBNERESN., EOEMEEZRAF T 31 Kmol' Thoto, ZiUd,
ab initio #E A5 BRI DL HH 5K 40 Kmol! D= RV X —EELZH T 5 2 Hvh
BTy v VOBFIEL —BT 5, £/, JEME 'HNMR OREEFEND, £
250 K L4 L0 iR BERE IS C18)crown-6 43 F D EHBE B FIET D FENRE Tz,
PUEDRERENS, 7o AEO 180 E7 Y v — 70 v 7 EH) L [18]crown-6
DFOREREH NS, BEEPCEMBIIERL TSI LN, £-. BE
ROBBKREEIOL, CALOGTFEBEZRB LICHFECE BRI S,
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ising candidate for constructing new types of dynamic mo-
lecular systems in the solid state.'!l In the crystal of (anili-
nium)([18]crown-6)[Ni(dmit),], the molecular spins of [Ni-
(dmit),]~ form a spin-ladder structure.'® The (anili-
nium)([18]crown-6) supramolecular cation is formed
through the N—H--O hydrogen-bonding interactions be-
tween the ammonium moieties and the oxygen atoms of the
[18]crown-6 molecules. In these cation structures, the phenyl
group and [18]crown-6 molecule act as the dynamic and
static parts, respectively, while [18]crown-6 itself has the po-
tential to form a rotational molecular system as shown in
Cs,([18]crown-6);[Ni(dmit),],. Herein, we report the multi-
mode molecular rotations of the 180° flip-flop motion of the
phenyl ring and the rotation of [18]crown-6 in a single crys-
tal of (anilinium)([18]crown-6)[Ni(dmit),].

Results and Discussion

To confirm the molecular motions of anilinium and
[18]crown-6 independently, a deuterated salt of
([Ds]anilinium)([18]crown-6)[Ni(dmit),] (1) was prepared by
the diffusion method with C,D;NH;* cations. The crystal
structure of 1 (Figure 1) is isostructural with that of (anili-

Figure 1. Crystal structure of 1. a) Unit cell viewed along the a axis.
b) Supramolecular-cation  structure of ([Ds]anilinium)([18]crown-6)
viewed normal to the m plane of anilinium. The rotational angles ¢, and
¢, correspond to the rotations of the phenyl ring and the NH;* moiety
around the C—N bond, respectively (see text). ¢c) CPK representation of
the cation layer within the ac plane, viewed along the b axis. d) CPK rep-
resentation of the ([Ds]anilinium)([18]crown-6) structure surrounded by
its nearest two [18]crown-6 molecules, viewed along the long axis of anili-
nium.

nium)([18]crown-6)[Ni(dmit),] (2).!*) The n dimers of the
[Ni(dmit),]” anions interact through effective intermolecular
interactions of the lateral S-S contacts along the c axis (Fig-
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ure 1a). Regular n-dimer arrangements of the anions along
the long axis of [Ni(dmit),]” form a ladder chain, in which
the ladder-leg and -rung directions correspond to the a+c
and the a axes, respectively.'’¥) Furthermore, weak interlad-
der interactions through the lateral S-S contacts along the
aaxis were observed within the acplane. The
([Ds]anilinium)([18]crown-6) cations are sandwiched be-
tween the [Ni(dmit),]” anion layers to form a two-dimen-
sional cationic layer. An alternating arrangement of cation
and anion layers was observed along the b axis. The lack of
intermolecular interactions between the cation and anion
layers, within the limit of the van der Waals contacts, indi-
cates the isolation of the cation structures from the [Ni-
(dmit),]” anion layer.

The supramolecular cation ([Ds]anilinium)([18]crown-6)
in the crystal is formed by one crystallographically asymmet-
rical [Dsanilinium cation and one [18]crown-6 molecule.
Orientational disorder along the long axis of anilinium and
[18]crown-6 was not observed in the X-ray crystal-structure
analysis of 1 at 298 K. The N—H:--O hydrogen-bonding inter-
actions between the ammonium moiety of [Ds]anilinium and
the six oxygen atoms of [18]crown-6 yield the supramolec-
ular-cation structure (Figure 1b). As the dihedral angle (6)
between the mean x plane of [Dslanilinium and the mean
06 plane of [18]crown-6 is close to perpendicular (6 =385°),
the phenyl ring of [Ds]anilinium and the [18]crown-6 mole-
cule can be regarded as the dynamic and static moiety, re-
spectively. The average N-O distance in the hydrogen bonds
(292 A; N1-01=2.891(2), N1-02=2.926(2), N1-O3=
2.876(2), N1-04=2.979(2), N1-05=2.935(2), N1-O6=
2.944(2) A) is comparable to the standard N—H--O hydro-
gen-bonding distance of 2.90 A%

The Corey-Pauling—Koltun (CPK) representation of the
cation layer, viewed along the b axis, is shown in Figure 1c.
Although the uniform stack of ([Ds]anilinium)([18]crown-6)
cations along the a axis gives rise to a unidirectional dipole
arrangement, the antiparallel array of the cation chains
along the c axis cancels out the net dipole moment of the
crystal (Figure 1¢). As shown in Figure 1¢ and d, the CPK
representation of the cation layer indicates sufficient space
for the molecular rotation of the phenyl ring and [18]crown-
6 in the crystal. The m planes of [Ds]anilinium in the cation
stack are parallel to each other and are related by transla-
tion through the unit cell. Along the c axis, the & plane of
[Ds]anilinium is sandwiched between two [18]crown-6 mole-
cules (Figure 1d).

The motion of the phenyl ring of anilinium in the solid
state is determined by the potential-energy curve and the
magnitude of the potential-energy barrier (AE). The poten-
tial-energy curve of the molecular rotation of anilinium in 1
was calculated by using the RHF/6-31(d) basis set.""! Be-
cause the phenyl ring of anilinium was sandwiched between
two [18]crown-6 molecules of adjacent supramolecular units
(Figure 1d), a model structure of (anilinium)([18]crown-6),
was employed to calculate the relative energies as a function
of the rotational angles ¢, and ¢, around the C—N bond of
anilinium (Scheme 2). The rotation of anilinium should be
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Scheme 2. Schematic representation of the model structure of (anili-
nium)([18]crown-6),. Two types of intermolecular interactions, steric re-
pulsion and N—H--O hydrogen bonding, are important; the correspond-
ing rotational angles ¢; and ¢,, respectively, were employed for the eval-
uation of potential energies. Rotational angle ¢, represents the rotation
of the phenyl ring with fixed atomic coordinates for the NH;* moiety,
whereas rotational angle ¢, describes the rotation of the NH;* moiety
with fixed coordinates for the phenyl ring.

affected by two types of intermolecular interactions: 1) N—
H--O hydrogen bonding between the NH;* moiety and the
six oxygen atoms of [18]crown-6, and 2) steric repulsion be-
tween the mplane of the phenyl ring and its two nearest-
neighbor [18]crown-6 molecules (Scheme 2). Accordingly,
three rotational modes were considered: 1) rotation of the
phenyl ring, with angle ¢, around the C—N bond at ¢,=0°,
which is dominated by steric repulsion from two [18]crown-
6 molecules, 2) rotation of the NH;* moiety, with angle ¢,
around the C—N bond at ¢, =0°, which is affected by N—
H--O hydrogen-bonding interactions, and 3) rotations of ¢,
and ¢, around the C—N bond (¢, = ¢,) corresponding to the
total contribution of molecular rotation. The structure deter-
mined by single-crystal X-ray structure analysis was defined
as ¢ =¢,=0°

Figure 2 shows the dependence of the relative energy of
the (anilinium)([18]crown-6); structure on the rotational
angle; the relative energy at ¢=0° is defined as zero. For ro-
tational angle ¢,, the initial atomic coordinates from the X-

60 —
50 —
40 —

30 — H

rel

E, k] mol™!

20 —

0 100 200 300
¢ /°

Figure 2. Potential-energy curve of phenyl-ring rotation in the (anili-
nium)([18]crown-6); structure. The relative energy of (anilinium)([18]-
crown-6); was obtained by the ab initio method of the RHF/6-31G(d)
basis set. The rotational angle (¢,) around the C—N bond of anilinium
was incremented by 30° steps, and the single-point energy was calculated
at each angle. The dashed curve is a guide for the eye (see text).
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ray crystal-structure analysis correspond to the first poten-
tial-energy minimum at ¢, =0°, whereas the second poten-
tial-energy minimum was observed at around ¢, =180°. The
double-minimum potential with two stable molecular orien-
tations was in good agreement with the 180° flip-flop
motion of the phenyl ring, as confirmed by H NMR meas-
urements (see below). A nearly symmetrical shape was ob-
served for the potential-energy curve of the 180° flip-flop
motion. The values of AE at around ¢, =90 and 270° were
slightly dissimilar (Figure 2). The observation of only one
position for the phenyl ring in the crystal-structure analysis
should indicate a 180° periodicity for the potential curve.
The difference between the calculated potentials at ¢, =90
and 270° is attributed to the crystallographically asymmetric
unit of (anilinium)([18]crown-6), as we employed fixed
atomic coordinates from the X-ray crystal-structure analysis
for the calculation. The atomic coordinates of the anilinium
cation should relax during the rotation to the original posi-
tions at ¢; =180° to minimize the total energy of the crystal
packing. A symmetrical potential-energy curve with 180° pe-
riodicity, therefore, is the most reasonable description for
the 180° flip-flop motion of the anilinium cation in the crys-
tal (dashed line in Figure 2).

The rotation of the NH;* moiety (¢,) should also affect
the relative energy of the (anilinium)([18]crown-6) system.
As one of the six oxygen atoms of [18]crown-6 appears
every 60° for a 360° rotation of angle ¢, the potential-
energy curve as a function of ¢, shows six minima for 360°
rotation of the NH;* moiety. However, AE here was less
than 2 kJmol !, which is about 5% of AE for the phenyl ro-
tation. The results of the theoretical calculations for the ro-
tation under the condition ¢, = ¢, provided a similar poten-
tial-energy curve to that shown in Figure 2, thus suggesting
an almost-negligible rotational barrier of the NH;* moiety
for the 180° flip-flop motion of the anilinium cation.

Solid-state molecular rotation of the phenyl ring of anili-
nium was directly observed with solid-state *H NMR spec-
troscopy of 1. X-ray crystal-structure analysis and ab initio
calculations indicate the possibility of the 180° flip-flop
motion of the phenyl ring of anilinium. The temperature de-
pendence of the lineshape of wide-line 2H NMR spectra is
shown in Figure 3. Temperature-dependent changes in the
lineshapes clearly confirmed the 180° flip-flop motion of the
phenyl ring. Simulation of the lineshape for each spec-
trum,"Y measured at different temperatures, reveals that the
flip-flop motion has a frequency of roughly 6 MHz at 293 K
and that it is motionless below 185 K (within the limits of
the NMR timescale).

The frequency (t7') of the flip-flop motion as a function
of T~ is shown in Figure 3b. From this linear plot, the acti-
vation energy of 31 kImol™' was deduced by using the Ar-
rhenius equation, 7' =7, 'exp(—E,/ksT). The experimental-
ly determined activation energy (E,) is similar to the calcu-
lated AE values of about 40 kJmol .

Temperature-dependent wide-line "H NMR spectra of 1
were obtained to evaluate the dynamic properties of the
[18]crown-6 molecules. These spectra are evidently com-
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Figure 3. Solid-state >H NMR spectra of 1. a) Temperature-dependent
lineshapes at i) 7=293, ii) 245, iii) 230, iv) 215, v)200, vi) 185, and
vii) 170 K. b) Plot of frequency of flip-flop motion (z') versus 7.

posed of two types of signals: wide and narrow (Figure 4a).
The full width at half maximum (AH) and peak-to-peak
linewidth (AH,) of the differential spectra (blue lines) were
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Figure 4. Solid-state wide-line "H NMR spectra of 1. a) Temperature-de-
pendent lineshapes at i) 7=340, ii) 265, and iii) 190 K. b) Temperature
dependence of i) full-width at half-maximum (open circles: AH), ii) peak-
to-peak linewidth of the narrow component in the differential spectra
(filled circles: AH,) of 1, and iii) AH of the reference salt Cs,([18]crown-
6);[Ni(dmit),], (dotted line).

plotted against temperature, which correspond to the wide
and narrow signals, respectively. As the protons of both
[18]crown-6 (24H) and NH;* (3H) of 1 are detected in the
'"H NMR spectra, the spectrum is largely dominated by the
components of [18]crown-6. AH, corresponds to the line-
width of the sharp signal of the motional protons in NH;*
(closed circles in Figure 4b). A temperature-independent
narrow line was observed at AH,~10kHz in the entire
measured temperature range, thus suggesting that the mo-
lecular rotation of the ammonium moiety occurred at 120 K.
By lowering the temperature to 120 K, a broadening of AH
was observed at around 260 K (open circles in Figure 4b).
The AH values at temperatures below 200 K were almost
constant at about 50 kHz, whereas those above 300K
reached at a constant value of about 18 kHz, which corre-
sponds to the thermally activated rotation of [18]crown-6 in
1. About 30 kHz change of AH values by lowering the tem-
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perature was almost the same with that of molecular rota-
tion of [18]crown-6 in Cs,([18]crown-6);[Ni(dmit),], (dotted
line in Figure 4b).1% The rotational frequency of [18]crown-
6 in 1 was estimated to be several tenths of a kilohertz at
around 250 K.

Although the thermally activated 180° flip-flop motion of
the phenyl ring of [Ds]anilinium and the rotation of
[18]crown-6 were confirmed by temperature-dependent
NMR spectroscopy, the magnetic properties of the crystal
were not affected by the molecular rotation. The tempera-
ture dependence of the magnetic susceptibility was that of
the [Ni(dmit),]~ spin ladder," which did not exhibit any
anomaly associated with the molecular rotation. On the
other hand, the 180° flip-flop motion of the phenyl ring and
the rotation of [18]crown-6 affected the dielectric response
of the crystal. When the frequency of the molecular motion
is higher than that of the applied AC electric field, the mo-
lecular motion can follow the outer AC field without dielec-
tric loss.'”) On the other hand, application of a significantly
higher AC electric-field frequency than the frequency of
molecular motion does result in dielectric loss. On the basis
of the crystal symmetry, the dipole moments of the crystal
would cancel each other. However, it is possible that the
temperature-dependent changes in the molecular motion of
anilinium and [18]crown-6 can influence the dielectric re-
sponses.

The plots of dielectric constant (&) versus 7 for 1 at fixed
frequencies of 1, 10, 100, and 1000 kHz are shown in
Figure 5. The absolute & value for 1 at 300 K is dependent

25 =
20 —
& 15—

10 — /
- o
= e —

5 —
0 100 200 300

T/K

Figure 5. Plot of & versus T for 1 at fixed frequencies of 1 (black), 10
(red), 100 (blue), and 1000 kHz (green).

on the frequency of the applied AC electric field. The
values for & at 300 K decreased from 22 to 11, 9, and 8
when the AC frequencies were increased from 1 to 10, 100,
and 1000 kHz, respectively. The magnitude of & at 1 kHz
(T=300K) was about three times that at 1000 kHz. These
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results strongly suggest that a relaxation process of the mo-
lecular motion that is comparable to the rotation frequency
of [18]crown-6 (several tenths of a kilohertz at room tem-
perature) affected the frequency-dependent values of &,. By
decreasing the temperature from 300 K, the absolute values
of & at 1kHz decreased gradually and exhibited a broad
maximum at around 200 K. The values for g, at 1, 10, 100,
and 1000 kHz merged at around 100 K, at which point the
molecular rotation in the cation structure was completely
suppressed within the limits of the timescale of measure-
ment of the dielectric constant. From the temperature-de-
pendent wide-line "H NMR spectrum, the rotational fre-
quency of [18]crown-6 at about 200 K was estimated to be
less than 10 kHz, and the broad anomaly of & at about
200 K should be reflected by the molecular rotation of
[18]crown-6. Therefore, the dielectric responses at tempera-
tures above 100 K may be related to the thermally activated
rotation of [18]crown-6.

Conclusions

A dual-mode molecular motion was observed in the (anili-
nium)([18]crown-6) supramolecule, which was introduced as
the countercation structure of a [Ni(dmit),]” salt. The two-
dimensional arrangements of the cations were sandwiched
between the [Ni(dmit),]” anion layers, where alternating
layers of cations and anions suppressed the intermolecular
interactions between the layers. In the cation layer, suffi-
cient space to allow the 180° flip-flop motion of anilinium
and the random rotation of [18]crown-6 was observed. Tem-
perature-dependent >H NMR spectroscopy revealed a ther-
mally activated 180° flip-flop motion of the phenyl ring of
[Ds]anilinium above 200 K, whose activation energy is about
31 kImol™', whereas the wide-line 'H NMR spectrum indi-
cated a thermally activated rotation of [18]crown-6 at tem-
peratures above 250 K. Therefore, dual molecular motions
of the 180° flip-flop of the phenyl ring and the rotation of
[18]crown-6 occur simultaneously in the solid state. The
lower rotational barrier of the NH;* moiety (AE
~2 kImol™") relative to that of the phenyl ring (AE=30-
40kJmol™) in anilinium allows NH,* rotation to lower
temperatures. Factors such as the frequency, symmetry, and
activation energy of each rotation are important points in
the development of supramolecular rotators. Supramolec-
ular designs of multimode molecular motions allow us to de-
velop novel solid-state dynamic molecular systems for elec-
tromagnetic or dielectric applications.

Experimental Section
Preparation of [Ni(dmit),]~ Salts

Crystals of 1 were obtained by the standard diffusion method in a vial
(=20 mL) and were used for X-ray crystal-structure analysis and solid-
state 'H and *H NMR spectroscopy. ([Ds]anilinium)(BF,) was prepared
from aqueous tetrafluoroboric acid (HBF,; 54 %) and 2,3,4,5,6-deuterat-
ed aniline in CH;CN. The green solution of (nBu,N)[Ni(dmit),] (20 mg in
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Multirotations of (Anilinium)([18]Crown-6)

CH;CN (=20 mL)) was poured into a solution of ([Ds]anilinium)(BF,)
(50 mg) and [18]crown-6 (200 mg) in CH;CN (a20 mL). The difference
in the densities of the solutions allowed for the slow diffusion of the two
solutions. After one week, single crystals (typical dimensions 0.5x0.5x
0.4 mm®) were obtained as black blocks. The stoichiometry of the crystals
was determined by X-ray structural and elemental analyses. Elemental
analysis: caled (%) for C,,H3,N;O4S (Ni: C 35.59, H 3.98, N 1.73; found:
C35.99, H4.17, N 1.82.

Crystal-Structure Determination

Crystallographic data of 1 were collected on a Rigaku Raxis-Rapid dif-
fractometer with Moy, (A=0.71073 A) radiation and a graphite mono-
chromator. Structural refinements were performed by using the full-
matrix least-squares method on F2. Calculations were carried out with
the Crystal Structure software packages.'"” Parameters at ambient pres-
sure were refined by using anisotropic temperature factors except for the
hydrogen atom. Crystal data of 1: Space group P1 (No.2), a=8.092(3),
b=14.241(7), ¢=16.645(7) A, a=113.074(18), p=97.040(15), y=
92.670(19)°, V=174212(13) A>, Z=2, Dgu=1544gem™>, u=
1.544 cm™, T=298 K, 16590 reflections, 7829 independent reflections,
6847 reflections for structural refinement, R=0.040, R,(F,)=0.038,
GOF=1.01. CCDC-625767 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_
request/cif.

Electrical Measurements

Temperature-dependent dielectric constants were measured by the two-
probe AC impedance method over the frequency range 100-10x 10° Hz
(HP4194A). A single crystal was placed in a cryogenic refrigeration
system (Daikin PS24SS). The electrical contacts were prepared by using
gold paste (Tokuriki 8560) to attach the 10-pm-diameter gold wires to the
crystal along the b axis.

Calculation of Potential Energy

Atomic coordinates based on the X-ray crystal-structure analysis were
used for the calculations. The relative energy of the (anilinium)([18]-
crown-6); model structure was calculated by using the RHF/6-31(d) basis
set.' The relative energy of the (anilinium)([18]crown-6); system was
obtained by evaluating three types of rotation modes: 1) rigid rotation of
anilinium around the C—N bond, 2) rotation of the NH;* moiety around
the C-N bond with fixed atomic coordinates of the phenyl ring, and
3) rotation of the phenyl ring around the C—N bond with fixed atomic co-
ordinates of the C-NH;* moiety. The rotations were performed at 30° in-
tervals, and the relative energies were calculated by using fixed atomic
coordinates.

Solid-State NMR Spectroscopy

Solid-state wide-line *H NMR spectra were obtained by the solid-echo
pulse sequence 7/2,~1-7/2, on a Bruker DSX 300 spectrometer; the 7/2
pulse width and 7 were 2.3 and 13 ps, respectively. The temperature was
controlled by cold N, gas with a VT1000 control unit and was maintained
constant within +1 K during the acquisition of the signal. Solid-state
wide-line "H NMR spectra under the static conditions of the sample were
obtained by the above solid-echo pulse sequence (the z/2 pulse width
and 7 were 1.3 and 10 ps, respectively) on a Bruker DSX 300 spectrome-
ter with an operating frequency of 300 MHz for protons.
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A Two-Dimensional Coordination Compound as a Zinc Ion Selective
Luminescent Probe for Biological Applications
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Abstract: A 2D coordination com-
pound  {[Cu(HL)(N;)]-ClO},, (L
H;L =2,6-bis(hydroxyethyliminoethyl)-
4-methyl phenol) was synthesized and
characterized by single-crystal X-ray
diffraction to be a polymer in the crys-
talline state. Each [Cu,(HL)(N;)]* spe-
cies is connected to its adjacent unit by
a bridging alkoxide oxygen atom of the
ligand to form a helical propagation
along the crystallographic a axis. The
adjacent helical frameworks are con-

nected by a ligand alcoholic oxygen
atom along the crystallographic b axis
to produce pleated 2D sheets. In solu-
tion, 1 dissociates into [Cu,(HL),
(H;L)]2H,0 (2); the monomer dis-
plays high selectivity for Zn** and can
be used in HEPES buffer (pH 7.4) as a

Keywords: biosensors . copper -
fluorescent probes - luminescence -
zinc sensors

zinc ion selective luminescent probe
for biological application. The system
shows a nearly 19-fold Zn>**-selective
chelation-enhanced fluorescence re-
sponse in the working buffer. Applica-
tion of 2 to cultured living cells
(B16F10 mouse melanoma and A375
human melanoma) and rat hippocam-
pal slices was also studied by fluores-
cence microscopy.
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Introduction

There is much current interest in elucidating the role of bi-
valent zinc in neurobiology.'! Although Zn?>* homeostasis is
tightly regulated by a number of homologous Zn** trans-
porter proteins (ZnTs)? and metallothioneins,” pools of
loosely bound or “free” Zn?* occur in the mossy fiber termi-
nals of the hippocampus, the center of learning and memory
in the brain.! Zinc concentrations of about 0.3 mm are ach-
ieved in vesicles in the presynaptic terminals of the cells. It
is the second-most-abundant metal ion in the human body:
the total concentration in serum is in the micromolar
range.”! Zinc-containing enzymes (e.g., carbonic anhydrase)
are well-known and play critical roles in maintaining the
key structural features of zinc transcription proteins (e.g.,
zinc finger proteins).'>® Apart from that, high concentra-
tions of free or loosely bound Zn?* are present in the pan-
creas!’! and spermatozoa.®! A number of biological functions
are regulated by labile Zn?*, such as suppression of apopto-
sis,”) contribution to neuronal injury in certain critical
states,'”! epilepsy,'!! and induction of the formation of B-
amyloids'™? related to the etiology of Alzheimer’s disease.
Although many reports describe the significance of chelata-
ble Zn>* in biological systems, its mechanisms of action are
less understood!™ than those of other cations, such as Ca**,

ILEY
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Na't, and K*. A continued effort to detect chelatable or
labile Zn?* in biological systems is being made.¥

To elucidate the role of Zn?>* in such events, detection
methods that exhibit selectivity and sensitivity toward Zn**
and that are also suitable for use in biological fluids are re-
quired."* Fluorescent zinc chemosensors have been devel-
oped for imaging biological Zn**.""! These probes include
aryl sulfonamide derivatives of 8-aminoquinoline, such as 6-
methoxy-(8-p-toluenesulfonamido)quinoline  (TSQ),"” as
well as Zinquin,'® Zinbo-5,"") the Zinpyr (ZP) family,?”
and the ZnAF molecules.” Besides these small-molecule
sensors, synthetic peptides can also signal zinc by fluores-
cence enhancement.”? A variety of Zn>*-selective sensor
molecules™ were also reported based on f- or d—f (mixed)-
block elements. These are discrete molecules or multidimen-
sional porous coordination polymers.”**¥ To our knowledge,
there are no reports of any study of zinc ion selective lumi-
nescent sensing property in a 3d-metal-based coordination
compound. Herein we report a 2D coordination compound,
{[Cu,(HL)(N;)]-ClO,},, (1; H;L=2,6-bis(hydroxyethylimi-
noethyl)-4-methylphenol), that dissociates in water to give
[Cu,(HL),(H;L)]-2H,0 (2), which acts as a selective lumi-
nescent probe for zinc ion. The investigation into the lumi-
nescent property in HEPES (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) buffer (pH 7.4) showed that the
emission intensity of 1 increased significantly (=~ 19-fold)
upon addition of Zn**, whereas the introduction of other
metal ions caused the intensity to be either unchanged or
weakened. These results imply that 1 can be used to monitor
or recognize Zn** and, therefore, be considered as a selec-
tive luminescent probe. By incubating cultured living cells
or rat hippocampal slices with 1, both intracellular and free
Zn** concentration in hippocampal slices can be monitored.

Abstract in Bengali:

ot fmfaw wBE @ {[Cu(HL(NaLCIOd. (1)
bis(hydroxyethyliminoethyl)-4-methyl phenol) MXE ¥ TAE 9L G GIF FHER
X-ray diffraction Rtz |l 2Nd® A @ I wwEEm G @I polymer! ATS
[Cux(HLYNs)]" @3F ©fF F7578] GFFa STF alkoxide oxygen *RlY a1 I& T WIT
@3 @ff crystallographic a-=7% TWRE helix T [WR @ F@m  W@R 9508
helix ¥M51efl e TG alcoholic oxygen *RWlq @RI crystallographic b-ST% J213A
AR o TRl TR o 9 @3l «fe ffe sheet-an Fot a@e IwRCR
g wEw @t (1) B oy W 9w @FB TGT @, {[Cus(HL)o(Hsl)]2H:0}, (2)
tofd @ @3 A @ SR AT SRR WY /T ZnY SIS G TS
M @R T2 afStd Zn-selective luminescent probe I HEPES buffer-4 (pH 7.4)
ERREM 7T 2 TR T TS AE G 2B @ buffer-a AR 19 w4t
chelation WS fluorescence ARl TR T 20T fluorescent BRI TWHT
Y FRS (B16F10 mouse melanoma €& A375 human melanoma) 93 3‘1@?
hippocampal slices-93 T A MRFE ST I AR

(HsL=26-
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Results and Discussion
Structure of Complex 1

Complex 1 was structurally characterized by X-ray crystal-
lography. The data collection and refinement parameters are
given in Table 1. Single-crystal X-ray analysis shows that the
infinite 2D coordination framework is generated by the
cross-linking of {[Cu,(HL)(N;)]-ClO,},, (1) chains into a
sheet structure connected by the alcoholic oxygen atom
(Figure 1). The asymmetric unit contains a dinuclear Cu**
species [Cu,(HL)(N;)]*, in which the Cu?* atoms are bridg-
ed by the azide ion in an end-on fashion (Figure 2). One of
the copper ions (Cul) shows distorted square-planar geome-
try with two oxygen (O1, O2) and one nitrogen atom (N1)
of the ligand and N3 of the azide ion. The other copper ion,
Cu2, displays distorted square-pyramidal geometry with two
nitrogen atoms (N2, N3) of the ligand (HL) and azide ion,
respectively, and three oxygen atoms (O1, 02, O3); O2 and
O3 are from the ligand of the other dinuclear unit. Selected
bond lengths and angles are listed in Table 2. The long Cu2—
03 distance is 2.305(2) A. Here each [Cu,(HL)(N;)]* spe-
cies is connected to its adjacent unit by the bridging alkox-
ide oxygen atom (O2) of the ligand to form a helical propa-
gation along the crystallographic a axis. The Cu—Cu distance
in the asymmetric unit is 3.045(1) A. The helical framework

Table 1. Crystallographic data for 1.

1
Formula C3H,,CICu,N;O,
M, 516.83
Color dark green

orthorhombic
Pbca (No. 61)

Crystal system
Space group

a[A] 8.7996(6)

b [A] 18.117(1)
c[A] 21.617(2)
U[A] 3446.2(5)
V4 8

F(000) 2080

D, [gcm~?] 1.992

T [K] 150

Crystal dimensions [mm)] 0.15%0.20x0.22
u(Moy,) [em™] 26.82

Min. and max. transmission factors 0.902-1.000
Scan mode )

Frame width [°] 0.30

Time per frame [s] 20

No. of frames 2470
Detector-sample distance [cm] 4.00

6 range [°] 3-28
Reciprocal space explored full sphere
No. of reflections (total, independent) 48947, 4173
Ry 0.0361
Final R2 and wR?2 indices! (2, all reflections) 0.061, 0.082
Conventional R1 index (I>20(1)) 0.035
Reflections with I>20(1) 2915

No. of variables 265
Goodness of fit!"! 1.077

[a] R2=[Z(|F,}—kF2|ISF2], wR2=[Ewl(F,}—kF2/=w(F,2)4"%. [b] [Ewx
(F2—kF2Y(No—N)]", in which w=4FX0(F}?, o(F})=[*(F.})+
(pF21", N, is the number of observations, N, is the number of varia-
bles, p is the ignorance factor 0.03.
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Figure 1. View of an infinite 2D coordination framework generated by
the cross-linking of {{Cu,(HL)(N;)]-ClO,},, (1) chains into a sheet struc-
ture connected by the alcoholic oxygen atoms. H atoms (except H1) and
ClO,™ anions are omitted for clarity. @ =Cu, @ =0, © =N, ®=C, @ =
H.

Figure 2. ORTEP drawing and atom numbering scheme for the dimeric
unit of {[Cu,(HL)(N;)]-ClO,},, (1). H atoms (except H1) and ClO,~
anions are omitted for clarity.

Table 2. Selected bond lengths (A) and angles (°) for 1.1

Cul-N1 1.915(2) Cul-01 1.950(2)
Cul-N3 1.954(2) Cul-02 1.912(2)
Cul-N4 2.867(3) Cu2-01 1.987(2)
Cu2-N2 1.959(2) Cu2-02b 1.945(2)
Cu2-N3 1.994(2) Cu2-03c 2.306(2)
Cu2-N4 2.807(3)

N1-Cul-N3 172.75(10) 03¢—Cu2-N2 93.09(8)
N1-Cul-N4 163.19(9) N3—Cu2-N4 22.91(10)
N3—Cul-N4 20.54(9) 02b—Cu2-N3 93.74(9)
N2-Cu2-N3 169.45(9) 03¢—Cu2-N3 90.04(8)
N2-Cu2-N4 160.94(10) 02b—Cu2-N4 73.40(8)
02b—Cu2-N2 95.47(9) 03c—Cu2-N4 104.17(8)
02b—Cu2-03c 101.72(7)

[a] Symmetry codes: b="+x, —'p—y, 1-z; c=—x, —y, 1—z.
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is built by Cu2—0O1-Cul—O2 repeating units, in which the
angles Cu2—O1—Cul and Cul—02—Cu2 are 101.3(1) and
127.5(1)°, respectively. The adjacent helical frameworks are
connected by the ligand alcoholic oxygen atom, O3, along
the crystallographic b axis to give pleated 2D sheets
(Figure 3). The interlayer separations are Cul—Cul=

o

-

Y
. 3\\:\ F
s
P W
P
v
\'\\/‘

Figure 3. a) Infinite 2D coordination framework generated by the cross-
linking of {[Cu,(HL)(N3)]-ClO,}., (1) helical chains into a sheet structure
connected by the alcoholic oxygen atom of the ligand. b) Helical propa-
gation along the crystallographic a axis to form pleated 2D sheets. C and
H atoms (except H1) and ClO,” anions are omitted for clarity. The right-
and left-handed helical structures are indicated by violet and green, re-
spectively.

10.809(1), Cu2—Cu2=11.322(1), and Cul-Cu2=9.219(1) A.
The section of the 2D sheet shown displays a decanuclear
macrocycle of composition Cu;;C,O(N,.

Fluorescence Properties and Metal-Ion-Competition Studies

The emission spectrum of 1 in 100 mm HEPES buffer at
pH 7.4 excited at 385 nm exhibits an emission maximum at
434 nm at room temperature. We measured the emission in-
tensities of 1 in the presence of various concentrations of
Zn** (0-1 mm; Figure 4). The emission intensity increased
19-fold upon addition of 2 equivalents of Zn’*, and the
emission maximum underwent a red shift (~20nm) to
454 nm. To understand this phenomenon further, metal-ion-
selectivity assays were performed for 1 while keeping the
other experimental conditions unchanged (Figure 5). Emis-
sion enhancement of 1 (50 um) was not observed upon addi-
tion of 5 equivalents (2.5x107*m) of Na*, K*, Ca’>*, Mg*",
or various d-block metal ions M (M=Mn**, Fe**+, Cr’*,
Co?*, Ni**, Cu’*, Cd**) except for Cd**, which induced a
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Figure 4. Luminescence emission spectra of 50 um of complex 1 in the
presence of 0, 7, 13, 20, 27, 33, 50, 100, 150, and 200 pm of free Zn>* ions
in 100 mm HEPES buffer at pH 7.4 at room temperature (excitation
385 nm, emission 454 nm). The inset shows the change in the lumines-
cence intensity at A=454 nm as a function of the concentration of free
Zn** in 100 mm HEPES buffer (pH 7.4).
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Figure 5. Luminescence emission intensity profile of 1 (50 um) in the
presence of various cations in 100 mm HEPES buffer at pH 7.4 at room
temperature (excitation 385 nm, emission 454 nm).

slight enhancement of the emission intensity. However, Cd**
is rarely present in biological systems, so this enhancement
would not present a difficulty in biological applications. In
the presence of a large excess (1 mm) of Na*t together with
Zn** (33.33 um), almost no effect on the emission intensity
of 1 was observed. Thus, Na*, K*, and so on, which exist at
higher concentrations in biological systems, do not affect the
luminescence intensity of 1. The emission intensity was
weakened or quenched upon the addition of several cations,
for example, Fe’*, Co®*, Ni**, Cu’*. In the presence of
5 equivalents of Cu**, Fe**, or Mn’* together with Zn>*
(33.33 um), no effect on the emission intensity of 1 was
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noted. Additionally, we measured the emission intensities of
1 in the presence of various counteranions of Zn>*. There
was no effect of counteranions (Cl-, NO;~, CH;COO,
SO/, and ClO,") on the intensities (see Supporting Infor-
mation, Figure S1). Thus, Zn?* can be distinguished from
these metal ions.

A question hangs over the exact nature of the complex
species involved in Zn** binding. The diffused reflection
spectrum of 1 at 645 nm differs from its electronic spectrum
in HEPES buffer (pH 7.4) and shows a blue shift of about
35 nm (Figure 6). This is quite significant and indicates the

0.3 4

0.2+

Alau.

0.1

0.0 T T
500 600 700 800

A/ nm

Figure 6. Absorption spectra of 1 in the solid state (—) and in 100 mm
HEPES buffer (pH 7.4) (-----).

modification of the coordination sphere of the metal ion in
solution. In water, the ESI mass spectrum shows peaks at
m/z=911 and 643 that can be assigned to [Cu,(HL),
(H;L)]2H,0 (2) and [Cu,(HL),|-H,O, respectively
(Figure 7). The isotopic distributions for the above molecu-
lar species in water obtained experimentally correspond to
the simulated patterns. Notably, the species do not contain
any azide ions. No indication of the presence of the N;~
moiety was obtained from FTIR spectra in solution. This
may be due to the formation of the azide salt of copper ion,
which was precipitated during the preparation of the solu-
tion. The IR spectrum of the freshly precipitated mass indi-
cates the presence of azide ion at 2105 cm™!. Equation (1)
shows the dissociation of 1 into 2 in aqueous solution.

{[Cu,(HL)(N3)] - Cl1O4} (1) E22’[C112(HL)2(H3L)]'

— — 4 2 2 — (1)
2H,0 (2) + N3 + ClO; +3Cu*" 4+ 50H

The increase in emission in the presence of Zn** is ac-
counted for by the Zn** coordination of 2 in the unused
binding site (Scheme 1). The ESI mass spectrum of the Zn**
-coordinated complex of 2 reveals the formation of
[Cu,Zn,(HL);(Cl),] (Figure 8). A Job plot analysis reveals
that the maximum emission is obtained at a 2/Zn** ratio of
1:2. These data suggest that 2 in solution should form a 1:2
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Figure 7. ESI mass spectra of 1 in water showing peaks at a) m/z =911
and b) m/z=643, which can be assigned to [M+H]* and [M-
(H;L+H,0) +H]*, respectively (M =[Cu,(HL),(H;L)]-2H,0).
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Figure 8. ESI mass spectra of the Zn>*-cordinated complex of 2 in water
showing the peak at m/z=1097, which can be assigned to [M +Na]*
(M =[Cu,Zn,(HL);(Cl),]). a) Simulated spectrum; b) experimental spec-
trum.

complex with Zn?*. Unfortunately, we were unable to iso-
late the Zn**-bound complex of 2. Further attempts to as-
certain that complex 2 is responsible for Zn?* binding were
made by obtaining a further ESI mass spectrum with the ad-
dition of Cd** in place of Zn>*, as Cd®* induces a slight en-
hancement of the emission intensity. In water, the mass
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spectrum shows a peak at m/z =648 that can be assigned to
{[Cu,Cd,(HL),(H,L)(Cl)(H,0),]-5H,0}**. The isotopic dis-
tributions for the above molecular species obtained experi-
mentally (see Supporting Information, Figure S2) corre-
spond to the simulated patterns. We also examined the
effect of Zn** addition on the emission spectrum of the
ligand (H;L) itself. Zn*" does not change the emission in-
tensity of the ligand (Figures 9 and S3). This means that the

8004

400

I1a.u.

o 1
6§°

SR

Figure 9. Emission intensity change profile of H;L (50 um) in the pres-
ence of various concentrations of Zn** in 100 mm HEPES buffer at
pH 7.4 at room temperature (excitation 440 nm, emission 530 nm).

photoinduced electron transfer (PET) operating between
the ligand receptor (R) (here O, N atoms of H;L) and the
fluorophore (F) is not perturbed during Zn?* binding with
the receptor. But, in case of Zn?* binding with 2, receptor
sites can be simultaneously attached with different metal
ions, in which case the PET of 2 is retarded. Thus, the en-
hancement of fluorescence is attributed to the disruption of
PET communication between the receptor and the fluoro-
phore moiety.” Another possibility is that the coordination
of Zn** would impose rigidity and, hence, decrease the non-
radiative decay of the excited state. The coordination of 2 to
Zn** caused a 20-nm Stokes shift of the emission band and
an approximately 15-fold increase in fluorescence quantum
yield (@;) (Table 3). The Stokes shift of the fluorescence

Table 3. Radiative and total nonradiative rate data.

Compound 7 [ns] @ k[10°s71) K, [108s7'] 2

1 3.1 0.0106 3.38 3.15 1.136
14+Zn?* (1:1) 3.7 0.1184 31.49 2.34 1.222
1+Zn* (12) 3.9 0.1685 43.68 2.15 1.262

maximum of 1 is due to an enhanced separation of charge in
the electron-donor—acceptor fluorophore 1 on complexation.
It is known that the late first-row transition-metal ions have
a preference for complexation with N and O donor ligands.
However, in the present case, effective binding occurs only
with Zn?*, which is reminiscent of the Job plot analysis. To
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examine the extent of binding interaction with Zn?* in
buffer, the binding constant was determined from the emis-
sion-intensity data by the modified Benesi-Hildebrand
equation [Eq. (2)]:*

1/AF = 1/AF s + (1/KC)(1/AF 1) (2)

in which AF=F,—F, and AF,,=F.—F,, F,, F,, and F., are
the emission intensities of 1 in the absence of Zn?*, at an in-
termediate Zn’>* concentration, and at a concentration of
complete interaction, respectively, K is the binding constant,
and C is the Zn®* concentration (Figure 10). The binding

(F=F)(E-F)

0 T T T 1
0.1 0.2 0.3 0.4

[Zn*]x 10°/m

Figure 10. Determination of the binding constant K (+£15%) of Zn**
with 2 from the slope of the plot of Equation (2) as described in the text.

constant, K (£15%), was evaluated to be 5.0x10*m™. We
also studied the effect of Zn’* addition on the fluorescence
decay of 1. The fluorescence lifetime (r) of 1 in working
buffer was 3.1 ns. In the presence of various concentrations
of Zn**, longer fluorescence lifetimes were detected, thus
confirming the inhibition of PET upon Zn** binding
(Figure 11). The radiative rate constant k, and total nonra-
diative rate constant k, of 1 as well as 1 bound to Zn>**
were calculated according to Equation (3) and listed in
Table 3. The data suggest that k,. was only slightly changed,
and the factor that induces fluorescence enhancement is
mainly ascribed to the increase in k..

‘Lﬁl = kr + knr’ kr = (pf/r (3)

pH-Dependent Behavior

Besides metal-ion selectivity, it is important for many bio-
logical applications that the sensor does not respond to
changes in pH.*” We measured the emission intensity of 1
at various pH values (Figure 12) in the presence and ab-
sence of Zn** with excitation at 385 nm. There was almost
no effect of H* on the emission spectrum of 1 between
pH 5.5 and 9 either in the presence or the absence of Zn**.
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Figure 11. Time-resolved fluorescence decay of 1 in the absence and pres-
ence of different mole ratios of added Zn’* in 100 mm HEPES buffer at
pH 7.4 at room temperature (4.,,=370 nm). m=Lamp profile, ¢ =1, @ =
14+Zn** (1:1), A=14+Zn** (122).

1200 4
L d
1000 o« o ° .
/
L]
800
S
< 600
= ] .
400 /
200 -//
- o
~ o c o a > e}
o b -
T T T T T T
4 5 6 7 8 9
pH

Figure 12. Effect of pH on the emission intensity of 1 in the absence (O)
and presence of Zn** (@). 100 um of Zn** was added to 50 um of 1.

Thus, the luminescence emission intensity of 1 is stable at
physiological pH.

Biological Applications of 1

We examined the application of 1 to cultured living cells
(B16F10 mouse melanoma and A375 human melanoma) by
fluorescence microscopy (B16F10: Figure 13; A375:
Figure 14). As 1 can be excited by light of a relatively long
wavelength, this compound is suitable for cellular applica-
tions, in contrast to the previously reported Zn*-selective
luminescent sensors.”*? After incubation with 10 um of 1 in
PBS (phosphate-buffered saline), the cells displayed modest
intracellular staining, which suggests that 1 can be used in-
tracellularly.”™ Next, we examined whether the difference
in affinity is related by fluorescence microscopic imaging of
intracellular Zn**. The intracellular concentration of Zn**
was controlled with a Zn** ionophore, pyrithione (2-mer-
captopyridine N-oxide), which brings extracellular Zn** into
the cytoplasm. We added various concentrations of Zn** to
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Figure 13. Phase-contrast and fluorescence response of 1 induced by in-
tracellular Zn**. a) B16F10 cells incubated with 10 um of 1 for 60 min at
room temperature were washed with PBS, and fluorescence excitation at
330-385 nm was measured at 30-s intervals. Cells were exposed to pyri-
thione (100 pm) in the presence of increasing concentrations of added ex-
tracellular Zn?*, as indicated by the solid line. Return of intracellular
Zn** to the rest level was achieved by addition of TPEN (200 pm, indi-
cated by arrow). b) Phase-contrast image taken at 0 min. c-g) Fluores-
cence images of the cells incubated with 1 (c: 2 min), with pyrithione and

50 um Zn** (d: 4 min), with 100 um Zn?* (e: 7 min), with 150 pm Zn** (e:
7 min), with 150 pm Zn?* (f: 9 min), and with 200 pm TPEN (g: 11 min).

pyrithione, and the intracellular Zn** concentration was
measured by fluorescence microscopy. When the extracellu-
lar Zn** concentration was increased from 50 to 150 pm, the
saturation of fluorescence intensity of 1 was not achieved
until 150 pm of Zn**. The fluorescence was measured at 30-s
intervals for various concentrations of ZnCl, (Figures 13a
and 14a). The cells became noticeably more fluorescent
when 150 pm ZnCl, and 100 pm pyrithione were added,
which facilitated Zn?* diffusion into the cells. The different
response of 1 with various concentrations of added Zn** is
clearly evident from Figures 13 and 14. Subsequent addition
of the cell-permeable metal chelator N,N,N’,N'-tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN) quenched the emis-
sion, which is consistent with intracellular turn-on as a con-
sequence of reversible zinc binding.”*< These results sug-
gest that 1 can be used to monitor the changes of intracellu-
lar Zn**, and should, therefore, be useful for clarifying the
role of Zn?* in biological processes in which the intracellu-
lar concentration of Zn** is important, for example, in cell
death induced by ischemia.’”! However, it is important to
mention here that measurement of cell viability forms the
basis for numerous in vitro assays of the response of a cell
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Figure 14. Phase-contrast and fluorescence response of 1 induced by in-
tracellular Zn?*. a) A375 cells incubated with 10 um of 1 for 60 min at
room temperature were washed with PBS, and fluorescence excitation at
330-385 nm was measured at 30-s intervals. Cells were exposed to pyri-
thione (100 pm) in the presence of increasing concentrations of added ex-
tracellular Zn?*, as indicated by the solid line. Return of intracellular
Zn** to the rest level was achieved by addition of TPEN (200 pm, indi-
cated by arrow). b) Phase-contrast image taken at 0 min. c—g) Fluores-
cence images of the cells incubated with 1 (c: 2 min), with pyrithione and
50 um Zn** (d: 4 min), with 100 um Zn?* (e: 7 min), with 150 pm Zn?* (f:
9 min), and with 200 um TPEN (g: 12 min).

population to external factors. Thus, for biological applica-
tion, 1 should not be cytotoxic at its applied dose and time
of incubation. To test its cytotoxicity, we performed an MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide) assay with both B16F10 and A375 cells treated with
10 um of 1 for up to 12 h. The MTT assay, first described by
Mosmann,® is based on the ability of the mitochondrial de-
hydrogenase enzyme from viable cells to cleave the tetrazo-
lium rings of yellow MTT and form dark-blue formazan
crystals that are largely impermeable to cell membranes,
thus resulting in its accumulation within metabolically active
or so-called viable cells. The number of surviving viable
cells is thus directly proportional to the level of the forma-
zan product created. The resulting intracellular formazan
can then be solubilized and quantified by spectrophotomet-
ric means. The MTT assay thus measures cell proliferation
rate and, conversely, when metabolic events lead to cell
death because of cytotoxicity, reduction in cell viability. As
shown in Figure S4 of the Supporting Information, 10 um of
1 did not show significant cytotoxic effects on both B16F10
and A375 cells up to 6 h of its treatment, although there was
significant cytotoxicity from 6 h onwards. This therefore sug-
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gests that 1 can be readily used for cellular application at
the indicated dose and time of incubation without concern
about its cytotoxicity.

Besides cultured living-cell systems, we applied 1 to rat
hippocampal slices. The slices were incubated with 10 pm of
1 for 1h in ACSF (artificial cerebrospinal fluid) at room
temperature. The fluorescence was dense mainly in three re-
gions: the dentate gyrus (DG), CA3, and CAl (CA =cornu
ammonis), which were indistinguishable (Figure 15). There-

Figure 15. Fluorescence images of 1-loaded rat hippocampal slices. The
slices were incubated with 10 um of 1 for 1h at room temperature in
ACSF and then washed with ACSF for 30 min. Fluorescence microscopy
images a) before and b) after incubation with 200 um TPEN for 0.5 h at
room temperature.

fore, no regional difference in released Zn** concentration
was observed, probably because of high affinity for Zn>*.
This distribution was also detected by other staining meth-
0ds.”*! The fluorescence was quenched by incubation of the
slices with 200 um TPEN for 0.5 h. Thus, 1 can be used to
detect intracellular free Zn>* in hippocampal slices.

Conclusions

We have synthesized a luminescent 2D coordination com-
pound based on a 3d-metal ion, {[Cu,(HL)(N;)]-ClO,}. (1),
which displayed high selectivity for Zn** and can be used as
a zinc ion selective luminescent probe for biological applica-
tion. Complex 1 dissociates in solution to produce
[Cu,(HL),(H5;L)]-2H,0O (2), which acts as a metalloligand.
The increase in emission in the presence of Zn>* is account-
ed for by Zn’* coordination of 2 at the unused binding site
to form [Cu,Zn,(HL);(Cl),]. An approximately 19-fold Zn>*-
selective chelation-enhanced fluorescence response in
HEPES buffer (pH 7.4) was attributed possibly to the dis-
ruption of PET communication between the receptor and
fluorophore moieties or by structural rigidity through coor-
dination with Zn**. By incubating cultured living cells or rat
hippocampal slices with 2, intracellular and free Zn®* con-
centrations in hippocampal slices could be monitored. These
results provide an opening into the promising new field of
luminescent probes with 3d-metal-based coordination com-
pounds for studies on the biological functions of Zn>*.
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Experimental Section
Materials and Physical Methods

All reagents and chemicals were purchased from Sigma and used without
further purification. PBS buffer was prepared by using deionized and so-
nicated triply distilled water. Solvents used for spectroscopic studies were
purified and dried by standard procedures before use. FTIR spectra were
obtained on a Nicolet MAGNA-IR 750 spectrometer with samples pre-
pared as KBr pellets. Elemental analysis was carried out on a
2400 Series-II CHN analyzer (Perkin-Elmer, USA). Luminescence spec-
tra were obtained on a Hitachi 4500 luminescence spectrometer. Fluores-
cence lifetimes were determined from time-resolved intensity decay with
the method of time-correlated single-photon counting by using a picosec-
ond diode laser at 370 nm as the light source. ESI mass spectra were re-
corded on a Qtof Micro YA263 mass spectrometer.

Caution: Perchlorate salts of metal complexes with organic ligands are
potentially explosive. Only a small amount of material should be pre-
pared and handled with caution.

Syntheses

H;L: The ligand 2,6-bis(hydroxyethyliminoethyl)-4-methyl phenol was
synthesized by following the published procedure.?”

1: A methanolic solution (20 mL) of Cu(ClO,),-6H,O (0.30 g, 0.81 mmol)
was added slowly to a magnetically stirred methanolic solution (15 mL)
of H;L (0.09 g, 0.36 mmol). The mixture was stirred in air for 45 min
while NEt; (0.10 mL, 0.72 mmol) was added, whereby a deep-green solu-
tion was formed. An aqueous solution (10mL) of NaN; (0.023 g,
0.36 mmol) was added, and the mixture was heated at reflux for 1 h. The
solution was then cooled to ambient temperature, filtered, and kept
under air. Single crystals of 1 (0.63 g, 75%) for X-ray crystallography
were obtained upon slow evaporation of the filtrate at ambient tempera-
ture for a few days. FTIR (KBr): 3361 (br), 2100 (vs), 1654 (vs), 1629
(vs), 1560 (vs), 1448 (m), 1330 (m), 1240 (w), 1117 (vs), 623cm™" (s)
(br=broad, w=weak, m =medium, s =strong, vs=very strong); elemen-
tal analysis: caled (%) for C;3H;sNsO,CICu,: C 30.21, H 3.12, N 13.54;
found: C 30.10, H 3.09, N 13.42.

X-ray Data Collection and Structure Determination

Crystal data are summarized in Table 1. The diffraction experiment was
carried out on a Bruker SMART CCD area-detector diffractometer at
150 K. No crystal decay was observed, so no time-decay correction was
needed. The collected frames were processed with the software
SAINT® and an empirical absorption correction was applied
(SADABS)P! to the collected reflections. The calculations were per-
formed by using the Personal Structure Determination Package™ and
the physical constants tabulated therein.*® The structure was solved by
direct methods (SHELXS)®! and refined by full-matrix least squares
with all reflections and by minimizing the function Zw(F,>—kF.?)? (refine-
ment on F?). All non-hydrogen atoms were refined with anisotropic ther-
mal factors. Hydrogen atoms H1-H4 were refined with a fixed isotropic
thermal parameter. All the other hydrogen atoms were placed in their
ideal positions (C—H=0.97 A), with the thermal parameter B at
1.10 times that of the carbon atom to which they are attached, and were
not refined. In the final Fourier map, the maximum residual was
1.45(28) e A~ at 1.10 A from N1.

CCDC-626266 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_request/cif.

Fluorimetric Analysis

Fluorescence spectroscopic studies were performed with a Hitachi 4500
luminescence spectrometer. The slit width was 2.5 nm for both excitation
and emission. The photomultiplier voltage was 700 V. Emission quantum
yields (@) were estimated by integrating the area under the fluorescence
curves with the formula [Eq. (4)]:

ODyundara X Asamplc « @

Dample = standard (4)
samp ODsumplc X Agandard ’
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in which A is the area under the emission spectral curve and OD is opti-
cal density of the compound at the excitation wavelength.®*! The stan-
dard used for the measurement of fluorescence quantum yield was cou-
marin 343 (¢=0.63 in ethanol).>

Imaging System

The imaging system comprised an inverted fluorescence microscope (IX-
70, Olympus, Tokyo, Japan), a digital compact camera (Olympus, model
C-5060), and an image processor (Camedia Master, Olympus, Japan).
The microscope was equipped with a halogen lamp, a mercury burner, an
objective lens (x40 (B16F10 and A375) or x5 (hippocampal slice), and
an excitation filter (330-385 nm).

Preparation of Cells

A375 human melanoma and B16F10 mouse melanoma cells procured
from the National Center for Cell Science, Pune, India were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL) supple-
mented with fetal bovine serum (FBS; 10%, Gibco BRL) and an antibi-
otic mixture (1%) containing penicillin, streptomycin, and neomycin
(PSN; Gibco BRL) at 37°C in a humidified incubator with CO, (5%).
For experimental study, cells were grown to 80-90 % confluence, harvest-
ed with trypsin (0.025 %, Gibco BRL) and EDTA (0.52 mm, Gibco BRL)
in PBS (Sigma Diagnostics), and plated in a six-well culture plate
(NUNC, Roskilde, Germany) at a density of 5x10° cells per mL. The
cells were then rinsed with PBS, incubated with PBS containing 1 (10 pm)
for 1h at 37°C, washed with PBS thrice, and mounted on a microscope
stage.

To test the cytotoxicity of 1, an MTT assay was performed by the proce-
dure described earlier.””) Briefly, cells (1x10° per well) grown in a 96-
well culture plate (NUNC, Roskilde, Denmark) for 24 h were treated
with DMEM supplemented with FBS (10%) and PSN (1 %), both with
and without 1 (10 pum), for different time intervals. Thereafter, the cells
were incubated with a medium containing MTT (0.5 mgmL™) for a fur-
ther 4 h. The intracellular formazan crystals formed were solubilized with
acidic isopropanol (0.04N), and the absorbance of the solution was mea-
sured at 595 nm by using an ELISA reader (Model: Emax, Molecular
Device, USA).

Preparation of Rat Hippocampal Slices

The whole brains of Adult male Sprague-Dawley rats (body weight 200—
250 g) were removed quickly under diethyl ether anesthesia and placed
in ice-cold ACSF, which was aerated with O, (95%)/CO, (5%). The
composition of the ACSF was NaCl (124 mm), KCl (2.5 mm), NaHCO;
(26 mm), NaH,PO, (1.25 mm), CaCl, (2.0 mm), MgCl, (1.0 mm), and glu-
cose (10 mm). The hippocampus was isolated, placed on an agar plate,
and sliced into 300-um-thick slices with an oscillating microtome (Elec-
tron Microscopy Sciences, Model OTS-4000). The fresh hippocampal
slices were incubated in ACSF equilibrated with O, (95 % )/CO, (5 %) for
more than 45 min at room temperature, then they were loaded with 1
(10 um) for 1 h at room temperature. Postincubation with ACSF was car-
ried out for 30 min to wash out the extracellular compound (1). A small
flow-through chamber, whose base consisted of a thin glass cover slip,
was placed on a microscope stage. A loaded slice was then held in place
in the chamber by a metal wire ring with a stretched nylon net and con-
tinuously perfused (2.5 mLmin™") with equilibrated ACSF at 33-34°C.

Effect of pH on Luminescence Intensity

The following buffers were used: AcOH/AcONa buffer (100 mm, pH 4.0—
5.5), morpholinoethanesulfonic acid (MES) buffer (100 mm, pH 5.5-6.5),
HEPES buffer (100 mm, pH 7.0-8.0), and N-cyclohexyl-2-aminoethane-
sulfonic acid (CHES) buffer (100 mm, pH 8.5-9.0).

Measurements of Metal-lon Selectivity

Metal ions were added as MnCl,, FeCl;, CrCl;, CoCl,, NiCl,, CuCl,,
ZnCl,, CdCl,, NaCl, KCl, CaCl,, and MgCl,. The emission of 1 was mea-
sured in HEPES buffer (100 mM, pH 7.4) at room temperature (excita-
tion 385 nm, emission 454 nm).
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Abstract: The potential-energy surfaces
of the reactions of dirhodium tetracar-
boxylate (Rh,"™") catalyzed nitrene
(NR) insertion into C—H bonds were
examined by a DFT computational
study. A pure Becke exchange func-
tional (B88) rather than a hybrid ex-
change functional (B3, BHandH) was
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energy lower than that of Rh,™-N-
(PhI)R'. The singlet and triplet states
of Rh,™NR' have similar stability.
Singlet Rh,™-NR' undergoes a con-
certed NR insertion into the C-H
bond with simultaneous formation of
the N—H and N—C bonds during C—H
bond cleavage; triplet Rh,™™-NR' un-

dergoes H atom abstraction to produce
a diradical, followed by subsequent
bond formation by diradical recombi-
nation. The singlet pathway is favored
over the triplet in the context of the
free energy of activation and leads to
the retention of the chirality of the C
atom in the NR insertion product. The

found to be appropriate for the calcula-
tion of the energy difference between

reactivities of the C—H bonds toward
the nitrene-insertion reaction follow
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Introduction

Catalytic C—H bond amination involving nitrenes (NR) is
developing into an important alternative to classical meth-
ods of C—N bond formation, and this is attractive for build-
ing functionalized amines."” Since the pioneering work of
Breslow and Gellman in the 1980s,*°! considerable advances
in this area have been made, and various transition-metal
catalysts, including those that contain Fe,*® Cu[™
Rh,> 1017 Mn 18211 and Ru®?! atoms with diverse ligand
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examined in this work.

scaffolds, have been reported for catalytic intramolecular
C—H bond amination. Metal-catalyzed C—N bond-formation
reactions can be regio- and stereoselective. Despite exten-
sive studies on their synthetic applications, mechanistic in-
vestigations of intramolecular nitrene C—H insertions are
rare. Imino phenyliodinanes (PhI=NR) are often used as a
“nitrene source” for the generation of the reactive “metal-
nitrene” intermediate, whereas the actual intermediate(s) di-
rectly responsible for NR insertion into C—H bonds remains
elusive in the literature. Both metal-phenyliodinane (L M-
N(IPh)R)**%2 and metal-nitrene (L M-NR)®™'! inter-
mediates have been suggested to be responsible for NR-
group delivery,”” and concerted insertion via a singlet nitre-
noid or radical recombination via a triplet nitrenoid may be
feasible pathways in the C—N bond-formation reactions.!!
In stoichiometric intermolecular C—H bond amidation by
Ru-imido™®?2 and C—H bond amidation catalyzed by
Mn-porphyrin complexes,™ a carboradical reactive inter-
mediate was proposed in each case. In contrast, Espino and
Du Bois proposed that a concerted insertion process is re-
sponsible for dirhodium(II,II)-catalyzed intramolecular ami-
dations.”®! Generally, the nitrene (NR) group preferentially
inserts into tertiary and benzylic C—H bonds.[*14

— WWILEY
InterScience: 1101
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Among the transition-metal complexes reported to cata-
lyze nitrene insertion into C—H bonds, the dirhodium car-
boxylates (denoted Rh,"™" hereafter) have been demonstrat-
ed by Du Bois and co-workers to be versatile catalysts in
most C—N bond formations."'”) Nakamura et al.”® reported
a computational study of Rh,""-catalyzed carbene insertion
into the C—H bonds of hydrocarbons, but there has been no
analogous study of C—N bond formation involving Rh,™"
catalysts. In recent years, Du Bois and co-workers reported
the synthesis of a series of oxazolidinones!™ and oxathiazi-
nanes!'>*%! from carbamates and sulfamates, respectively,
by intramolecular nitrene insertion into C—H bonds with
Rh,™" as a catalyst. Herein we report a density functional
theory (DFT) computational study of the Rh,"™"-catalyzed
intramolecular C—H bond-amidation reactions that were
previously reported in reference [13]. Our results show that
“Rh,"™nitrene” is the active species directly responsible
for nitrene insertion into the C—H bond. The singlet and
triplet “Rh,™nitrene” studied in this work have similar
thermodynamic stability, but the C—N bond formation
comes from a concerted singlet-nitrene-insertion pathway.

It has been generally assumed that Rh,"™"-mediated intra-
molecular aminations involve the following steps: in situ
generation of imino phenyliodinanes from the substrate(s),
formation of the active intermediate(s) from Rh,™", which
is responsible for delivery of the NR group, and C—H activa-
tion/C—N bond formation (Scheme 1). In this study, Rh,-
(O,CH), (1; Figure 1) was used to model the Rh,(O,CCHj;),

\/ Rh,L,
H—C_ PhI(OAc),
—_—
HN —2HOAC ppp
L4Rh2—N

Scheme 1. Catalytic cycle for Rh,!™!
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Figure 1. Optimized structures at the BPW91/BS1 level for Rh,"™ (1),
imino phenyliodinane (2), Rh,""-phenyliodinane intermediate IM1,
Rh,"""_NR! intermediates IM2 (singlet) and IM3 (triplet), and the final
oxazolidinone product (3). Key bond lengths and distances (A) are indi-
cated. Atom symbols are indicated on selected atoms for clarity.
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catalyst. (S)-2-methyl-1-butyl carbamate was chosen as a
model substrate to examine the mechanism of the intramo-
lecular amidations reported in reference [13].

Results and Discussion

E, of Rh,"""-NH Complex with Different Computational
Methods

The energy difference between the singlet and triplet states
(E,) is usually an issue of discussion in nitrene chemistry.®"
Although hybrid functionals, especially BALYP*! are popu-
lar in DFT calculations, it was reported that B3LYP often
overestimates E, by about 8-10 kcalmol™' for some ni-
trenes, such as acylnitrene,’**) compared to that obtained
at the more accurate CCSD(T) level of computation. The
pure Becke exchange functional® may lead to a more accu-
rate E, value® that is comparable to that observed in ex-
perimental results.®® In this work, we carefully chose an ap-
propriate set of exchange and correlation functionals when
using DFT methods. Table 1 shows the E values for the
Rh,™-NH species (Figure 2) obtained with different com-
putational methods and basis-set levels. It was found that
different correlation functionals did not significantly affect
the Eg value; instead, different exchange functionals did
have an effect. The E value predicted by the B3 (B3LYP
and B3PW91) methods were around 13 kcalmol™' in each
case, whereas the BHandH"”' method predicted a value of
around 26 kcalmol™'. The pure
Becke exchange methods
(BPW91, BLYP) predicted
values lower than 3 kcalmol ™,
which is similar to the result
obtained by CCSD(T) single-
point calculations. The ex-
change functional that contains
a larger contribution from the
Hartree-Fock exchange would
lead to a larger deviation than
in the CCSD(T) results. As revealed in Table 1, the E
value computed with a higher basis-set level (BS3; see the
designation of BS1-BS3 in the Computational Details) is
rather close to that computed with a lower level (BS1). Fur-
thermore, the calculated geometric parameters of the Rh,
(O,CH), model are similar to those obtained by X-ray crys-

Table 1. The singlet and triplet energy split (Eg= Egpyei—Evipie) Of the
Rh,"™"-NH complex with different computational methods and basis-set
levels.

Method/ CCSD(T)/BS2// CCSD(T)/BS2// BPWI1/
basis set BPW91/BS1 B3LYP/BS1 BS3

E, [kcalmol™'] 1.4 2.4 2.6
Method/ BPW91/ BLYP/ B3PW91/ B3LYP/ BHandH/ HF/
basis set BS1 BS1 BS1 BS1 BS1 BS1
E [kecal 2.9 2.6 13.2 12.9 25.7 86.9
mol ']

Chem. Asian J. 2007, 2, 1101 -1108
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Singlet  Triplet
R1: 1.053 1.043
R2: 1847 1.925
R3: 2462 2.452
Al: 1055 1186
A2: 916 852

Figure 2. Optimized structures at the BPW91/BS1 level for the Rh,""-
NH complex. Key bond lengths (A) and angles (°) are indicated.

tallography.®® Therefore, the BPW91/BS1 method was used
in the following computational study.

Formation and Decomposition of Rh,""-Phenyliodinane
Complex

Taking into account the controversy of whether a metal—
phenyliodinane (L,M-N(IPh)R) or a metal-nitrene (L M-
NR) is directly responsible for the nitrene delivery, we ex-
amined the thermodynamic stability of these two species
compared to that of the starting materials (SM), that is, Rh,-
(O,CH), (1) and carbonylimino phenyliodinane (2), of
which the latter is generated in situ from (S)-2-methylbutyl

carbamate.”®! As shown in Figure 3, an Rh,"™'—phenyliodi-
0 0.0
T
[<] 5
£ . -8.3
= 0
S-104
0
<
5
w .
4 ; - 20,0 (-21.5)
—20 1 " ors o—o0
M & 210(216)
=1+
1+2 M1 IM2/AM3+Phi

Reaction coordinate
1+2 - IM1-—IM2/IM3 + Phl

Figure 3. Relative energy (AE) and free energy (AG) profiles for the Rh-
mediated decomposition of imino phenyliodinanes. Values in parentheses
correspond to IM3. AG data were obtained at 313.15 K throughout this
paper.l'” @ =E profile, O =G profile.

nane complex, denoted IM1, can be formed from 1 and 2
with AE and AG values of —21.8 and —8.3 kcalmol™', re-
spectively. As revealed by the structure of IM1, the forma-
tion of the Rh—N bond is associated with elongation of the
Rh-Rh bond from 2.379 to 2.446 A and a weaker interaction
between the N and I atoms (the N—I bond length increased
from 2.026 to 2.102 A). From a localized-orbital analysis,*)
one can see that back-donation from the Rh 4d,, orbital to
the N—I o* orbital (see the local orbital LO1 of IM1, Fig-

Chem. Asian J. 2007, 2, 1101 -1108
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ure 4e) may play an important role in driving the PhI de-
tachment.?*4 A5 depicted in Figure 3, the subsequent de-
composition of IM1 to IM2/IM3 and Phl is greatly favored
by a large negative AG value (—11.7 and —13.2 kcalmol !
for IM2 and IM3, respectively). Here IM2 and IM3 refer to
singlet and triplet Rh,"—nitrene, respectively, and they
have similar thermodynamic stability (see below). As the
energy of IM1 is similar to that of IM2+ Phl, the decompo-
sition of IM1 to IM2+ PhlI is a consequence of the increase
in entropy. These results indicate that the “metal-nitrene”
may possibly serve as the active species for delivery of the
NR group.

N-Atom Insertion into C—H Bond via Rh,"""-NR Complex:
Singlet versus Triplet Pathways

Considering that the reaction mechanisms of NR-group in-
sertion for the singlet and triplet metal-nitrene species are
different, we estimated the relative thermodynamic stability
of singlet and triplet Rh,"™"-nitrene, that is, IM2 and IM3,
respectively. The energy/free-energy differences between
IM2 and IM3 obtained by different computational methods
are listed in Table 2. The E, and G, values are within
1.5 kcalmol ™!, which indicate that the singlet and triplet
Rh,"™nitrenes could be present at similar concentrations in
the reaction system. This hypothesis is strengthened by a
Kohn-Sham orbital analysis.[*”

Table 2. E; and G values for the singlet intermediate IM2 and the
triplet intermediate IM3.

Method/basis ~ BPW91/ BPW91/BSI/  BPW91/BS3/DPCM/
set BS1 DPCM BPW91/BS1
Ey=FEnp—FEns 0.6 03 0.5
Gy=Gnz—Gms 1.5 14 15

It is well-documented that a common free nitrene (NR)
or carbene (CR,) is more stable in the triplet state than in
the singlet state without m donation of the R group. This is
because the two singly occupied m oribitals of the N/C
atoms are degenerate,® and according to the Hund princi-
ple, an additional paired energy is needed to form a singlet
nitrene/carbene species; thus, Ey= Egger— Eviplet = Epairea- 10-
spection of the frontier orbitals, that is, the HOMO and
LUMO of singlet IM2 (Figure 4a and b) and the two singly
occupied molecular orbitals (SOMOSs; Esomor < Esomoz) Of
triplet IM3 (Figure 4c¢ and d) showed that all of these orbi-
tals are antibonding and involve a combination between the
N m and Rh-Rh nt* orbitals. On the basis of the MO coeffi-
cients, LUMO/SOMO?2 of IM2/IM3 has a larger contribu-
tion from the N 2p orbital than HOMO/SOMOL. This indi-
cates that the two degenerate m orbitals of the N atom in
the free nitrene overlap differently with the Rh—Rh t* orbi-
tals, thus leading to the energy splitting (E,) of these two
frontier orbitals. E, favors the singlet over the triplet state
from the equation Ey=E,;q—Ex As a consequence, IM2
and IM3 are close in energy, and it is necessary to explore
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Pathway 1:

%
’ i ’ A M2—>
4

a) HOMO (IM2)  b)LUMO (IM2)  c) SOMOI (IM3) d) SOMO2 (IM3)

¢) LOT (IM1)

f) LO2 (TS1) g) LO3 (TS2)

Figure 4. Selected Kohn-Sham orbitals for IM2 and IM3, and localized
orbitals for IM1, TS1, and TS2. The contour value is 0.020 eau™.

the NR-group insertion into the C—H bond through path-
ways that involve both IM2 and IM3. Tt was known®** that
nitrenes (NR) may be more stable in the singlet than in the
triplet state when R is a good m donor; in our case, the & in-
teraction of the metal with the nitrene nitrogen atom stabil-
izes the singlet state in a similar fashion.

On the basis of the experimental results reported in the
literature, we only examined the amidation reactions that
form six- or five-membered-ring products by NR-group in-
sertions into primary, secondary, or tertiary C—H bonds. The
formation of four- and seven-membered rings was not con-
sidered in this work owing to unfavorable ring strains. Six
reaction pathways were examined through the location of
the transition states and the product complexes associated
with IM2 and IM3 on the potential-energy surfaces: path-
ways 1 (singlet) and 2 (triplet) for tertiary, pathways 3 (sin-
glet) and 4 (triplet) for secondary, and pathways 5 (singlet)
and 6 (triplet) for primary C—H bond amination. We denote
TSn and PCn (n=1-6) as the transition state and product
complex of the nth pathway, respectively, and their geome-
tries are depicted in Figure 5. The free-energy profiles for
these reaction pathways are shown in Figure 6.

As depicted in Figure 6, the singlet pathways (pathways 1,
3, 5) are significantly favored over the triplet ones (path-
ways 2, 4, 6). For instance, the reaction barrier for NR inser-
tion into a tertiary C—H bond for the singlet pathway is
5.6 kcalmol ' lower than that for the corresponding triplet
pathway. As IM2 proceeds to TS1, the H(1) atom detaches
from the C(3) atom with a C(3)--H(1) distance of 1.252 A
and approaches the N atom with an N--H(1) distance of
1357 A. Upon examination of the MO coefficients, the
LUMO orbital of IM2 (Figure 4b) has a large contribution
from the N 2p orbital. This makes the N atom of IM2
strongly electrophilic. The C(3)-H(1) o bonding electrons
are attracted by the vacant N 2p orbital, so that the total
charge of the 2-methylbutoxycarbonyl moiety increases sig-
nificantly from 0.173 for IM2 to 0.486 for TS1, thus indicat-
ing that it has hydride-transfer character. The hydride trans-
fer is accompanied by simultaneous formation of the C(3)—

1104 www.chemasianj.org

Pathway 6: )

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2)
; 12501 55
o (1
il P Al
/ L2100 8() @)

FaX —>
By nr 3, )':.\.‘V
i

‘ey‘)’*‘ >
24

5)

TS3

2 el

A 50 /
)
N
25775

. TS6 . PC6

Figure 5. Optimized structures at the BPW91/BS1 level of the transition
states and product complexes involved in six proposed pathways for the
Rh,"""catalyzed intramolecular amination of (S)-2-methylbutyl carba-
mate via intermediates IM2 and IM3. Key bond lengths and distances
(A) are indicated. See text for more details.

N bond as revealed by the local orbital LO2 (Figure 4 f) of
TS1. There is a strong orbital interaction between the C(3)
and N atoms, with a trigonal transition-state structure, which
indicates that both the hydride transfer and C(3)—N bond
formation take place in a concerted manner. This is clearly
supported by the structure of PC1, which is preceded by
TS1 on the reaction pathway.
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The triplet pathway starts from IM3, which has two singly
occupied MOs with a large N 2p coefficient. The formation
of the oy bond would require one electron from the ap-
proaching H atom to go to one of the two SOMOs, thus
leading to homolytic rather than heterolytic cleavage of the
C(3)—H(1) bond. Homolysis of the C(3)—H(1) bond leads to
one unpaired electron residing on the C(3) atom and the
other residing in the intact SOMO. These suggestions are
supported by the results of a spin-density analysis (Table 3).

Table 3. Spin densities for selected atoms in IM3, TS2, and PC2 for reaction

pathway 2 at the BPW91/BS1 level of theory.

=

Rh(l) Rh(2) N(1) O()

Rh(1)+Rh(2)+N(1)+0(2) CB3) Total

IM3 0230 0409 1.098 0.260 1.997 0.004  2.001
TS2 0308 0381 0.683 0.191 1.562 0.432  1.994
PC2 0260 0335 0.338 0.140 1.074 0.874 1.948

In IM3, the spin densities mainly reside on the N (1.098),
Rh(1) (0.230), Rh(2) (0.409), and O(2) (0.260) atoms. The
total spin density of these four atoms is 1.997, thus indicating
a triplet intermediate. The change in spin density mainly oc-
curred at the N and C(3) atoms, and there were relatively
small changes in spin density at O(2) and the two Rh atoms.
The spin density of the N atom decreased from 1.098 to
0.683, and that of the C(3) atom increased from 0.004 to
0.432 during the IM3—TS2 process. This implies that, as
H(1) approaches the N atom, the C(3)—H(1) o bond under-
goes homolytic cleavage. As TS2 proceeded to PC2, the spin
density of C(3) increased to 0.874, and the configuration of
the C(3) atom changed from a pyramidal to a planar struc-
ture to produce PC2. The results of the spin-density analysis
show that PC2 is a diradical species. Thus, the N—H(1) bond
formation would not be accompanied by C(3)—N bond for-
mation during the IM3—TS2—PC2 process. The local orbital
LO3 of TS2 (Figure 4 g) is different from LO2 of TS1 (Fig-
ure 4 f). The H(1) atom interacts covalently with the N atom,
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whereas the C(3) atom does not interact with the N atom in
the transition state. This is supported by the structure found
for PC2. In the IM3—TS2—PC2 process, the cleavage of a
C—H bond is accompanied by the formation of a new N—H
bond, but in the IM2—TS1—-PC1 process, the cleavage of a
C—H bond is accompanied by the formation of two new o
bonds (C—N and N—H). Because bond formation is exother-
mic and bond cleavage is endothermic, one might expect that
a two-bond formation process is energetically more favorable
than the formation of one bond. In other words, the singlet
pathway would have a lower activation barrier than the trip-
let, which is consistent with the results depicted in Figure 6.
Structurally, the C(3)--H(1) distance of 1.316 A in TS2 is
longer than that of 1.252 A in TS1, and the N--H(1) distance
of 1.308 A in TS2 is shorter than that of 1.361 A in TS1. The
geometry change from IM3 to TS2 is larger than that from
IM2 to TS1, which also suggests that the triplet pathway has
a higher activation energy barrier.

PC1 is formed from the Rh,"™" catalyst and the oxazolidi-
none product with the configuration of the C(3) atom re-
tained during the nitrene-insertion reaction. Its subsequent
decomposition to give the enantiomerically pure product
(8)-4-ethyl-4-methyloxazolidin-2-one (3 in Figure 1) and the
starting Rh,"™ catalyst could be facile. The free-energy
change for this decomposition process was found to be
—2.0 kcalmol™! at the BPW91/BS1 level of theory. PC2 has
a different structural character to PC1, but is rather similar
to TS2 in structure. The C(3)~N bond does not form in
PC2, although the N—H(1) bond is formed with a bond
length of 1.034 A. The C(3) atom has sp>-hybridization char-
acter, and the vicinal moiety of the C(3) atom exhibits a
roughly planar structure. The rate of recombination of di-
radical species PC2, that is, C(3)—N bond formation, depends
on the rate of its state crossing from triplet to singlet when
C(3) approaches the N atom. However, due to the rotation
of the planar CH,C(CH;)CH,CH; moiety, the C(3) atom
may not retain its original configuration, and this could lead
to decreased stereoselectivity in the formation of the oxazo-
lidinone product from PC2 The singlet and triplet pathways
gave similar results for the amination of secondary or pri-
mary C—H bonds. Thus, in the Rh-mediated concerted sin-
glet nitrene insertion, the amidation product is generated
with retention of chirality, whereas in the triplet nitrene
stepwise pathway, the diradical intermediate PC2 is first
formed, followed by subsequent recombination (Scheme 2).
The concerted mechanism with the singlet pathway and the
stepwise mechanism with the triplet pathway for nitrene in-
sertion are similar to the case of the P450-enzyme-catalyzed
hydroxylation reactions reported previously.*

The relative reaction rates for the singlet pathways over
the triplet may be estimated according to transition-state
theory by Equation (1):

ksinglet/ktrip]el &~ exp[(AG#triplet_AG#singlet + AGSI)/RT] (1)

As listed in Table 4, the relative reaction rates (Kgngel
Kkyiper) for the amidation of tertiary, secondary, and primary
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C—H bonds were 7.3x10% 3.8x10% and 8.1, respectively. In-
clusion of bulk solvation (CH,Cl,) effects on the reactions at
different computational levels gave rather similar kgpge/
Kyipee data. All the results obtained with these different
methods indicate that the singlet concerted pathway is the
predominant pathway, which is responsible for the forma-
tion of the enantiomerically pure oxazolidinone product.!"

N-Atom Insertion into Different C—H Bonds:
Regioselectivity

In the literature, it has been shown that in Rh,""-catalyzed

C—-N bond-formation reactions, the nitrene will preferential-
ly insert into tertiary and benzylic C—H bonds,*'! and that
the formation of five/six-membered rings is fa-
vored.!"13 14251 Ag described in the previous section, the
rate constants for the singlet pathways are larger than the
corresponding ones for the triplet pathways. Thus, we fo-
cused our further analysis on the singlet pathways, that is,
pathways 1, 3, and 5. TS1 is a six-membered-ring transition
state, whereas TS3 and TS5 are seven-membered-ring transi-
tion states. The geometry change from IM2 to TS3 is smaller

C(3): planar C(3): planar

stepwise diradical formation and recombination

I_mediated amidation reaction.

than that from IM2 to TS5, which implies that there is a
lower energy barrier for the former pathway. From Figure 6,
singlet tertiary C—H bond insertion (pathway 1) is the most
favorable pathway with an activation barrier of 5.6 kcal
mol~!, which is 2.4 kcalmol ™! lower than that for singlet sec-
ondary C—H bond insertion, and 7.7 kcalmol™' lower than
that for singlet primary C—H bond insertion. The order of
reactivity for the singlet concerted pathways of C—H bond
amidations is tertiary >secondary >primary C—H bonds.
The singlet concerted pathways have some hydride-transfer
character, which results in a significant increase in the
charge on the 2-methylbutoxycarbonyl moiety. Its charge in-
creased by 0.313, 0.337, and 0.537 from IM2 to TS1, TS3,
and TSS, respectively. This reveals that the charge increase
is in correlation with the energy barrier for the singlet reac-
tion pathways. The hydride-transfer character of the singlet
concerted pathways also implies that the nitrene favors in-
sertion into C—H bonds that have vicinal groups to stabilize
the positive charge of the carbon atom. Therefore, the terti-
ary C—H bond is the most favorable site. This is in good
agreement with experimental results reported by various
workers.['3142] The level of regioselectivity can also be esti-

Table 4. Energy and free-energy barriers and estimated relative reaction rates of the different reaction pathways.

BPWI1/BS1 BPW91/BS1/DPCM BPW91/BS3/DPCM//BPW91/BS1

Reactions®) AE? AG” kgl ky/k el AE” AG” kgl ki/kl  AE? AG” kgl kylk
[kcalmol '] [kcalmol™] ki)™ [kcalmol '] [kcalmol™'] k4, [kcalmol™'] [kcalmol™] k4™

Pathway 1 3.8 5.6 7.3x10% 1 4.5 3.2 1.9%x10° 1 4.0 3.5 1.0x10° 1
Pathway 2 9.8 11.2 73x10* 11.7 9.3 1.9%x10° 10.4 9.3 1.0x10°
Pathway 3 5.6 8.0 3.8x10> 47 6.7 6.2 53x10*> 12x10° 6.9 6.5 33x10* 12x10°
Pathway 4 114 13.2 1.8x10* 13.7 11.5 6.5x10* 129 11.6 8.1x10°
Pathway 5 119 13.3 8.1 24x10° 10.5 8.7 90 6.9x10° 9.7 9.0 47 6.9%x10°
Pathway 6  14.3 16.1 1.9%x10° 15.8 12.9 62x10° 14.4 12.9 3.3x10°

[a] The reaction pathways are described in Figure 4. [b] k; represents the reaction rate constant for the singlet pathway in pathway i, and k., represents
the reaction rate constant for the triplet pathway in pathway (i+1), in which i=1, 3, 5. [c] k; represents the relative reaction rate constant for pathway j with

respect to pathway 1, in which j=1-6.
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mated by the relative reaction rates of N atom insertion into
different C—H bonds [Eq. (2)]:

ksinglct‘z/ksinglct,l = exp[(AG%singlct,l _AG%singlct‘Z)/RT] (2)

As shown in Table 4, the singlet concerted pathway for
tertiary C—H bond insertion to afford the chirality-retention
product is the most favorable of these six pathways. The rel-
ative reaction rate for pathway 1 is so much larger than
those for pathways 2, 4, 5, and 6 that these latter four path-
ways probably do not play any significant role. The relative
reaction rate of pathway 1 to pathway 3 (k/k;) is about 47
at the BPW91/BS1 level of theory, and is 1.2 x 10? when sol-
vation effects are considered. This enables the amidation re-
action to occur at the tertiary C atom to give the product in
high yield. This is consistent with experimental observa-
tions.!

Conclusions

In summary, we propose a mechanistic framework for the
Rh,™"catalyzed intramolecular amination of carbamates.
The Rh,"™nitrene complex(es) (IM2/IM3) rather than the
Rh,""_pheyliodinane complex (IM1) is responsible for de-
livery of the NR group. The concerted singlet reaction path-
ways via IM2 lead to retention of the configuration of the
carbon atom in the oxazolidinone product, and the stepwise
triplet diradical recombination pathways via IM3 may lead
to the formation of racemic products. Although the singlet
(IM2) and triplet (IM3) intermediates have similar thermo-
dynamic stability, the NR-group-insertion step preferentially
proceeds via IM2 owing to a lower activation barrier than
via IM3. The order of reactivity for the singlet concerted
pathways is tertiary >secondary > primary C—H bonds. The
overall regioselectivity computed in this work is consistent
with the experimental results reported by Espino and
Du Bois.™™ It would be interesting to study other relevant
reactions, such as the Rh-catalyzed amination of sulfa-
mates,'>'" or other transition-metal-catalyzed amination or
aziridination reactions!>?**#! to help explain/predict the
selectivity of these reactions.

Computational Details

DFT with the 1988 Becke exchange® and the Perdew and Wang correla-
tion'*! functionals was used to examine the potential-energy surfaces of
the Rh,"™"-catalyzed NR-group insertion into C—H bonds. Geometry op-
timization and frequency analysis were done with the Gaussian 98 soft-
ware suit (Version A7).*"! The restricted DFT method was used for calcu-
lation of singlet-state structures, and the unrestricted DFT method was
used for triplet-state structures. Three levels of basis sets, denoted BS1-
BS3, were used in this work. For all C, H, and O atoms, the 6-31G* basis
set was used in BS1, the 6-31G basis set was used in BS2, and the 6-311+
+G(d,p) basis set was used in BS3. For the N atom, the 6-31G* basis set
was used in BS1 and BS2, and the 6-311++ G(d,p) basis set was used in
BS3. For the Rh atom, the LANL2DZ™! basis set was used in BS1 and
BS2, and the SDD™)! basis set was used in BS3. For the I atom, the
LANL2DZ basis set in conjunction with diffuse and polarization func-
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tions (LANL2DZdp)"! was used in all basis sets. As CH,Cl, is a com-
monly used solvent for Rh,"™-catalyzed NR insertion into C—H bonds,
the effect of bulk solvation was examined with the polarized continuum
solvation model (D-PCM)P' (implemented in the latest version of
Gaussian 03) utilized for CH,Cl, (¢=8.30 at 313.15K). Bondi atomic
radii® were used in the D-PCM calculations, in which the H atoms were
explicitly considered to build up the solvation cavity. Intrinsic reaction
coordinate (IRC) calculations were done to confirm that the transition
states proposed connected the appropriate reactants and products.” The
Cartesian coordinates, total energies, and vibrational zero-point energies
for the computed structures are given in the Supporting Information.
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or acid-mediated ring closure was de-
veloped. Screening of this library for
phosphatase inhibitors yielded a new
inhibitor class for the Mycobacterium
tuberculosis phosphatase MptpB.

Introduction

Protein phosphatases are critically involved in numerous
biological processes and play fundamental roles in cellular-
signaling events.'l As a consequence, small-molecule regula-
tors of protein phosphatases have proven to be valuable
tools in various studies of cell biology.”) Moreover, selective
small-molecule inhibition of protein phosphatases may
result in a new approach for the treatment of various impor-
tant diseases such as diabetes and cancer. Consequently, the
development of such drug candidates is currently a major
topic of research in medicinal chemistry. However, although
research activities in this field have intensified substantially
in recent years, new classes of phosphatase inhibitors are in
high demand.”! One of the most important criteria for com-
pound collections for applications in chemical biology and
research in medicinal chemistry is their relevance to
nature.P’! The structural scaffolds of natural products encode
evolutionary selected properties for binding to proteins and,
therefore, represent biologically relevant and prevalidated
fractions of chemical space.**) Based on these arguments,
BIOS (biology-oriented synthesis) employs the core struc-
tures of natural products as scaffolds for compound collec-
tions.”! Such scaffolds can be identical with the core struc-
ture of a natural product in which different substituents are
introduced at exactly the same positions as predetermined
by nature. This approach led, for instance, to the discovery
of new SHP-2 and VE-PTP inhibitors based on the furano-
dictine or cytisin scaffold.”! In contrast to these “natural-
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product-derived” scaffolds, unidentical but closely related
structural frameworks of natural products may be used for
library synthesis. In this “natural-product-inspired” ap-
proach, substituents are introduced not necessarily at the
original substitution sites of the guiding natural product
(NP). Also, the stereochemistry may be varied. Both strat-
egies allow the creation of focused diversity around a bio-
logically validated starting point in chemical space. BIOS
builds on the diversity created by nature and in evolution
and aims at local extension in areas of proven relevance.
Therefore, it is to be expected that compound collections
designed on the basis of NP structure will be enriched in
biological activity. In the application of the BIOS concept
for the development of phosphatase inhibitors, 354 chemi-
cally diverse natural products were screened for inhibition
of the phosphatases PTP1B, Shp-2, VE-PTP, Cdc25A, and
VHR, as well as MptpA and MptpB. PTP1B is considered a
target for the development of new drugs against diabetes
and metabolic syndromes."®¥ Shp-2 is a tyrosine phosphatase
which is a target for the development of new anticancer
drugs.”) VE-PTP dephosphorylates the Tie-2 receptor tyro-
sine kinase and enhances the adhesive function of endothe-
lial VE-cadherin.'” The phosphatase Cdc25A is involved in
cell-cycle regulation and is, therefore, an anticancer target.”’
Finally, VHR influences signaling by dephosphorylation of
ERK1/2 and Jun kinases."!! Recently, the two protein phos-
phatases MptpA and MptpB of the human pathogen Myco-
bacterium tuberculosis were identified as potential targets
for the treatment of tuberculosis infections."'>! M. ruber-
culosis secretes these two enzymes, thereby modulating the
normal cell-signaling processes of the host by dephosphoryl-
ation of proteins involved in interferon—y-signaling path-
ways. This process seems essential for bacterial survival in
the macrophage cells of the host, which is further supported
by recent investigations that found that the survival of bac-
teria lacking MptpB phosphatase activity was significantly
decreased.!™

Surprisingly, of the 354 isolated natural products screened
in the phosphatase assay, three out of seven Yohimbane-
type indole alkaloids displayed moderate to weak inhibitory
activity for the dual-specificity phosphatase Cdc25A. Impor-
tantly, inhibition was influenced by the stereochemistry of
the D-E ring linkage as well as the substitution pattern in
the E ring (Scheme 1).

These results indicated that by appropriate structure var-
iation, identification of more potent inhibitors may be possi-
ble. However, in view of the structural complexity of the
pentacyclic Yohimbane alkaloids, which turns a library syn-
thesis of these scaffolds into a tedious task, we consulted the
SCONP principle (structural classification of natural prod-
ucts) for design guidance.! SCONP arranges natural prod-
ucts genealogically in a treelike structure, thereby relating
structurally more complex scaffolds to structurally less com-
plex ones under retention of biological activity. Following
this design guidance, the basic scaffold of the Yohimbane al-
kaloids A was assigned to the indole branch of the SCONP
tree (Scheme 2).1! Brachiation along the line of prevalida-

1110 www.chemasianj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

o=" 3
~\  OH
OH
Yohimbane (1) Ajmalicine (2)
ICsp =22.3 uM ICs9 = 31.6 uM

MeO

Reserpine (3)
1C5p = 63.7 UM

Scheme 1. Inhibitors of the dual-specificity phosphatase Cdc25A identi-
fied through screening of 354 isolated natural products.
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Scheme 2. Schematic representation of the indole branch of the SCONP
tree and general structure of the indole-inspired compound collection 9.

tion by nature then leads to tetracyclic indolo[2,3-a]quinoli-
zidines B and, if further structural simplification is sought,
via tetrahydro-f3-carbolines C to indoles G.

Natural products that contain the indolo[2,3-a]quinolizi-
dine framework have been reported to display a wide range
of biological activities. Examples include the antiplasmodial
agent dihydrousambarensine (4),"*! the antiviral natural
product hirsutine (5),' the antibacterial lercheine (6),1°!
glabratine (7),'% as well as the cytotoxic compound 10-hy-
droxyangustine (8)!'” (Scheme 3). These findings further va-
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Dihydrousambarensine (4)
antiplasmodic, active against
chloroquine-resistant W2 strains

Hirsutine (5)
antiviral against
H3N2 influenza virus
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-

Lercheine (6)
growth inhibtion of
Staphylococcus aureus

Glabratine (7)
remedy for food
poisoning

10-Hydroxyangustine (8)
cytotoxic to human T14
bladder-cancer cell line

Scheme 3. Biologically active natural products with the indolo[2,3-a]-qui-
nolizidine substructure.

lidated our choice of the indolo[2,3-a]quinolizidine scaffold
as a promising structural framework for the development of
a natural-product-inspired compound collection.

Herein we describe in detail (for a preliminary account,
see reference [6]) the development of two different ap-
proaches to the synthesis of a focused library of indolo[2,3-
a]quinolizidines by a vinylogous Mannich-Michael reaction
followed by a phosgene- or acid-induced ring closure as key
steps, and their evaluation as phosphatase inhibitors.

Results and Discussion

The indolo[2,3-a]quinolizidine framework 9 was retrosyn-
thetically traced back to pyridone precursor 10 (Scheme 4).
The carboxylate moiety was chosen for attachment to the
solid support. Enaminone precursor 10 would be accessible
by vinylogous Mannich-Michael reaction of imine 11 and
various electron-rich silyloxydienes 12.

Two different synthetic routes to indoloquinolizidines
were followed, which differed mainly in the mode of ring
closure. In the case of phosgene-mediated ring closure lead-
ing to tetracyclic vinyl chlorides, the Wang linker was
chosen. Alternatively, tetracyclic ketones were synthesized
by acid-mediated cyclization on the base-labile hydroxy-
methylene benzoic acid (HMBA) linker. Therefore, release
from the Wang polymer would afford tetracyclic vinyl chlo-
rides as free carboxylic acids, whereas cleavage from the
HMBA resin would lead to methyl esters.
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Scheme 4. Retrosynthetic
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analysis of indolo[2,3-a]quinolizidines 9.

Unsubstituted silyloxydienes are commercially available;
however, disubstituted silyloxydiene building blocks 12 had
to be prepared by a simple two-step procedure
(Scheme 5).®¥ Compounds 15 were synthesized by formyla-

OMe OMe
_ab b Rz/\”):W + /\H)/\/
0} o}
15 15

Rz/\n/\ R
o

14 e
14a: R'=R’=Me
14b: R'=R?=Et lc, d
14¢: R'=R*=Pr
14d: R'=Me, R%=Et | OMe
RN R!
OTMS
12

Scheme 5. Synthesis of electron-rich silyloxydienes. a) HCOOMe, NaH,
THE, 0°C, 1h; b)Me,SO,, DMF, 0°C—RT, overnight, 60% for 15a,
71% for 15b, 84 % for 15¢, 49 % for 15d, 16% for 15e (over two steps);
¢) LDA, THF, —78°C, 1 h; d) TMSCI/TEA (3:1), —78°C—RT, overnight,
72% for 12a, 98 % for 12b, 94 % for 12¢, 76 % for 12d (over two steps).
DMF = N,N-dimethylformamide, LDA =lithium
TEA =triethylamine.

diisopropylamide,

tion of 14 in moderate to good yields. For larger R' and R?
substituents, the yields of vinylogous ketones 15 increased
significantly. For R'=R*=Me, a moderate yield of 60%
was obtained for 15a. However, changing R' and R* to
propyl groups led to 84 % yield for 15¢. In the case of the
unsymmetrical ketone 15d with R'=Me and R?’=Et, the
corresponding regioisomer 15e was also formed in 16%
yield and was removed by distillation. Finally, silylation of
ketones 15 led to the substituted silyloxydienes 12 in good
to excellent yields (Scheme 5). In this reaction step, substitu-
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ents with larger R! and R? groups also led to improved
yields. For R'=R?’=Me, a yield of 72% was obtained,
whereas replacement of R! and R® with ethyl or propyl
groups yielded the silyloxydienes 12b and 12c¢ in 94 and
98 % yield, respectively.

The synthesis of the Yohimbane-inspired tetracyclic vinyl
chlorides was performed as shown in Scheme 6. Towards
this end, (L)-fluorenylmethoxycarbonyltryptophan (16) was
loaded on polystyrene beads carrying a Wang linker (load-
ing=0.87 mmolg™"') in the presence of pyridine and 2,6-di-
chlorobenzoyl chloride.'! Cleavage of the Fmoc protecting
group followed by reaction with various aldehydes R*CHO
led to the formation of tryptophan imines 17.”” These inter-
mediates were then subjected to a Lewis acid mediated
tandem Mannich-Michael reaction with various electron-
rich silyloxydienes 12 to yield immobilized enaminones 18
and 19,742 with diastereomer ratios ranging from 65:35 to
90:10 and 19 as the major product.

Ring closure to the indolo[2,3-a]quinolizidine framework
was carried out by treatment of enaminones 18 and 19 with
phosgene and TMSCI, which resulted in the formation of
solid-phase-bound vinyl chlorides 20 and 21.**! The diaste-
reoselective induction follows the trends observed for analo-

HO.
0]
N-Fmoc
N, H
N
H
16

o
(0]
OH
Wang resin = O/

a-c

H. Waldmann et al.

gous vinylogous Mannich-Michael and phosgene-induced
ring-closure reactions in solution.?”

Compounds 20 and 21 were then released from the solid
support by addition of TFA to yield tetracyclic compounds
22,1 which were subsequently transformed to the methyl
esters 23.%! The five- to six-step solid-phase reaction se-
quence was compatible with aromatic, heterocyclic, and ali-
phatic aldehydes as well as differently substituted electron-
rich silyloxydienes 12. Vinyl chlorides 22 and 23 were ob-
tained in overall yields of 36-72 %, thus indicating a high
overall efficiency of the reaction sequence. With this syn-
thetic methodology, 204 tetracyclic Yohimbane analogues
were synthesized (for representative examples, see Table 1).
The highest yields were obtained with aromatic aldehydes,
whereas aliphatic aldehydes led to lower yields, possibly due
to enamine tautomerization and side reactions in the imine-
formation step (Table 1, compounds 23-6, 23-10, and 23-14).
The use of disubstituted silyloxydienes 12b-d was well-toler-
ated for small R' and R? groups. In the case of R'=R*=
Me, Et or R!'=Me, R*=Et, excellent yields were obtained
(Table 1, compounds 22-1, 23-3, and 23-5). For R'=R’=
propyl, yields were significantly lower, maybe as a result of
steric hindrance in the vinylogous Mannich—-Michael reac-

Q o0
RS
N 2
R
N
B r 9
18

R3
N= d .
N 2
R
o}
N % -0TMS Q O s 19
17 = R N R2
OMe YN
12 N g ©

Scheme 6. Solid-phase synthesis of vinyl chlorides 22 and 23 by employing (L)-tryptophan. a) 2,6-Dichlorobenzoyl chloride (2 equiv), pyridine (3 equiv),
Wang resin (0.30 equiv), DMF, RT, 31 h; b) 20% piperidine in DMF, RT, two times for 10 min; ¢) R°*CHO (5 equiv), trimethylorthoformiate/CH,Cl,
(1:1), RT, 12 h; d) dienes 12 (5 equiv), 1M ZnCl, in THF (2 equiv), propionitrile, 0°C—RT, 15 h; e) COCl,, TMSCI, CH,Cl,, RT, 30 min; f) COCL,
TMSCI, CH,Cl,, reflux, 8 h; g) TFA, H,O, RT, 36-64 % (overall yield of 22); h) EDC-HCI (5 equiv), pyridine/MeOH/CH,Cl, (1:1:1), RT, overnight, 36—
72% (overall yield of 23). EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, Fmoc =9-fluorenylmethoxycarbonyl, TFA = trifluoroacetic acid.
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Table 1. Yields and selectivities recorded in the synthesis of selected
tetracyclic vinyl chlorides 22 and 23.

Compound R! R* R®

Yield® [%] dr® drl

22-14 Me, Me phenyl 52 7129 65:35
22-2 H, H 3,4-difluorophenyl 48 7525 76:24
23-1 H, H 4-bromophenyl 65 73:27  75:25
23-2 H,H 3,4-difluorophenyl 46 75:25 76:24
23-3 Me, Et  4-chlorophenyl 56 66:34  72:28
23-4 H, H 4-isopropylphenyl 71 72:28  66:34
23-51 Et, Et  4-fluorophenyl 54 77:23 7426
23-6 H, H isopropyl 28 66:34  70:30
2374 Pr,Pr  4-chlorophenyl 25 72:28  68:32
23-8 H, H 3-furyl 57 86:14 71:29
239 H, H 3-methylphenyl 66 80:20 68:32
23-10 H, H ethyl 36 69:31 67:33
23-11 H, H 4-hexyloxyphenyl 73 77:23  69:31
23-12 H, H 4-methylphenyl 65 72:28 68:32
23-13 H, H 4-methoxyphenyl 67 79:21 64:36
23-14 H H methyl 19 66:34  65:35
23-15 H, H 4-chlorophenyl 66 7525  65:35

[a] Yield (all four diastereomers) over five or six steps including HPLC
purification. For cyclization, phosgene and TMSCI in CH,Cl, at room
temperature for 30 min was used. [b] Diastereoselectivity of the vinylo-
gous Mannich-Michael reaction. [c] Diastereoselectivity of the phosgene-
induced cyclization. [d] For cyclization, phosgene and TMSCI in CH,Cl,
heated under reflux for 8 h was used.

tion or during the phosgene-induced cyclization (Table 1,
compound 23-7).

Furthermore, when disubstituted dienes 12b-d were em-
ployed in the reaction sequence, the reaction had to be
heated for 8 h at reflux to complete the cyclization. The dia-
stereomer ratio in the cyclization step, which led to vinyl
chlorides 20 and 21, was approximately 2:1 in favor of 20,
and the corresponding tetracyclic indoloquinolizidines 22
and 23 were formed as mixtures of four isomers, which were
readily separated by preparative HPLC on a C18 column.
The diastereomer 22a/23a was found as the main product
after vinylogous Mannich-Michael reaction and phosgene-
induced cyclization, followed by 22b/23b, 22¢/23¢, and fi-
nally 22d/23d as the minor product.

The diastereomer ratios were determined gravimetrically
after product isolation (Table 1). The configuration of vinyl
chlorides 22 and 23 was determined by nuclear Overhauser
effect (nOe) difference spectroscopy, by using the character-
istic signal chemical shifts in their 'H NMR spectra
(Scheme 7). For instance, nOe measurements of the
(45,68,12bR) diastereomer 23-15a revealed a spatial proxim-
ity between 12b-H and 4-H, thus proving their equatorial
orientation. The axial orientation of 12b-H of the
(4R,65,12bS) diastereomer 23-15b was confirmed by an nOe
enhancement between 12b-H and 6-H. For the (45,6S,12bS)
diastereomer 23-15¢, an nOe enhancement was observed
between 12b-H and 1-H. Finally, the configuration of the
(4R,65,12bS) diastereomer 23-15d, with its all-axial orienta-
tion, was demonstrated by an nOe enhancement of 12b-H,
6-H, and 4-H as a result of their spatial proximity. These re-
sults were further confirmed by comparison of the signals of
12b-H in the '"H NMR spectra. Due to the Perlin effect, the
signals of 12b-H of 23-15b and 23-15d were shifted upfield
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23-15¢

23-15d

Scheme 7. Observed nOe enhancements of the four model indoloquinoli-
zidines 23-15a to 23-15d.

at 4.99 and 4.85 ppm, thus indicating that these protons
adopt an axial orientation.

Therefore, the orientation of the carboxy group at the 6-
position determines the diastereoselectivity in the vinylo-
gous Mannich-Michael reaction, thus forcing the R* group
into a trans configuration.

The polymer-bound tetracyclic vinyl chlorides 20/21 were
further functionalized by means of N-acylation. To this end,
resin 20/21 was stirred at —78°C in a solution of LHMDS/
HMPTA and treated with 10 equivalents of the correspond-
ing acid chloride (Scheme 8).” Use of LHMDS as a base
was essential, as dimethylaminopyridine (DMAP) led to
complete isolation of the starting material, and NaH only
provided 26-2 in a yield of 11 %, possibly due to the low sol-
ubility of the base. Release of the polymeric carrier led to
modified indoloquinolizidines 25 in 30-65 % yield. Solution-
phase methylation of 25 then resulted in N-acylated esters
26, remarkably without cleaving the base-labile N-acyl
group, in 19-56 % overall yield (for representative examples,
see Table 2). Aliphatic R* groups usually resulted in lower
yields (Table 2, compound 26-4). With this methodology, a

Table 2. Selected N-acylated tetracyclic acids 25 and methyl esters 26.

Com- R! R%, R® R* Yield® drl drld

pound [%]

25-1 4-fluoro- H, H 2-methylthio-3- 56 7723 78:22
phenyl pyridinecarbonyl

25-2 4-fluoro- H, H 2-chlorobenzoyl 59 7723 78:22
phenyl

26-1 phenyl H,H  4-nitrobenzoyl 46 65:35  67:33

26-2 phenyl H,H  4-chlorobenzoyl 52 65:35  67:33

26-3 phenyl H,H  35-difluoroben- 43 65:35  67:33

zoyl
26-4 phenyl H,H  acetyl 19 65:35  67:33

[a] Yield (all four diastereomers) over six or seven steps including HPLC
purification. [b] Diastereoselectivity of the vinylogous Mannich-Michael
reaction. [c] Diastereoselectivity of the phosgene-induced cyclization.
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rt R Cl
25d 26¢ 26d

Scheme 8. Library expansion by N-acylation of tetracyclic vinyl chlorides. a) R*X (X =halogen), LHMDS, HMPTA, —78°C—RT, 12 h; b) TFA, H,0,
RT, 30-65% (overall yield of 25); ¢) EDC-HCI (5 equiv), pyridine/MeOH/CH,CI, (1:1:1), RT, overnight, 36-56 % (overall yield of 26). HMPTA =hexa-

methylphosphorus triamide, LHMDS =lithium bis(trimethylsilyl)amide.

further 126 tetracyclic N-acylated indolo[2,3-a]quinolizidines
were synthesized.

In summary, a combination of the reaction sequences dis-
played in Schemes 5-8 gave overall access to 360 tetracyclic
vinyl chlorides that were at least 90 % pure.

In extension to this synthetic methodology, a synthesis of
indolo[2,3-a]quinolizidines by an acid-mediated ring closure
was also successfully applied (Scheme9). To this end,
Fmoc—(1)-tryptophan was loaded onto HMBA resin. Imine
formation and tandem Mannich-Michael reaction led to po-

0 MeO

H N
N H |
0 32

v OH
HMBA resin = O/

lymer-bound enaminones 27, which were then released from
the polymeric carrier to determine the diastereoselectivity
of the reaction.’ Pyridones 28a and 28b were obtained in
excellent yields with diastereomer ratios ranging from 56:44
to 68:32 with 28b as the major product, as determined by
'"H NMR spectroscopy and a comparison of coupling con-
stants (Scheme 9 and Table 3). The diastereomer ratio paral-
lels the observations made for analogous vinylogous Man-
nich-Michael reactions in solution.!!

34a

34b

Scheme 9. Synthesis of tetracyclic ketones 34a and 34b on HMBA resin. a) 2,6-Dichlorobenzoyl chloride (2 equiv), pyridine (3 equiv), HMBA resin
(0.3 equiv), DMF, RT, 18 h; b) 20% piperidine in DMF, RT, two times for 10 min; c) R*CHO (5 equiv), trimethylorthoformiate/CH,Cl, (1:1), RT, 12 h;
d) dienes 12 (3 equiv), 1M ZnCl, in THF (2 equiv), propionitrile, 0°C—RT, 15 h; e) TEA/MeOH (1:9), 50°C, 18 h; f) TFA, TMSCI, CH,Cl, (0.5:1:3), RT,
30 min; g) 0.25M NaOMe in MeOH, 1,4-dioxane (1:1), 50°C, 18 h, 12-43 % (overall yield of 34).

1114 www.chemasianj.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2007, 2, 1109-1126





Identification of Inhibitors for MptpB

Table 3. Yields and diastereoselectivities after vinylogous Mannich—
Michael reaction and cleavage from solid support.

Compound R® Yield® [%] 28b/28a
28-1 4-methoxyphenyl 59 66:34
28-2 4-chlorophenyl 65 63:37
28-3 4-nitrophenyl 48 68:32
28-4 2-chlorophenyl 60 64:36
28-5 4-carboxymethylphenyl 40 55:45
28-6 isobutyl 33 56:44

[a] Yield after four steps.

Acid-mediated ring closure to indolo[2,3-a]quinolizidines
29 was achieved by treatment of resin-bound enaminones 27
with TFA/TMSCI for 30 min.”?"?? By analogy to the phos-
gene-induced ring closure, a diastereomeric mixture should
also be formed. In contrast to the synthesis of vinyl chlo-
rides 22 and 23, ketones 34 were isolated in most cases as
single diastereomers after sodium methoxide induced cleav-
age from the resin,® possibly due to epimerization at the
12b- and 4-positions as a consequence of a retro-Michael re-
action (Scheme 9 and Table 4, compounds 34-2-34-13). In

Table 4. Yields and diasteriomer ratios of selected ketones 34.

Compound R® Yield® [%] 34b/34a
34-1 ethyl 19 78:22
34-2 4-chlorophenyl 37 >99:1
34-3 4-fluorophenyl 30 >99:1
34-4 2-chlorophenyl 27 >99:1
34-5 4-trifluoromethylphenyl 43 >99:1
34-6 4-methylthiophenyl 18 >99:1
34-7 3-chloro-4-fluorophenyl 28 >99:1
34-8 3-trifluoromethoxyphenyl 36 >99:1
349 4-allyloxyphenyl 15 >99:1
34-10 4-methoxyphenyl 19 >99:1
34-11 3,4-dichlorophenyl 31 >99:1
34-12 3,4-difluorophenyl 37 >99:1
34-13 phenyl 27 >99:1

[a] Yield after five steps.

these cases, only the thermodynamically more stable trans-
ketone 34b was isolated. For aliphatic substituents at the 4-
position, a diastereomeric mixture at the 4-position, proba-
bly due to lower stabilization of the intermediate 32, was
identified by '"H NMR spectroscopy and GC-MS analysis
(Table 4, compound 34-1).

By analogy to resin-bound acylation of the tetracyclic
vinyl chlorides, N-acylation and N-methylation or N-benzyl-
ation of resin-bound indolo[2,3-a]quinolizines 29 were car-
ried out with BEMP as a base at room temperature
(Scheme 10).”! In contrast to N-acylated vinyl chlorides 25
and 26, N-acylation of ketones 29 was unsuccessful and led
only to the isolation of starting material, probably due to
sodium methoxide induced cleavage of the acetyl group.
However, N-methylated or N-benzylated compounds 35
were isolated in 13-16% yield over six steps and after
HPLC purification. With the carbonyl group as a position
for chemical functionalization, resin-bound ketones 29 were
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36-1: R®*=2-fluorophenyl,
R%=H, 7%
36-2: R*=phenyl,
R%=H, 12%
R 36-3: R3=4—ﬂu0rcphenyl,
35-1: R¥=2-fluorophenyl, 35 0 R°=H, 7%
R'=Me, 16% 36-4: R*=2-fluorophenyl,
35-2: R3=4-isopropylphenyl, RS=phenyl, 7%,
R*=Me, 15% EIZ=1.3:1
35-3: R®>=phenyl, R*=Me, 10%
35-4: R3=2-fluorophenyl, R*=bromobenzyl, 8%,
35-5: R*=2-fluorophenyl, R*=2-nitrobenzyl, 13%

NoH
4

Scheme 10. Solid-phase modification of indoloquinolizidines 29 on
HMBA resin. a) NaOMe, 0.25m MeOH/1,4-dioxane (1:1), 50°C, 18 h;
b) Ph;PCHXR’, nBuLi, THF, —20 to 50°C, 3 h; ¢) BEMP (5 equiv), R*X
(10 equiv), DMF, RT, 24 h. BEMP =2-fert-butylimino-2-diethylamino-1,3-
dimethylperhydro-1,3,2-diazaphosphorine.

converted into alkenes 36 with commercially available phos-
phonium salts Ph;PCH,Br and Ph;PCH,(Ph)Br in the pres-
ence of butyl lithium at —20 to 50°C in 7-12% yield over
six steps and after HPLC purification (Scheme 10).%*! Sub-
stituted alkene 36-4 was obtained with a trans/cis diastereo-
selectivity of 1.3:1.

Further diversification of the library was achieved by re-
ductive amination of ketones 34b in solution (Scheme 11).
The reaction that gave diastereomers 37a and 37b proceed-
ed in high yields of 61-93% and was carried out as a one-

Scheme 11. Solution-phase  reductive amination of ketones 34b.
Conditions: R°NH,, BH;—pyridine complex, CH,Cl,, RT, 15 h, 61-93%.
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pot synthesis without prior isolation of the intermediate
imine. To this end, a borane—pyridine complex was added to
a mixture of the ketones 34b and the respective amines
(Scheme 11 and Table 5). The reaction yielded 37a and 37b
in ratios of 3.6:1-1:1. The configuration of amines 37 was
again assigned by 'H NMR coupling constants and nOe ex-
periments, thus identifying 37a as the major diastereomer.
Importantly, the diastereomers were readily separated by
either column chromatography or preparative HPLC. The
reaction sequence was compatible with a broad range of
substituted ketones 34b as well as different primary and sec-
ondary amines, thus leading to 273 secondary- and tertiary-
amine derivatives of the indolo[2,3-a]quinolizidine system
with more than 90 % purity.

After the successful solid-phase synthesis of 702 indolo-
[2,3-a]quinolizidines, a screening for phosphatase inhibition
was initiated to prove our assumption that a joint applica-
tion of the SCONP and BIOS principle to Yohimbane-type
alkaloids can lead to simplified compounds with retained
biochemical activity. Towards this end, all indolo[2,3-a]-
quinolizidines were screened for inhibition of the phospha-
tases PTP1B, Shp-2, VE-PTP, MptpA, MptpB, Cdc25A, and
VHR. The compound collection contained two weak inhibi-
tors of Cdc25A (Table 6, entries 1 and 2; see also Supporting
Information, Table 1) with an activity comparable to the
guiding natural products. Thus, brachiation from the penta-
cyclic scaffold to a simplified tetracyclic ring system while
retaining biochemical activity appears possible. Gratifyingly,
investigation of the Yohimbane-inspired library also yielded
potent inhibitors of the tyrosine phosphatase MptpB
(Table 6 and Scheme 12). All compounds that displayed an
1Cy, of less than 10 um were considered as hits.

p- or m-halophenyl

Cl
no further
substituents,

substituted

Scheme 12. Structure—activity relationship (SAR) for MptpB inhibition
by indolo[2,3-a]quinolizidines.

Analysis of the hits revealed that all inhibitors contained
a vinyl chloride substructure in ring D, whereas all ketones,
alkenes, and amines were inactive. Moreover, a free carbox-
ylic acid and ortho-monosubstitution or ortho-/meta-disubsti-
tution with N-acyl substituents at the indole nitrogen atom
led to inhibitors that displayed the highest activities
(Table 6, entries 3-8 and Supporting Information, Table 1).
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Table 5. Yields and diastereoselectivities for secondary and tertiary
amines 37.

Compound Structure Yield [%] 37a/37b
371 73 11:9
37-2 68 32

37-3 57 2:1

37-4 62 1:1

37-5 66 3.6:1
37-6 63 1.3:1
37-7 48 1:1

37-8 41 1:1
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Table 6. Selected MptpB inhibitors identified from the screens.
Entry Compound Structure ICs! [um]
MptpB PtplB SHP-2 MptpA VHR Cdc25A

1 22-3d 92.5+79 n.a. n.a. n.a. n.a. 20.3+11.7

2 22-4c¢ n.a. n.a. n.a. n.a. n.a. 30.8+14.6

3 25-3a 1.13+£0.63 80.2+7.3 81.2+4.7 61.5+6.2 78.249.0 n.a.

4 25-4a 238+1.17 n.a. 90.1+15.7 n.a. n.a. 51.0+£9.8

5 25-3¢ 342+1.51 95.5+2.5 n.a. 93.0+8.5 n.a. n.a.

6 25-5a 3.45+1.66 n.a. n.a. n.a. n.a. n.a.

7 25-5¢ 8.20+1.79 95.1+6.1 n.a. n.a. n.a. n.a.

8 25-5b 142+6.3 n.a. n.a. n.a. n.a. n.a.
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Table 6. (Continued)

H. Waldmann et al.

Entry Compound Structure ICs! [um]
MptpB Ptp1B SHP-2 MptpA VHR Cdc25A
9 25-6a 15.4+4.0 82.8+8.5 93.6+104 n.a. n.a. n.a.
10 25-5d 33.7+3.7 93.1+3.6 n.a. n.a. n.a. n.a.
11 25-7a 65.5+6.2 n.a. n.a. n.a. n.a. n.a.

[a] All ICy, values were calculated from at least three independent determinations. n.a.=No inhibition observed at an inhibitor concentration of 100 um.

Most of the active compounds were derived from para-halo-
benzaldehyde imines. Larger substituents or heterocyclic
groups resulted in a decrease or even complete loss of activ-
ity (Table 6, entry 11).

In most cases, the major diastereomer with (12bR,45S,65)
configuration also displayed the best inhibitory activity. If
the para-halophenyl substituent is oriented syn to the car-
boxy substituent, a twofold increase in ICs, was observed
(Table 6, entries 3, 5 and 6, 7). Variation of the linkage at
the C/Dring to a (12bS,45,6S) configuration resulted in a
slightly higher ICs, value (compare Table 6, entries 6 and 8).
Furthermore, inhibition rates were even lower in the case of
the (12bS,4R,6S) configuration, in which the para-halophen-
yl substituent is arranged syn to the carboxy group while the
bridge proton is located anti to the carboxy group (compare
Table 6, entries8 and 10). The inhibitors were at least
20 times more selective for MptpB and did not inhibit VE-
PTP. Furthermore, the compounds 25-5a and 25-5b did not
inhibit any other phosphatase at an inhibitor concentration
of 100 pm.

Conclusions

The joint application of BIOS and SCONP led to the dis-
covery of structurally simplified inhibitors of the phospha-
tase Cdc25A. Furthermore, we have developed the first in-
hibitor class of the M. tuberculosis tyrosine phosphatase
MptpB guided by the criteria of relevance to nature and
biological prevalidation that form the basis of BIOS. Indolo-
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[2,3-a]quinolizidines have not been described as phosphatase
inhibitors before. Moreover, we have explored two efficient
and versatile solid-phase synthesis routes to indolo[2,3-a]-
quinolizidines that allow the rapid synthesis of compounds
with the basic framework of polycyclic alkaloids in high
yields. Usually, all four diastereomers are obtained in paral-
lel and can be readily separated into pure compounds by re-
verse-phase HPLC. The synthetic strategy allows the direct
incorporation of various substituents at different positons of
the heterocyclic skeleton by employing appropriate elec-
tron-rich silyloxydienes 12, as well as different aldehydes
and amines. Finally, the polymer-supported synthesis allows
subsequent structural diversification of the natural-product-
derived scaffold by alkylation or acylation as well as the
Wittig reaction, thereby increasing the structural diversifica-
tion of the indoloquinolizidine ring system. Screening of this
library resulted in the identification of several potent small-
molecule MptpB inhibitors, and an initial structure-activity
relationship was determined. These inhibitors may find ap-
plication in biological studies of the physiological role of
MptpB by chemical-genomics approaches and could possibly
serve as a new lead structure for the development of new
drug candidates against tuberculosis.

Experimental Section

General

Unless otherwise noted, chemicals were obtained from Aldrich, Acros, or
Fluka and were used without further purification. Wang resin
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(1.2 mmolg™", 1% divinyl benzene (DVB), 100-200 mesh) was purchased
from Novabiochem, and HMBA resin (1.2 mmolg’l, 1% DVB, 100-
200 mesh) was purchased from Rapp-Polymere. NMR spectra were re-
corded on a Bruker DRX 400 or DRX 500 spectrometer with CDCl; as
the solvent, unless otherwise noted. "H NMR spectra are reported in the
following manner: chemical shifts relative to tetramethylsilane
(0.00 ppm) or chloroform (7.33 ppm), multiplicity (s=singlet, d =doublet,
t=triplet, q=quartet, m =multiplet, br=broad), coupling constant, inte-
gration. "CNMR signals are reported in ppm relative to CDCl,
(77.0 ppm). GC-MS (EI) analysis was performed on a Hewlett-Pack-
ard 5973 series mass spectrometer; column: H&W 190910-102 HP-5MS,
capillary: 25.0x201 um?x 0.33 umm. HPLC-MS (ESI) analysis was per-
formed on a Hewlett—Packard 110 series mass spectrometer connected to
a Finnigan LCQ ESI mass spectrometer; column: VP125/21 Nucleodur
C18 Gravity, 5p (Machery-Nagel), gradient: H,O/acetonitrile =5:95—
60:40 (v/v) in 29 min, flow: 10 mLmin ™. Specific optical rotation values
were determined on a Perkin—Elmer Polarimeter 311. IR spectra were re-
corded on a JASCO Modell IR-700 spectrometer. Only significant diag-
nostic bands are reported, in cm™'. Preparative HPLC was performed on
an Agilent 1100 series chromatograph; column: VP130/21 Nucleodur
C18, 5 u, Machery-Nagel reverse phase. Accurate mass determinations
were performed on a JEOL JMS-5X102A (FAB) high-resolution mass
spectrometer. Dry tetrahydrofuran was distilled from sodium wire with a
catalytic amount of benzophenone. Dry dichloromethane and dry pyri-
dine were obtained by distillation over CaH,.

Syntheses

General procedure for the formylation of 14: Ketones 14 (0.50 mol) were
dissolved under argon in dry THF (370 mL) and cooled to 0°C, and NaH
(37 g, 0.75mol, 1.5equiv, 60% suspension in mineral oil) was added.
Subsequently, the suspension was warmed to 10°C, and formic acid
methyl ester (90.1 g, 1.5 mol, 3.0 equiv) was slowly added to the reaction
mixture while the reaction mixture temperature was maintained between
10 and 20°C. The reaction mixture was cooled to 0°C and stirred at this
temperature for 1 h. The solvent was removed under reduced pressure,
and DMF (370 mL) was added to the remaining solid. The solution was
cooled to 0°C, and dimethyl sulfate (133.2 g, 1.00 mol, 2.0 equiv) was
added slowly. The reaction solution was allowed to warm to room tem-
perature overnight. Aqueous K,CO; (1M, 150 mL), methanol (300 mL),
and cyclohexane (370 mL) were added. The aqueous phase was separated
and extracted 10 times with cyclohexane (370 mL). The combined cyclo-
hexane phases were dried over Na,SO,, the solvent was removed under
reduced pressure, and the product was purified by distillation over a Vig-
reux column. In the case of the asymmetric ketone 15d, an additional
fractionation over a Fischer Spaltrohr column was performed for com-
plete removal of the unwanted regioisomer 15e.

15a: Analysis was in accordance to the reported values.!'

15b: Colorless liquid, yield: 14.1g, 90.3 mmol, 71%. B.p.: 94°C
(11 mbar); '"HNMR (400 MHz, CDCL): 0=7.17 (s, 1H), 3.84 (s, 3H),
2.47 (t,J=17.5Hz, 2H), 2.23 (q, /J=8.0 Hz, 2H), 1.65-1.60 (m, 2H), 0.93—
0.90 ppm (m, 6H); “C NMR (100 MHz, CDCl;): 6=199.9, 159.7, 136.2,
61.3, 44.2, 43.5, 37.5, 36.3, 148 ppm; HRMS (FAB): m/z calcd for
CyH 40,: 156.1150 [M]*; found: 156.1136.

15¢: Colorless liquid, yield: 21.4g, 116.3 mmol, 84%. B.p.: 142°C
(1 mbar); '"H NMR (400 MHz, CDCly): 6 =7.17 (s, 1 H), 3.78 (s, 3H), 2.45
(t, J=7.5Hz, 2H), 2.15 (t, J=6.0 Hz, 2H), 1.58-1.50 (m, 2H), 1.29-1.25
(m, 4H), 0.87-0.78 ppm (m, 6H); *C NMR (100 MHz, CDCL,): 6 =199.9,
159.7, 122.2, 61.3, 37.2, 30.5, 27.5, 25.1, 24.3, 21.9, 14.0 ppm; HRMS
(FAB): m/z calcd for C;;H,,0,: 184.1463 [M]*; found: 184.1442.

15d: Colorless liquid, yield: 12.8 g, 90.1 mmol, 49%. B.p.: 72°C
(12 mbar); '"HNMR (400 MHz, CDCly): 6=7.31 (s, 1H), 3.74 (s, 3H),
2.46 (t, J=7.4 Hz, 2H), 2.20 (t, J=6.0 Hz, 2H), 1.37 (t, J=7.4 Hz, 3H),
0.87 ppm (t, J=6.0 Hz, 3H); "CNMR (100 MHz, CDCl;): 6=199.4,
160.0, 116.8, 58.6, 30.6, 11.9, 11.6, 8.9 ppm; HRMS (FAB) m/z calcd
CgH,,0,: 142.0994 [M]*; found: 142.0994.

12: Ketone 15 (0.14 mol) was added to a solution of LDA (0.150 mmol,
1.3 equiv) in THF at —78°C, while the temperature was kept below
—70°C. The reaction solution was then stirred for 1 h at —78°C, and
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TMSCVTEA (3:1; 42 mL, 0.21 mol, 1.5 equiv TMSCI) was added through
a dropping funnel while the temperature of the reaction mixture was
carefully kept below —60°C. After that, the solution was allowed to
warm overnight to room temperature. Next, a saturated solution of NaCl
(300 mL) and diethyl ether (200 mL) were added. The phases were sepa-
rated, and the aqueous phase was extracted with diethyl ether (3x
200 mL). The organic phases were combined and dried over Na,SO,, the
solvent was removed under reduced pressure, and vacuum distillation
over a Vigreux column followed for product purification.

12a: The reported values are in accordance with those reported in refer-
ence [18].

12b: Colorless liquid, yield: 20.2g, 88.5mmol, 98%. B.p.: 121°C
(13 mbar); '"HNMR (400 MHz, CDCL): 6=6.26 (s, 1H), 4.69 (t, J=
7.3 Hz, 1H), 3.62 (s, 3H), 2.20 (t, /=7.5 Hz, 2H), 2.10 (t, J=6.0 Hz, 2H),
1.00-0.94 (m, 6H) 0.14 ppm (s, 9H); "C NMR (100 MHz, CDCl;): 6=
145.6, 121.0, 114.5, 61.3, 22.3, 20.8, 15.9, 14.8, 4.4, 1.9 ppm; HRMS
(FAB): m/z calcd for C,,H,,0,Si: 228.1546 [M]*; found: 228.1569.

12¢: Colorless liquid, yield: 194 ¢, 849 mmol, 94%. B.p.: 131°C
(1 mbar); 'HNMR (400 MHz, CDCL): 6=6.30 (s, 1H), 4.69 (t, J=
11.4 Hz, 1H), 3.61 (s, 3H), 2.15 (t, J=7.5Hz, 2H), 2.03 (t, /J=6.0 Hz,
2H), 1.42-1.30 (m, 4H), 0.93-0.89 (m, 6H), 0.19 ppm (s, 9H); *C NMR
(100 MHz, CDCly): 6=147.1, 119.4, 109.0, 102.4, 61.2, 29.6, 28.3, 23.2,
21.1, 15.6, 154, 22 ppm; HRMS (FAB): m/z caled for C,;;H,0,Si:
256.1889 [M]*; found: 256.1873.

12d: Colorless liquid, yield: 12.1g, 53.1 mmol, 76%. B.p.: 78°C
(12 mbar); 'H NMR (400 MHz, CDCL): 6=6.21 (q, J=5.7 Hz, 1H), 4.72
(g, J=72Hz, 1H), 3.61 (s, 3H), 2.10 (q, J=6.0Hz, 2H), 1.70 (d, /=
5.7Hz, 3H), 1.08 (t, J=6.0 Hz, 3H), 0.08 ppm (s, 9H); HRMS (FAB):
m/z caled for C;H»,0,Si: 214.1389 [M]*; found: 214.1362.

Synthesis of 18 and 19 by vinylogous Mannich-Michael reaction: Wang
resin (300 mg, loading=1.2 mmolg™', 100-200 mesh) was swollen in
DMF (2 mL) for 10 min, then 16 (494.2 mg, 1.20 mmol, 4 equiv), pyridine
(285.4 mg, 3.58 mmol, 286 pL, 3.0 equiv), and 2,6-dichlorobenzoyl chlo-
ride (502.7 mg, 2.40 mmol, 424 uL, 2.0 equiv) were added, which resulted
in a suspension that was shaken overnight at room temperature. The
resin was washed three times with DMF, MeOH, and CH,Cl,. After the
resin was dried under high vacuum, piperidine/DMF (20:80 v/v, 10 mL)
was added to the resin (300 mg), and the mixture was shaken for 10 min.
This step was repeated twice, followed by washing of the resin three
times with DMF/CH,CIl, (50:50 v/v) and once with CH,Cl,/trimethylor-
thoformiate (50:50 v/v). A solution of the corresponding aldehyde
(1.08 mmol, 5 equiv with respect to resin-bound tryptophan) in CH,Cl,/
trimethylorthoformiate (50:50 v/v, 8 mL) was added, and the mixture was
shaken overnight at room temperature. Resin 17 was washed twice with
CH,Cl, and once with propionitrile. Next, resin 17 (300 mg) was shaken
in propionitrile (2mL) for 10 min followed by addition of ZnCl, (1M,
1.8 mL, 0.42mmol, 2.0 equiv) in THF. The resulting suspension was
slowly agitated for 10 min at room temperature. The suspension was
cooled to 0°C, and 12 (1.83 mmol, 3.0 equiv) was added. The reaction
mixture was allowed to warm overnight to room temperature. Resin 18/
19 was filtered off, washed twice with CH,Cl,, HOAc (2%) in MeOH,
and CH,Cl, (20 mL each), and dried overnight in vacuo.

General procedure for phosgene-mediated cyclization of 18/19 and cleav-
age from Wang resin to yield 22: Wang resin 18/19 (300 mg, loading=
0.87 mmolg) ' was added to a solution of phosgene (1.4 mL, 20% in tol-
uene, 2.69 mmol, 12.8 equiv) and TMSCI (0.7 mL, 5.53 mmol, 37.6 equiv)
in CH,Cl,. The resulting suspension was shaken at room temperature for
2h. Resin 20/21 was filtered off, washed three times with CH,Cl,,
MeOH, and CH,Cl, (20 mL each), and dried for 1 h. For cleavage, Wang
resin 20/21 or 24 (300 mg) was suspended in TFA/H,O (9:1 v/v, 10 mL)
and shaken overnight at room temperature. The resin was filtered off
and washed twice with TFA (10 mL) and water (10 mL), and the solvent
was removed under reduced pressure. The crude product was purified by
preparative HPLC, and the individual diastereomers were isolated (con-
ditions for all indoloquinolizidine derivatives: 0-30 min, 10—90% aceto-
nitrile; 30-35 min, 90 % acetonitrile; 35.1-36 min, 10 % acetonitrile; de-
tection wavelength =254 nm, flow =20 mL min™").
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22-1a: Major diastereomer, brown oil, yield: 21.2 mg, 0.052 mmol, 27 %.
[a]5=-172 (c=0.71M, MeOH); IR (neat): #,,=1618 cm™'; 'H NMR
(500 MHz, CD;CN): 6=8.81 (s, 1H), 7.42-7.42 (m, 3H), 7.19 (t, J=
7.8 Hz, 1H), 7.07 (t, /=7.8 Hz, 1H), 6.99 (d, /J=8.1 Hz, 2H), 6.69 (d, /=
8.1 Hz, 2H), 4.61 (d, J=6.7 Hz, 1H), 421 (d, /J=10.5Hz, 1H), 4.05 (t,
J=7.8Hz, 1H), 3.31-3.01 (m, 2H); 2.20-2.18 (m, 1H), 1.93 (s, 3H),
1.75 ppm (d, J=7.3 Hz, 3H); "CNMR (125 MHz, CD,CN): 6=172.3,
155.8, 148.4, 137.3, 136.7, 130.4, 130.0, 128.9, 128.6, 127.2, 121.5, 119.2,
118.7, 115.6, 111.0, 106.4, 104.7, 70.5, 63.9, 50.9, 31.3, 18.5, 12.5, 11.8 ppm;
HRMS (FAB): m/z caled for C,,H,;CIN,O,: 406.1448 [M]*; found:
406.1461.

22-2a: Major diastereomer, brown oil, yield: 19.4 mg, 0.047 mmol, 23 %.
[a]l3=-172 (¢=0.71M, MeOH); IR (neat): ¥,,,=1591 cm™'; 'H NMR
(500 MHz, CD;CN): 6=10.7 (s, 1H), 7.79 (d, J=8.0 Hz, 1H), 7.22 (d, /=
8.0Hz, 1H), 7.11 (d, J=8.0 Hz, 1H), 7.00-6.92. (m, 2H), 6.63-6.59 (m,
2H), 4.93 (s, 1H), 4.67-4.63 (m, 1H), 3.98-3.96 (m, 1H), 3.05 (m, 1H),
2.45-2.29 ppm (m, 4H).

22-3d: Brown oil, yield: 7.9 mg, 0.013 mmol, 6%. [a]5=-19.1 (c=1.0Mm,
MeOH); 'HNMR (500 MHz, CD,CN): 6=8.18 (s, 1H), 7.42 (d, J=
7.5Hz, 1H), 7.31-7.27 (m, 3H), 7.18-7.15 (m, 3H), 7.07 (t, J=7.3 Hz,
1H), 5.76 (s, 1H), 5.15-5.10 (m, 2H), 3.93 (d, J=4.8 Hz, 1H), 3.22-3.21
(m, 1H), 3.15 (d, J=15.8Hz, 1H), 2.93-2.90 (m, 1H), 2.81 (d, J=
153Hz, 1H), 235ppm (s, 3H); HRMS (FAB): m/z calcd for
CyH,,CIN,O,: 392.1362 [M]*; found: 392.1366.

General procedure for the synthesis of 23 and 26: After evaporation of
the solvent, a solution of EDC-HCI (78.4 mg, 0.42 mmol, 5 equiv) in pyri-
dine/MeOH/CH,Cl, (1:1:1, 3 mL) was added to the crude mixture, which
was subsequently stirred for 12 h. Water was added to the reaction mix-
ture, which was extracted with CH,Cl,. The organic phase was evaporat-
ed to dryness, and the remaining residue was purified by RP-HPLC.

23-1a: Major diastereomer, brown oil, yield: 43.4 mg, 0.093 mmol, 36 %.
[a]5=81 (c=1.0m, MeOH); IR (neat): #,,=1737cm™"; 'HNMR
(400 MHz, CDCl,): 6=17.88 (s, 1H), 7.45 (d, J=8.0 Hz, 2H), 7.35 (d, J=
8.0 Hz, 1H), 7.26-7.19 (m, 3H), 7.10-7.07 (m, 1H), 7.02-6.97 (m, 1H),
5.64-5.60 (m, 1H), 4.94-4.90 (m, 1H), 4.89-4.85 (m, 1H), 3.68 (dd, /=
4.0, 6.3 Hz, 1H), 3.48 (s, 3H), 3.04-3.03 (m, 2H), 2.76-2.75 ppm (m, 2H);
HRMS (FAB): m/z calcd for C,;HyBrCIN,O,: 470.0397 [M]*; found:
470.0438.

23-2a: Major diastereomer, brown oil, yield: 29.2 mg, 0.068 mmol, 26 %.
[al5=119 (c=1.0m, MeOH); IR (neat): #,,=1736cm™'; 'HNMR
(400 MHz, CDCl;): 6=8.61 (s, 1H), 7.81 (s, 1H), 7.49 (d, /=7.5 Hz, 1 H),
742 (d, J=11.0 Hz, 1H), 7.28-7.20 (m, 2H), 7.13-7.05 (m, 2H), 6.31 (s,
1H), 487 (d, /J=11.5Hz, 1H), 4.61-4.55 (m, 1H), 4.36-4.34 (m, 1H),
3.51 (s, 3H), 3.07-3.04 (m, 1H), 2.14-2.02 ppm (m, 3H); “CNMR
(CD4CN): 6=172.2, 138.2, 137.1, 133.0, 129.0, 126.8, 126.7, 122.0, 119.6,
118.3, 117.6, 117.5, 117.4, 117.4, 117.3, 111.4, 105.4, 63.9, 56.1, 52.3, 51.7,
39.2, 24.6 ppm; HRMS (FAB): m/z calcd for C,;HoCIF,N,O,: 428.11031
[M]*; found: 428.1137.

23-3a: Major diastereomer, brown oil, yield: 21.5 mg, 0.046 mmol, 18 %.
[a]5=119 (c=1.0mM, MeOH); IR (neat): ¥,,=1736cm™'; '"HNMR
(400 MHz, CD;CN): 6=8.18 (s, 1H), 7.42 (td, /=1.0, 8.0 Hz, 1H), 7.47-
7.44 (m, 5H), 7.14 (dt, J=1.0, 7.4, Hz, 1H), 7.02 (dt, J=1.0, 7.4 Hz, 1H),
4.85 (d, J=3.2 Hz, 1H), 4.44 (d, J=8.8 Hz, 1H), 3.56-3.46 (m, 1H), 3.46
(s, 3H), 3.12 (dd, /=2.0, 8.4 Hz, 1H), 2.85-2.80 (m, 2H), 2.20-2.17 (m,
1H), 1.62-1.59 (m, 3H), 1.09 (t, J=7.6 Hz, 2H), 0.77 (t, J=7.6 Hz, 3H);
HRMS (FAB): m/z caled for CyH,CLN,O,: 469.4028 [M]*; found:
469.4042.

23-4a: Major diastereomer, brown oil, yield: 38.2 mg, 0.088 mmol, 34 %.
[a]5=78 (c=0.4m, MeOH); IR (neat): 7p,=1735cm™"; 'HNMR
(400 MHz, CD;COCD;): 6=9.19 (s, 1H), 7.54 (d, /J=8.0 Hz, 1H), 7.44
(d, J=8.0Hz, 1H), 7.33 (d, /=82 Hz, 2H), 7.28 (d, /=82 Hz, 2H), 7.14
(t, J=6.5Hz, 1H), 7.04 (t, J=6.5Hz, 1H), 5.76 (s, 1H), 499 (d, J=
10.5 Hz, 1H), 4.92 (s, 1H), 3.77 (d, /=53 Hz, 1H), 3.64 (s, 3H), 3.08 (d,
J=15.7Hz, 1H), 2.98-2.91 (m, 3H), 2.76-2.71 (m, 1H), 1.30 ppm (d, J=
7.0 Hz, 6H); “C NMR (100 MHz, CD;CN): 6=172.8, 139.1, 137.8, 137.2,
1344, 134.2, 129.8, 129.7, 127.9, 121.4, 119.0, 118.0, 111.2, 111.1, 105.3,
62.3, 55.8, 51.7, 50.9, 40.0, 24.9, 24.6, 20.6 ppm; HRMS (FAB): m/z calcd
for C,H,,CIN,O,: 434.1761 [M]™; found: 434.1737.
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23-5a: Major diastereomer, yellow oil, yield: 37.4 mg, 0.080 mmol, 30 %.
[a]Z=30 (c=1.0m, MeOH); IR (neat): #,,=1737cm™; 'HNMR
(400 MHz, CD;CN): =7.47 (dd, J=1.0, 7.8 Hz, 1H), 7.45-7.38 (m, 5H),
7.05 (dt, J=1.0, 7.3 Hz, 1H), 7.02 (dt, J=1.0, 7.3 Hz, 1H), 4.86 (d, /=
3.3 Hz, 1H), 439 (d, /=10.4 Hz, 1H), 3.72-3.69 (m, 1H), 3.61 (s, 3H),
3.04 (dd, /=2.0, 152 Hz, 1H), 3.00-2.97 (m, 1H), 2.44-2.42 (m, 1H),
2.42-2.30 (m, 1H), 2.36-2.33 (m, 1H), 1.67-1.60 (m, 2H), 1.02-0.97 ppm
(m, 6H); HRMS (FAB): m/z caled for C,;HyCIFN,O,: 466.1837 [M]*;
found: 466.1842.

23-6a: Major diastereomer, brown oil, yield: 11.9 mg, 0.033 mmol, 15%.
[a]Z=-112 (¢=0.3M, MeOH); IR (neat): #,,=1734cm™"; 'HNMR
(400 MHz, CD;CN): 6="7.51 (d, J=7.7 Hz, 1H), 7.44 (d, J=7.7 Hz, 1H),
7.18 (t, J=8.0 Hz, 1H), 7.06 (d, J=8.0 Hz, 1H), 6.43 (d, J=4.2 Hz, 1H),
5.80 (s, 1H), 5.20 (dd, J=2.5, 5.5 Hz, 1H), 3.83 (s, 3H), 3.66-3.57 (m,
2H), 3.42 (dd, J=4.0, 154 Hz, 1H), 2.84-2.79 (m, 1H), 2.67 (dd, J=4.8,
18.5 Hz, 1H), 2.52-2.45 (m, 1H), 1.10 (d, J=6.0 Hz, 3H), 1.06 ppm (d,
J=6.0Hz, 3H); *CNMR (100 MHz, CD;CN): 6=169.4, 137.3, 130.5,
130.0, 126.1, 122.8, 121.0, 120.0, 118.0, 111.7, 105.0, 66.5, 56.0, 55.7, 52.7,
37.8, 27.8, 238, 19.3, 149ppm; HRMS (FAB): m/z caled for
C,H,;CIN,O,: 358.1448 [M]*; found: 358.1453.

23-7a: Major diastereomer, brown oil, yield: 16.2 mg, 0.032 mmol, 12%.
[a]Z=76 (c=1.0m, MeOH); IR (neat): ¥,,=1731cm™; 'HNMR
(400 MHz, CD,CN): 6=7.40 (s, 1 H), 7.38 (d, J=8.0 Hz, 1 H), 7.33 (d, /=
8.0 Hz, 1H), 7.14 (t, J=7.3 Hz, 1H), 7.00 (d, J=8.5 Hz, 2H), 6.98 (t, J=
7.3 Hz, 1H), 6.84 (d, J=8.5 Hz, 2H), 4.39 (d, J=4.0 Hz, 1H), 4.09 (t, J=
7.0 Hz, 1H), 3.59 (s, 3H), 3.44-3.39 (m, 1H), 3.39-3.37 (m, 1H), 2.14—
2.09 (m, 6H), 2.06-2.03 (m, 1H), 1.56-1.53 (m, 1H), 1.45-1.42 (m, 1H),
098 (t, J=7.5Hz, 3H), 084ppm (t, J=7.5Hz, 3H); “CNMR
(100 MHz, CD;CN): 6=171.6, 144.1, 143.8, 142.9, 133.7, 1314, 130.8,
129.1, 128.9, 127.8, 131.2, 136.0, 119.8, 112.3, 109.1, 59.2, 55.2, 51.8, 50.3,
445, 36.4, 31.8, 36.0, 21.1,14.6, 14.1 ppm; HRMS (FAB): m/z calcd for
CooHyCLN,O,: 510.1842 [M]*; found: 510.1836.

23-8a: Major diastereomer, brown oil, yield: 34.7 mg, 0.078 mmol, 34 %.
[al5=152 (c=12m, CH,CL); IR (neat): #p,=1739cm™’; 'HNMR
(500 MHz, CD;CN): 6=9.42 (s, 1H), 7.76 (s, 1H), 7.62 (s, 1H), 7.54 (d,
J=75Hz, 1H), 742 (d, J=8.0 Hz, 1H), 7.19 (t, J=8.0 Hz, 1H), 7.10 (t,
J=8.0Hz, 1H), 6.77 (s, 1H), 6.47 (d, J=3.2Hz, 1H), 5.73 (s, 1H), 4.53
(dd, J=4.5, 147 Hz, 1H), 4.31 (d, /=5.0 Hz, 1H), 3.86 (s, 3H), 3.19 (d,
J=45, 1577 Hz, 1H), 3.17-3.12 (m, 2H), 2.65 ppm (d, /J=8.3 Hz, 1H);
C NMR (125 MHz, CD;CN): §=170.2, 145.4, 143.8, 137.1, 131.4, 128.8,
126.4, 122.7, 121.3, 120.6, 120.0, 118.6, 111.7, 109.7, 106.0, 56.7, 56.6, 55.5,
52.6, 39.7, 23.5ppm; HRMS (FAB): m/z caled for C,H;,CIN,O;:
382.1084 [M]*; found: 382.1070.

23-9a: Major diastereomer, yield: 38.0 mg, 0.093 mmol, 36%. [a]}=
105.6 (c=0.6M, MeOH); IR (neat): #,,,,=1738 cm™'; '"H NMR (400 MHz,
CD;CN): 6=9.18 (s, 1H), 7.40 (d, J=7.8 Hz, 1H), 7.30 (d, /=83 Hz,
1H), 7.33 (t, J=7.5Hz, 1H), 721 (s, 1H), 7.15-7.11 (m, 2H), 7.07 (dt,
J=12, 7.5Hz, 1H), 7.00 (dt, J=12, 7.5 Hz, 1H), 5.70 (s, 1 H), 4.91 (d,
J=55Hz, 1H), 4.82 (s, LH), 3.70 (d, J=5.5 Hz, 1H), 3.51 (s, 3H), 3.05
(d, J=15.6 Hz, 1H), 2.92-2.80 (m, 2H), 2.68-2.60 (m, 1H), 2.31 ppm (5,
3H); HRMS (FAB): m/z caled for C,;H,;CIN,O,: 406.14481 [M]*; found:
406.1442.

23-10a: Major diastereomer, yield: 14.9 mg, 0.043 mmol, 17%. [a]3 =
77.5 (c=1.3M, MeOH); IR (neat): ¥, =1739 cm™'; '"H NMR (500 MHz,
CD;CN): 6=7.45 (d, J=8.0Hz, 1H), 7.33 (d, J=8.1 Hz, 1H), 7.14 (t, J=
8.2 Hz, 1H), 7.04 (t, J=8.2Hz, 1H), 5.96 (s, 1H), 5.33 (d, /J=10.5 Hz,
1H), 4.77 (d, J=5.5Hz, 1H), 4.50 (brs, 1H), 3.64 (s, 3H), 3.45 (d, /=
16.5Hz, 1H), 3.33 (d, /=43 Hz, 1H), 3.14 (d, 16.5 Hz, 1H), 2.71-2.65
(m, 1H), 1.98-1.95 (m, 1H), 1.83-1.78 (m, 1H), 0.98 ppm (t, /=9.8 Hz,
3H); ®CNMR (125 MHz, CD;CN): 6=175.0, 141.2, 137.8, 121.4, 120.3,
1187, 117.3, 116.7, 115.8, 110.4, 104.7, 60.0, 54.4, 54.2, 51.3, 43.4, 36.8,
36.5, 7.9 ppm; HRMS (FAB): m/z caled for C;gHyCIN,O,: 344.1292
[M]*; found: 344.1297.

23-11a: Major diastereomer, yield: 48.8 mg, 0.099 mmol, 38%. [a];=
71.0 (c=1.0M, CH,CL,); IR (neat): #p,=1734 cm™'; '"H NMR (500 MHz,
CD;CN): 6=9.43 (s, 1H), 7.45-7.38 (m, 4H), 7.17 (t, J=8.0 Hz, 1H),
7.07 (t, J=8.0Hz, 1H), 6.99 (d, /=88 Hz, 2H), 6.41 (s, 1H), 5.71 (s,
1H), 4.95 (dd, /=42, 11.8 Hz, 1H), 4.02-3.99 (m, 3H), 3.58 (s, 3H),
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3.21-3.20 (m, 3H), 2.74 (dd, J=2.0, 15.0 Hz, 1H), 1.94-1.92 (m, 1H),
1.78-1.75 (m, 2H), 1.47-1.44 (m, 2H), 1.43-1.33 (m, 4H), 0.97 ppm (d,
J=7.0Hz, 3H); CNMR (125 MHz, CD,CN): 6=182.1, 172.0, 148.7,
143.3, 142.3, 138.1, 134.2, 133.0, 131.5, 130.1, 129.4, 129.2, 127.1, 123.4,
117.6, 80.0, 76.2, 68.0, 67.2, 64.0, 52.5, 432, 40.8, 44.3, 42.3, 42.3,
30.3 ppm; HRMS (FAB): m/z caled for C,yHy;CIN,O5: 492.2180 [M]™;
found: 492.2170.

23-12a: Major diastereomer, brown oil, yield: 33.7 mg, 0.083 mmol, 31 %.
[a]l5=-19.1 (c=1.0m, MeOH); 'H NMR (500 MHz, CD;CN): 6=7.89
(s, 1H), 7.49 (d, J=7.5Hz, 1H), 7.29-7.20 (m, 4H), 7.15-7.11 (m, 2H),
7.09-7.05 (m, 1H), 4.94-2.92 (m, 1H), 491 (d, J=3.1 Hz, 1H), 3.77-3.75
(m, 1H), 3.76 (s, 3H), 3.22-3.18 (m, 2H), 2.98-2.95 (m, 1H), 2.92-2.88
(m, 1H), 2.79 (d, J=15.3, 1H), 2.35 ppm (s, 3H); C NMR (125 MHz,
CD;CN): 6=195.8, 138.0, 136.6, 132.0, 129.7, 128.1, 127.4, 127.0, 121.9,
118.2, 106.4, 64.1, 55.5, 51.5, 44.3, 27.3, 25.3, 21.3 ppm; HRMS (FAB):
m/z caled for C,yH,;CIN,O,: 406.1448 [M]*; found: 406.1419.

23-13a: Major diastereomer, brown oil, yield: 36.8 mg, 0.071 mmol, 33 %.
[a]l5=76 (c=1.0m, MeOH); IR (neat): #p,=1741cm™'; 'H NMR
(500 MHz, CDCL): 6=7.89 (s, 1H), 7.19 (d, J=7.5 Hz, 1H), 7.36-7.27
(m, 4H), 7.17-7.15 (m, 2H), 7.09-7.07 (m, 1H), 4.94-4.92 (m, 1H), 4.91
(d, J=3.1Hz, 1H), 3.77-3.75 (m, 1H), 3.76 (s, 3H), 3.36-3.18 (m, 2H),
2.98-2.96 (m, 1H), 2.92-2.89 (m, 1H), 2.79 (d, J=15.3 Hz, 1 H), 2.42 ppm
(s, 3H); HRMS (FAB): m/z caled for CoH,,CIN,Os: 422.1397 [M]*;
found: 422.1414.

23-14a: Major diastereomer, yield: 5.8 mg, 0.018 mmol, 8%. [a]5=
—108.7 (c=1.0mM, MeOH); IR (neat): ¥,,=174lcm™'; 'HNMR
(500 MHz, CD,CN): ="7.52 (d, J=8.0 Hz, 1H) 7.36 (d, J=8.0 Hz, 1 H),
717 (t, J=8.2 Hz, 1H), 7.07 (t, /=82 Hz, 1H), 6.41 (d, J=4.3 Hz, 1H),
5.83 (s, 1H), 5.05 (t, J=5.0Hz, 1H), 3.97 (q, J=4.5Hz, 1H), 3.69 (s,
3H), 3.56 (dd, J=2.8, 15.5 Hz, 1H), 3.40 (dd, J=1.5, 5.8 Hz, 1H), 2.78-
2.74 (m, 2H), 1.44 ppm (d, J=6.5 Hz, 3H); HRMS (FAB): m/z calcd for
C,sH,,CIN,O,: 330.1135 [M]*; found: 330.1149.

23-15a: Major diastereomer, brown oil, yield: 36.8 mg, 0.069 mmol, 30 %.
[a]5=33 (c=10M, MeOH); IR (neat): 7,,=1738cm™"; 'HNMR
(400 MHz, CD,CN): 6=7.81 (s, 1 H), 7.42 (d, J=8.0 Hz, 1H), 7.43-7.30
(m, 3H), 731 (d, J=7.6 Hz, 2H), 7.08 (dt, J=1.6, 82 Hz, 1H), 6.9 (dt,
J=1.6, 82 Hz, 1H), 6.52 (1, J=2.4 Hz, 1H), 521 (t, J=1.6 Hz, 1H), 4.55
(dd, J=4.0, 10.4 Hz, 1H), 3.81 (d, /=52 Hz, 1H), 3.64 (s, 3H), 3.15 (dt,
J=4.1, 152 Hz, 1H), 2.92 (dd, J=2.4, 11.5 Hz, 1H), 2.86-2.81 (m, 1H),
2.61 ppm (dt, J=1.8, 12.1 Hz, 1H); *CNMR (100 MHz, CD,CN): 6=
172.0, 144.9, 138.2, 134.1, 130.3, 130.0, 129.9, 129.6, 128.4, 128.1, 127.2,
126.7, 119.8, 112.3, 104.9, 63.0, 55.9, 54.0, 51.0, 43.5, 31.8, 20.7 ppm;
HRMS (FAB): m/z caled for C,3H, CLN,O,: 426.0902 [M]*; found:
426.0936.

23-15b: Brown oil, yield: 16.0 mg, 0.044 mmol, 17%. [a]5=-96 (c=
1.0mM, MeOH); IR (neat): ¥,,=1739cm™'; 'HNMR (400 MHz,
CD,COCD,): 6=8.46 (s, 1H), 7.43 (dt, J=1.0, 7.6 Hz, 1H), 7.43 (t, J=
1.0 Hz, 1H), 7.37 (d, J=6.4 Hz, 2H), 7.21 (d, J=6.4 Hz, 2H), 7.10 (dt,
J=12,78 Hz, 1H), 7.02 (dt, J=1.2, 7.8 Hz, 1 H), 5.73 (t, J=5.8 Hz, 1 H),
4.99-4.96 (m, 1H), 4.89-4.86 (m, 1H), 3.76 (dd, J=1.6, 6.4 Hz, 1H), 3.52
(s, 3H), 3.14 (dt, J=1.6, 152 Hz, 1 H), 3.07 (dt, J=3.2, 16.4 Hz, 1 H), 2.95
(ddd, J=24, 62, 152Hz, 1H), 2.72-2.66ppm (m, 1H); “C NMR
(100 MHz, CD;COCD;): 6=172.8, 139.1, 137.8, 137.2, 134.4, 129.8, 128.4,
128.1, 127.9, 127.1, 121.4, 119.0, 118.0, 111.2, 105.3, 64.3, 55.8, 51.7, 50.9,
30.0, 20.6 ppm; HRMS (FAB): m/z calcd for C,;H,,CLN,O,: 426.0902
[M]*; found: 426.0911.

23-15¢: Yellow oil, yield: 9.9 mg, 0.037 mmol, 11%. [a]5=—42 (c=1.0M,
MeOH); IR (neat): ¥, =1737 cm™'; "H NMR (400 MHz, CD;CN): 0=
9.24 (s, 1H), 747 (d, J=7.6 Hz, 2H), 7.38-7.33 (m, 2H), 7.31 (d, J=
8.0 Hz, 2H), 7.13 (dt, J=12, 7.2 Hz, 1H), 7.07 (dt, /=12, 7.2 Hz, 1H),
6.43 (dd, J=2.4, 48 Hz, 1H), 5.11 (t, J=2.0 Hz, 1H), 3.96 (dd, J=4.0,
9.2 Hz, 1H), 3.87 (dd, J=2.0, 5.6 Hz, 1H), 3.61 (s, 3H), 3.15 (dt, J=5.9,
152 Hz, 1H), 2.92 (dd, J=2.4, 11.5 Hz, 1 H), 2.86-2.81 (m, 1H), 2.61 ppm
(dt, J=1.8, 12.1 Hz, 1H); HRMS (FAB): m/z caled for Cy3H,CLN,O,:
426.0902 [M]*; found: 426.0894.

23-15d: Yellow oil, yield: 5.4 mg, 0.013 mmol, 6%. [a]5=—130 (c=1.0m,
MeOH); IR (neat): #,,,=1740 cm™'; '"H NMR (500 MHz, CD,COCD,):
5=9.15 (s, 1H), 7.40 (d, J=6.4 Hz, 1H), 7.35 (d, J=8.0 Hz, 1 H), 7.28 (d,
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J=8.0Hz, 2H), 7.21 (d, J=7.7Hz, 2H), 7.12 (t, J=7.2 Hz, 1H), 7.02 (t,
J=172, 1H), 5.72 (t, J=42 Hz, 1H), 4.85 (d, J=10.5Hz, 1H), 4.78 (d,
J=3.5Hz, 1H), 3.68 (dd, /=13, 6.3 Hz, 1H), 3.51 (s, 3H), 3.04 (d, /=
15.5Hz, 1H), 2.91-2.85 (m, 2H), 2.66-2.60 ppm (m, 1H); “C NMR
(125 MHz, CD;COCDs): 6=174.4, 140.2, 139.3, 138.1, 135.6, 130.9, 129.5,
129.4, 129.1, 128.1, 122.8, 120.5, 112.4, 106.6, 65.4, 56.9, 52.7, 52.3, 41.1,
26.0, 21.6 ppm; HRMS (FAB): m/z caled for C,;H,,C,N,O,: 426.0902
[M]*; found: 426.0936.

General procedure for the synthesis of 25: Wang resin 20/21 (700 mg)
was washed with dry THEF, filtered off, and resuspended in a solution of
HMPA (0.7 mL, 717.0 mg, 4.13 mmol, 19 equiv), LHMDS (1M in THF,
4 mL, 4.00 mmol, 19.0 equiv), and THF (10 mL) at —78°C. The suspen-
sion was shaken at —78°C for 1 h, followed by addition of acyl chloride
(10 equiv). The mixture was allowed to warm to room temperature over-
night. Resin 24 was filtered off, washed three times with CH,Cl,, MeOH,
and DMF (20 mL each), and subjected to the cleavage procedure de-
scribed above.

25-1a: Major diastereomer, yellow oil, yield: 112.2 mg, 0.205 mmol, 34 %.
[a]5=422 (c=1.0mM, MeOH); 'HNMR (500 MHz, CD;CN): 6=8.74
(dd, J=1.3, 5.7 Hz, 1H), 7.96 (s, 1H), 7.51-7.46 (m, 3H), 7.31-7.28 (m,
1H), 7.24-7.23 (m, 1H), 7.22-7.17 (m, 2H), 7.11-7.08 (m, 2H), 6.66-6.64
(m, 1H), 5.47 (s, 1H), 4.68 (s, 1H), 3.84 (d, /=5.0 Hz, 1H), 3.12-3.06 (m,
3H), 2.92-2.89 (m, 1H), 2.48 ppm (s, 3H); LC-MS (ESI): tz =8.99 min,
mlz=548.2 [M+H]*.

25-2a: Major diastereomer, yellow oil, yield: 115.0 mg, 0.215 mmol, 35%.
[a]5=422 (c=1.0M, MeOH); 'HNMR (500 MHz, CD;CN): 6=7.68-
7.53 (m, 7H), 7.42 (d, /J=7.8Hz, 1H), 7.21-7.03 (m, 3H), 6.99 (t, /=
7.5Hz, 1H), 6.23 (brs, 1H), 5.72 (brs, 1H), 4.83 (dd, /J=4.2, 10.3 Hz,
1H), 3.99 (brs, 1H), 3.19-2.97 (m, 2H), 2.67 ppm (d, J=16.7 Hz, 2H).
25-3a: Major diastereomer, yellow oil, yield: 121.7 mg, 0.217 mmol, 37 %.
[a]5=422 (c=1.0mM, MeOH); 'HNMR (500 MHz, CD;CN): ¢6=7.61
(dd, J=10.1, 189 Hz, 1H), 7.51 (d, J=8.2 Hz, 2H), 7.43 (d, /=8.0 Hz,
2H), 7.42 (d, J=8.2 Hz, 2H), 7.13 (t, J=7.2 Hz, 1H), 6.98 (t, J=7.2 Hz,
1H), 6.57 (d, J=8.5Hz, 1H), 6.00 (s, 2H), 5.40 (s, 1H), 4.51 (dd, J=4.2,
10.7 Hz, 1H), 3.71 (d, J=4.7 Hz, 1H), 3.09 (d, /J=16.2 Hz, 1H), 2.91-2.86
(m, 1H), 2.69-2.62 (m, 1H), 240 ppm (dt, J=3.5, 172 Hz, 1H);
BC NMR (125 MHz, CD;CN): 6 =175.7, 166.2, 143.2, 139.5, 137.4, 135.0,
134.2, 133.8, 132.4, 129.3, 128.6, 127.7, 127.6, 126.7, 124.7, 124.6, 124.5,
121.9, 121.8, 116.2, 65.9, 58.1, 57.6, 45.7, 28.4 ppm; HRMS (FAB): m/z
caled for CyH,,BrCIF,N,0;: 596.0314 [M]*; found: 596.0316.

25-3¢: Yellow oil, yield: 65.3 mg, 0.064 mmol, 20%. [a]5=-31.9 (c=
1.2m, MeOH); 'H NMR (500 MHz, CD;CN): =7.58-7.51 (m, 3H), 7.39
(d, J=8.2 Hz, 2H) 7.35-7.32 (m, 3H), 7.26 (t, J=7.2 Hz, 1H), 7.13 (t, /=
7.2 Hz, 1H), 6.79 (d, J=8.5Hz, 1H), 6.07 (s, 1H), 4.84 (s, 1H), 4.42 (s,
1H), 3.95 (t, J=5.7Hz, 1H), 2.96-2.92 (m, 2H), 2.82 (d, J=18.7 Hz,
1H), 2.68 ppm (d, /=182 Hz, 1H); HRMS (FAB): m/z calcd for
CyHyBrCIF,N,05: 596.0314 [M +H]*; found: 596.0318.

25-4a: Major diastereomer, brown oil, yield: 42.9 mg, 0.069 mmol, 30 %.
[a]5=462 (c=1.3M, MeOH); 'HNMR (500 MHz, CD;CN): 6=8.74
(dd, J=1.3, 5.7 Hz, 1H), 7.96 (s, 1H), 7.53-7.49 (m, 3H), 7.31-7.28 (m,
1H) 7.25-7.22 (m, 1H), 7.20-7.17 (m, 2H), 7.12-7.09 (m, 2H), 6.66 (br s,
1H), 5.47 (brs, 1H), 4.68 (brs, 1H), 3.84 (d, /=5.0 Hz, 1H), 3.12-3.05
(m, 3H), 2.93-2.90 (m, 1H), 2.61 (s, 3H), 2.13-2.10 ppm (m, 1H); HRMS
(FAB): m/z caled for C,HpBrCIN;O,S: 563.0837 [M+H]*; found:
563.0858.

25-5a: Major diastereomer, brown oil, yield: 39.0 mg, 0.073 mmol, 42 %.
[a]5 =312 (¢c=1.0mM, MeOH); 'HNMR (400 MHz, CD;CN): 6=7.68-
7.53 (m, 7H), 7.42 (d, J=7.8 Hz, 1H), 7.21-7.03 (m, 3H), 6.99 (t, /=
7.5Hz, 1H), 6.37 (brs, 1H), 5.72 (brs, 1H), 4.83 (dd, /J=4.2, 10.3 Hz,
1H), 3.99 (brs, 1H), 3.19-2.97 (m, 2H), 2.67 ppm (d, J=16.7 Hz, 2H);
HRMS (FAB): m/z caled for C,H, CLFN,O5: 534.0913 [M]*; found:
534.0919.

25-5b: Brown oil, yield: 17.1 mg, 0.031 mmol, 18%. [a]5=31.2 (c=1.0m,
MeOH); 'HNMR (400 MHz, CD;CN): 6 =7.67-7.44 (m, 7H), 7.11-7.30
(m, 4H) 7.04 (t, J=7.2 Hz, 1H), 5.73 (s, 1H), 5.16 (s, 2H), 3.76 (s, 1H),
3.11 (brs, 2H), 2.95ppm (brs, 2H); HRMS (FAB): m/z caled for
CyoH,,CLFN,O;: 534.0913 [M]*; found: 534.0907.
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General procedure for the formation of 26: The N-acylated acids 25 were
subjected to ester formation as described above.

26-1a: Major diastereomer, yellow oil, yield: 64.7 mg, 0.122 mmol, 37 %.
[a]5=-59 (c=0.1m, MeOH); IR (neat): ¥,,=1736cm'; '"HNMR
(500 MHz, CD;CN): 6=8.42 (d, J=9.0 Hz, 2H), 8.00 (d, /=9.0 Hz, 2H),
7.50 (d, J=7.7Hz, 2H), 7.43-7.42 (m, 2H), 7.28-7.16 (m, 4H), 7.08 (t,
J=7.5Hz, 1H), 6.74 (d, J=8.5Hz, 1H), 5.69 (t, J=2.2 Hz, 1H), 4.91 (s,
1H), 3.71 (dd, J=2.5, 5.5 Hz, 1H), 3.63 (s, 3H), 3.12 (d, J=16.2 Hz, 2H),
2.74-2.63 (m, 1H), 2.64-2.59ppm (m, 1H); “CNMR (125 MHz,
CD;CN): 0=173.8, 169.1, 152.0, 142.0, 141.5, 137.9, 137.1, 137.4, 137.2,
136.7, 136.7, 136.6, 136.2, 130.8, 130.7, 130.1, 127.8, 120.3, 118.3, 115.3,
65.2, 82.3, 56.0, 54.4, 52.7, 40.9, 33.5 ppm; HRMS (FAB): m/z calcd for
C30H,,CIN;O5: 542.1404 [M]*; found: 542.1444.

26-2a: Major diastereoisomer, yellow oil, yield: 73.0 mg, 0.138 mmol,
2%. [a]5=-74 (c=0.1m, MeOH); IR (neat): #,,=1738cm™;
'"HNMR (500 MHz, CD;CN): 6=7.72 (d, J=8.4 Hz, 1H), 7.45-7.39 (m,
4H), 7.42 (t, J=7.8 Hz, 1H), 7.36-7.21 (m, 7H), 6.03 (d, J=5.6 Hz, 1H),
5.74 (s, 1H), 5.54 (s, 1H), 4.13 (d, J=5.0 Hz, 1H), 3.70 (s, 3H), 3.42-3.38
(m, 1H), 3.21-3.15 (m, 1H), 3.11-3.06 ppm (m, 2H); HRMS (FAB): m/z
caled for C3)H,,CLN,O5: 530.1164 [M]*; found: 530.1178.

26-3a: Major diastereomer, yellow oil, yield: 60.7 mg, 0.114 mmol, 19%.
[a]5=-12 (c=0.1m, MeOH); IR (neat): ¥,,=1734cm™"; '"HNMR
(500 MHz, CD;CN): 6=17.86 (d, J=6.5 Hz, 1H), 7.49-7.44 (m, 3H), 7.39
(d, J=6.5Hz, 1H), 7.31-7.20 (m, 5H), 7.16 (t, J=7.6 Hz, 1H), 6.72 (d,
J=85Hz, 1H), 6.01 (brs, 1H), 5.76 (d, /J=9.5Hz, 1H), 5.62 (s, 1H),
4.26 (d, J=5.5Hz, 1H), 3.77 (s, 3H), 3.26 (d, J=17.6 Hz, 2H), 2.78-
2.69ppm (m, 2H); HRMS (FAB): m/z caled for C;H,;CIF,N,O;:
532.1365 [M]*; found: 532.1377.

26-4a: Major diastereomer, yellow oil, yield: 21.7 mg, 0.050 mmol, 8%.
[a]5=-83 (c=0.1M, MeOH); IR (neat): ¥,,=1731cm™"; 'HNMR
(500 MHz, CD;CN): 6=7.72 (d, J=7.8 Hz, 1H), 7.45-7.33 (m, 5H),
7.27-7.09 (m, 3H), 5.81-5.79 (m, 1H), 5.51 (d, J=8.5Hz, 1H), 5.11 (dd,
J=6.6, 8.0Hz, 1H), 495 (s, 1H), 3.71 (s, 3H), 3.32-3.15 (m, 4H),
2.23 ppm (s, 3H); HRMS (FAB): m/z caled for C,sH,;CIN,O;: 434.1397
[M]*; found: 434.1404.

General procedure for the synthesis of 28/29: HMBA resin (300 mg,
loading=1.2 mmolg~!, 100-200 mesh) was swollen in DMF (2mL) for
10 min, then 16 (4942 mg, 1.20 mmol, 1equiv), pyridine (285.4 mg,
3.58 mmol, 286 uL, 3.0equiv), and 2,6-dichlorobenzoyl chloride
(502.7 mg, 2.40 mmol, 424 uL, 2.0 equiv) were added. The resulting sus-
pension was shaken at room temperature overnight. The resin was
washed three times with DMF, MeOH, and CH,Cl, and dried under high
vacuum. The resin (300 mg) was shaken twice for 10 min with piperidine/
DMF (20:80 v/v, 10 mL) and washed three times with DMF/CH,CI, and
once with CH,Cl/trimethylorthoformiate (50:50 v/v). A solution of the
corresponding aldehyde (1.08 mmol, 5 equiv with respect to resin-bound
tryptophan) and CH,Cl/trimethylorthoformiate (50:50 v/v, 8 mL) was
added, and the mixture was shaken overnight at room temperature. The
resin was washed twice with CH,Cl, and once with propionitrile. The
resin (300 mg) was shaken in propionitrile (2 mL) for 10 min followed by
addition of aqueous ZnCl, (1M, 1.8 mL, 0.42 mmol, 2.0 equiv), and the re-
sulting suspension was slowly agitated for 10 min at room temperature.
The suspension was cooled to 0°C, and 12 (1.83 mmol, 3.0 equiv) was
added. The reaction mixture was allowed to warm overnight to room
temperature. Resin 27 was filtered off, washed twice with CH,Cl,, HOAc
(2% ) in MeOH, and CH,Cl, (20 mL each), and dried overnight in vacuo.

Cleavage of 27: A suspension of 27 (100 mg) in TEA/MeOH (1:9, 3 mL)
was heated at 50°C overnight. The cleavage mixture was removed by fil-
tration, and the resin was washed with MeOH (3x5 mL) and CH,Cl, (3%
5mL). The cleavage mixture and washing solutions were combined and
evaporated to dryness. The residue was redissolved in acetonitrile/metha-
nol and purified by preparative RP-HPLC.

28-1a and 28-1b: Mixture of diastereomers (65:35), yield: 10.1 mg,
0.030 mmol, 59%. IR (neat): ¥,,=1591cm™'; '"HNMR (500 MHz,
CDCl): 6=833 (s, 1H), 7.46 (d, J=7.8Hz, 1H), 7.38 (d, /=8.8 Hz,
1H), 7.20 (t, J=7.2 Hz, 1H), 7.10 (d, J=8.0 Hz, 1H), 7.01 (t, J=7.7 Hz,
1H), 6.97 (d, /=17 Hz, 1H), 6.72 (d, J=7.7 Hz, 1H,), 6.70 (d, J=7.2 Hz,
1H), 6.50 (d, 2H, J=8.7Hz, 1H), 5.37 (d, J=7.8 Hz, 1H), 4.60 (dd, /=
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5.8, 129 Hz, 1H), 3.98 (dd, /=6.0, 9.3 Hz, 1H), 3.72 (s, 3H), 3.70 (s,
3H), 3.42 (td, J=5.3, 14.5 Hz, 1H), 3.17-3.07 (m, 1H), 2.70-2.54 ppm (m,
2H); MS (70 eV): m/z (%)=404 [M]* (10), 137 (100).

28-2a and 28-2b: Mixture of diastereomers (63:37), yield: 10.5 mg,
0.033 mmol, 65%. IR (neat): ¥,,=1591cm™; 'HNMR (400 MHz,
CDCl;): 6=8.40 (s, 1H), 7.42 (d, J=8.0Hz, 1H), 7.40 (d, J=7.4 Hz,
1H), 7.36 (t, J=7.7Hz, 1H), 7.15 (d, J=7.5Hz, 1H), 7.03 (t, J=7.6 Hz,
1H), 6.97 (brs, 1H), 6.89 (d, J=8.4 Hz, 2H), 6.68 (d, /=84 Hz, 2H),
5.31 (d, J=7.8 Hz, 1H), 4.62 (dd, /=4.8, 10.6 Hz, 1H), 3.95 (dd, J=5.5,
9.9 Hz, 1H), 3.70 (s, 3H), 3.44-3.38 (m, 1H), 3.17-3.07 (m, 1H), 2.55 (d,
J=9.0 Hz, 1H), 2.42 ppm (t, J=7.8 Hz, 1H); MS (70 eV): m/z (% )=408
[M]* (5), 137 (100).

28-3a and 28-3b: Mixture of diastereomers (68:32), yield: 9.5 mg,
0.037 mmol, 48%. IR (neat): ¥,,=1591cm™'; 'HNMR (400 MHz,
CDCly): 6=8.36 (s, 1H), 7.64 (d, J=85Hz, 2H), 7.45 (d, J=8.0 Hz,
1H), 7.39 (d, J=8.2 Hz, 1H), 7.19 (t, J=7.2 Hz, 1H), 7.12 (d, J=8.0 Hz,
1H), 7.01 (brs, 1H), 6.94 (t, J=7.5Hz, 1H), 6.83 (d, /=8.5Hz, 2H),
5.28 (d, J=7.9 Hz, 1H), 4.69 (dd, /=6.4, 10.3 Hz, 1H), 3.91 (dd, J=4.6,
10.7 Hz, 1H), 3.77 (s, 3H), 3.44 (dd, J=4.6, 15.1 Hz, 1H), 3.19 (dd, J=
10.8, 15.1 Hz, 1H), 2.71 (dd, /=6.3, 16.5 Hz, 1H), 2.52 ppm (dd, /=10.4,
16.5 Hz, 1H); HRMS (FAB): m/z caled for C;sH, N;O5: 419.1481 [M]T;
found: 419.1463.

28-4a: Yield: 10.7 mg, 0.033 mmol, 38%. IR (neat): ¥, =1591 cm™;
'"HNMR (500 MHz, CDCL;): =828 (s, 1H), 7.42 (d, J=7.4Hz, 1H),
7.44 (d, J=79 Hz, 1H), 7.28 (d, J=8.0 Hz, 1H), 7.37 (d, J=7.9 Hz, 1H),
7.19 (t, J=7.6 Hz, 1H), 7.08 (t, J=7.6 Hz, 1H), 7.02 (t, J=7.4 Hz, 1H),
7.00 (brs, 1H), 6.77 (d, J=7.7 Hz, 1H), 6.71 (t, J=7.4 Hz, 1H), 5.27 (dd,
J=6.8, 9.5Hz, 1H), 520 (d, J=7.8Hz, 1H), 3.97 (dd, J=7.0, 8.2 Hz,
1H), 3.62 (s, 3H), 3.45 (dd, /J=6.1, 146 Hz, 1H), 3.21 (dd, J=9.0,
14.8 Hz, 1H), 2.71 (dd, J=6.7, 16.6 Hz, 1H), 2.57 ppm (dd, J=10.0,
16.4 Hz, 1H); MS (70 eV): m/z (%) =408 [M]* (7), 137 (100).

28-4b: Yield: 7.8 mg, 0.019 mmol, 22%. IR (neat): ¥p,,=1591cm™;
'"HNMR (500 MHz, CDCl;): =828 (s, 1H), 7.54 (d, /=79 Hz, 1H),
748 (d, J=7.9 Hz, 1H), 7.44-7.39 (m, 2H), 7.36-7.28 (m, 1H), 7.21 (t,
J=7.5Hz, 1H), 7.18-7.10 (m, 3H), 6.98 (brs, 1H), 5.14 (d, 1H), 4.72
(dd, /=52, 74 Hz, 1H), 412 (dd, J=5.9, 9.2 Hz, 1H), 3.65 (s, 3H), 3.44
(dd, J=5.8, 14.7 Hz, 1 H), 3.17 (dd, J=9.4, 14.6 Hz, 1H), 2.60 (dd, J=8.0,
16.5Hz, 1H), 242 ppm (dd, /J=4.8, 16.5Hz, 1H); MS (70eV): m/z
(%) =408 [M]* (6), 137 (100).

28-5a: Yield: 6.9 mg, 0.009mmol, 22%. IR (neat): ¥, =1591 cm™;
'"HNMR (500 MHz, CDCL): 6=8.15 (s, 1H), 7.65 (d, 2H, J=82 Hz,
1H), 7.42 (d, J=8.0 Hz, 1H), 7.39 (d, J=82Hz, 1H), 7.19 (t, J=7.6 Hz,
1H), 7.14 (d, /=79 Hz, 1H), 6.98 (t, J=7.2Hz, 1H), 6.97 (brs, 1H),
6.90 (d, /J=82Hz, 2H), 530 (d, /=8.0Hz, 1H), 4.68 (dd, J=6.8,
10.6 Hz, 1H), 3.93-3.89 (m, 1H), 3.91 (s, 3H), 3.68 (s, 3H), 3.42 (dd, /=
5.9, 149 Hz, 1H), 3.16 (dd, J=9.5, 14.9 Hz, 1H), 2.61 ppm (dd, J=5.6,
8.6 Hz, 1H); MS (70 eV): m/z (%) =432 [M]* (8), 137 (100).

28-5b: Yield: 3.6 mg, 0.008 mmol, 18%. IR (neat): ¥,=1591cm™;
"HNMR (500 MHz, CDCl;): =820 (s, 1H), 7.87 (d, J=8.3 Hz, 2H),
7.51 (d, J=79 Hz, 1H), 7.43 (d, J=8.2 Hz, 1H), 7.44 (d, J=8.0 Hz, 1H),
7.33 (t, J=7.5Hz, 1H), 7.10 (t, J=7.5Hz, 1H), 6.99 (brs, 1H), 6.98 (d,
J=82Hz, 2H), 521 (d, J=7.9 Hz, 1H), 4.07 (dd, J=5.0, 10.3 Hz, 1H),
4.01 (t, J=7.6Hz, 1H), 3.90 (s, 3H), 3.69 (s, 3H), 3.42 (dd, J=5.0,
14.7Hz, 1H), 3.16 (dd, /=104, 14.7Hz, 1H), 2.46 ppm (dd, J=425,
7.6 Hz, 2H); MS (70 eV): m/z (%) =432 [M]* (10), 137 (100).

28-6a: Yield: 32mg, 0.008 mmol, 18%. IR (neat): ¥, =1591 cm™;
'HNMR (500 MHz, CDCl,): =8.17 (s, 1H), 7.56 (d, J=7.8 Hz, 1H),
7.40 (d, /=8.0 Hz, 1H), 7.37 (d, J=7.4 Hz, 1H), 7.31 (t, J=7.6 Hz, 1H),
7.18 (t,J=7.5Hz, 1H), 7.01 (brs, 1H), 5.16 (d, /=7.3 Hz, 1H), 421 (dd,
J=5.9, 9.6 Hz, 1H), 3.80 (s, 3H), 3.56 (dd, J=5.6, 15.0 Hz, 1H), 3.44
(brs, 1H), 3.37 (dd, /=9.8, 15.0 Hz, 1H), 2.82 (d, /=7.0, 16.9 Hz, 1H),
2.30 (d, /=16.8 Hz, 1H), 1.40-1.42 (m, 1H), 1.33-1.28 (m, 1H), 0.95-0.87
(m, 1H), 0.61 (d, /J=6.5Hz, 3H), 0.58 ppm (d, J=6.5Hz, 3H); MS
(70 eV): m/z (%) =424 [M]* (4), 100 (100).

28-6b: Yield: 2.7 mg, 0.007 mmol, 15%. IR (neat): ¥, =1591cm™;
'HNMR (500 MHz, CDCl,): 6=831 (s, 1H), 7.59 (d, J=8.1 Hz, 1H),
7.42 (d, J=8.1Hz, 1H), 742 (d, J=7.5Hz, 1H), 7.31 (t, J=7.5 Hz, 1H),
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7.16 (t, J=17.5Hz, 1H), 7.06 (brs, 1H), 5.15 (d, J=7.2 Hz, 1H), 4.17 (dd,
J=4.7, 10.0 Hz, 1H), 3.83 (s, 3H), 3.54 (dd, J=4.6, 14.6 Hz, 1H), 3.15
(dd, J=104, 14.4 Hz, 1H), 2.98 (brs, 1H), 2.20 (d, J=6.7, 16.4 Hz, 1H),
2.08 (t, /J=17.2 Hz, 1H), 1.69-1.63 (m, 1H), 1.44-1.38 (m, 1H), 1.21-1.15
(m, 1H), 1.82 (d, /=6.5Hz, 1H), 0.67 ppm (d, 3H); MS (70eV): m/z
(%) =424 [M]* (5), 137 (100).

General procedure for acid-mediated cyclization on HMBA support and
base-mediated cleavage: Resin 27 (200 mg) was suspended in a solution
of CH,CL/TMSCI/TFA (10 mL, 3:1:0.5), and the mixture was stirred at
room temperature for 30 min. The resin was filtered, washed successively
with CH,Cl, (three times), methanol (three times), DMF (three times),
and again with CH,Cl, (three times), and dried in vacuo. Final cleavage
of the product from the HMBA resin was achieved by addition of
NaOMe (0.25Mm) in methanol/dioxane (1:1) at S0°C for 18 h. The remain-
ing residues 34a and 34b, obtained after extraction with EtOAc and re-
moval of the solvent under reduced pressure, was purified by RP-HPLC
under the conditions indicated above.

34-1a and 34-1b: Diastereomeric mixture (78:22), yield: 14.2 mg,
0.044 mmol, 19%. IR (neat): 7,,,=3363, 2820, 2800, 1735, 1716 cm';
'"HNMR (400 MHz, CDCl;): =8.03 (s, 1H), 7.50 (d, J=7.6 Hz, 1H),
7.16 (t, J=7.4 Hz, 1H), 7.11 (t, J=7.4 Hz, 1H), 4.70 (d, J=11.8 Hz, 1H),
4.36 (d, J=52Hz, 1H), 3.58 (s, 3H), 3.45-3.39 (m, 1H), 3.30 (d, J=
15.4 Hz, 1H), 3.18 (dd, J=4.6, 154 Hz, 1H), 2.82 (d, /=143 Hz, 1H),
2.59-2.38 (m, 3H), 1.72-1.61 (m, 2H), 0.96 ppm (d, J=7.4 Hz, 3H); MS
(70 eV): m/z (%) =333 [M]* (79), 337 (100), 169 (57).

34-2b: Yield: 8.3 mg, 0.020 mmol, 37%. [a]5=56.1 (c=0.1M, MeOH);
IR (neat): ,,,=3348, 2805, 1737, 1723 cm™'; 'HNMR (400 MHz,
CDClLy): 6=17.78 (s, 1H), 7.48 (d, J=7.7Hz, 1H), 738 (d, /=84 Hz,
2H), 7.33 (d, /=73 Hz, 3H), 7.18 (t, J=7.5Hz, 1H), 7.11 (t, J=7.4 Hz,
1H), 4.84 (d, J=11.7 Hz, 1H), 4.60 (dd, J=4.0, 10.6 Hz, 1H), 3.77 (d, /=
5.3 Hz, 1H), 3.50 (s, 3H), 3.18 (d, J=15.4 Hz, 1H), 3.04 (ddd, /=1.5, 5.7,
15.1 Hz, 1H), 2.89 (d, J=13.8 Hz, 1H), 2.73-2.67 (m, 2H), 2.63 ppm (d,
J=13.9Hz, 1H); HRMS (FAB): m/z calcd for C,;H, O;N,Cl: 408.1311
[M]*; found: 408.1362.

34-3b: Yield: 15.3 mg, 0.039 mmol, 30%. 7,,,=3370, 2821, 2806, 1735,
1720 em™; [a]d = —14.9 (c=1.0m, CH,CL,); 'H NMR (500 MHz): 6=7.97
(s, 1H), 7.48 (d, J=7.7Hz, 1H), 7.39 (d, J=6.8 Hz, 1H), 7.43 (d, J=
6.9 Hz, 1H), 7.33 (d, /J=8.1Hz, 1H), 7.18 (t, J=7.5Hz, 1H), 7.12-7.08
(m, 3H), 4.84 (d, J=11.9 Hz, 1H), 4.60 (dd, J=3.2, 10.6 Hz, 1H), 3.78 (d,
J=5.9Hz, 1H), 3.50 (s, 3H), 3.18 (d, /=152 Hz, 1H), 3.04 (dd, /J=5.8,
15.3 Hz, 1H), 2.91 (d, J=13.1 Hz, 1H), 2.75-2.67 (m, 2H), 2.63 ppm (d,
J=129Hz, 1H); "CNMR (125 MHz): 6=206.5, 172.8, 143.9, 1434,
130.9, 129.2, 129.1, 129.0, 128.3, 136.0, 119.6, 118.2, 116.2, 116.0, 111.0,
106.9, 64.6, 63.8, 56.2, 53.1, 51.4, 50.8, 47.7, 31.9 ppm; HRMS (FAB): m/z
caled for C,3H, FN,O5: 392.1543 [M]™; found: 392.1560.

34-4b: Yellow oil, yield: 9.4 mg, 0.037 mmol, 27%. [a]5=-12.9 (c=
0.1M, MeOH); "H NMR (500 MHz, CDCL;): 6=7.76 (s, 1H), 7.62 (d, J=
5.1 Hz, 1H), 748 (d, J=7.8 Hz, 1H), 7.40 (d, J=8.0 Hz, 1H), 7.42 (t, J=
6.9 Hz, 1H), 7.33-7.31 (m, 1H), 7.18 (t, J=7.5Hz, 1H), 7.11 (d, J=
7.4 Hz, 1H), 5.19 (s, 1H), 5.01 (d, /=113 Hz, 1H), 3.85 (d, /=5.5 Hz,
1H), 3.55 (s, 3H), 3.18 (d, /=153 Hz, 1H), 3.11 (dd, J=5.8, 15.1 Hz,
1H), 291 (d, J=14.2 Hz, 1H), 2.80 (d, J=12.6 Hz, 1H), 2.71 ppm (t, /=
12.7Hz, 1H); HRMS (FAB): m/z caled for C,H, O;N,Cl: 408.1241
[M]*; found: 407.1189.

34-5b: Yellow oil, yield: 13.9 mg, 0.030 mmol, 43%. [a]5 =782 (c=0.1m,
MeOH); IR (neat): #,,,=3359, 2821, 2802, 1736, 1724 cm™'; '"H NMR
(500 MHz, CDCl,): 6=7.80 (s, 1H), 7.67 (d, J=7.9 Hz, 2H), 7.53 (d, /=
79 Hz, 2H), 749 (d, J=7.7Hz, 1H), 742 (d, J=8.1 Hz, 1H), 7.19 (t, J=
7.6 Hz, 1H), 7.12 (t, J=7.4 Hz, 1H), 4.88 (d, J=11.6 Hz, 1H), 4.72 (dd,
J=42,10.0 Hz, 1H), 3.74 (d, J=4.8 Hz, 1H), 3.51 (s, 3H), 3.19 (d, /=
152 Hz, 1H), 3.06 (dd, J=5.9, 153 Hz, 1H), 291 (d, /=14.0 Hz, 1H),
2.75-2.68 ppm (m, 3H); HRMS (FAB): m/z caled for C,H, O;N,F;:
442.1504 [M]*; found: 442.1493.

34-6b: Yield: 6.9 mg, 0.016 mmol, 18%. [a]5=29.0 (c=0.3M, MeOH);
IR (neat): 7,,,,=3365, 2822, 2800, 1733, 1719 cm™'; 'H NMR (400 MHz,
CDCLy): 6=7.74 (s, 1H), 7.48 (d, J=7.7Hz, 1H), 7.33 (d, J=8.1 Hz,
1H), 7.31 (d, J=6.5Hz, 1H), 7.36 (d, J=6.1 Hz, 3H), 7.18 (t, J=7.5 Hz,
1H), 7.11 (t, J=7.4 Hz, 1H), 4.83 (d, J=11.7 Hz, 1H), 4.56 (dd, J=3.6,
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11.0 Hz, 1H), 3.82 (dd, /=12, 59 Hz, 1H), 3.49 (s, 3H), 3.17 (d, /=
15.5 Hz, 1H), 3.03 (ddd, J=2.1, 6.0, 15.3 Hz, 1H), 2.87 (d, J=13.6 Hz,
1H), 2.78-2.67 (m, 2H), 2.61 (d, J=13.2 Hz, 1H), 2.52 ppm (s, 3H); MS:
mlz=420 [M]*.

34-7b: Yield: 18.5 mg, 0.043 mmol, 28 %. [a]}; =44.8 (¢=0.1M, CH,CL);
Pinax = 3369, 2820, 2804, 1737, 1716 cm™*; '"H NMR (400 MHz, CDClL,): 6 =
7.76 (s, 1H), 7.49 (d, J=7.6 Hz, 1H), 743 (t, J=7.8 Hz, 1H), 742 (d, /=
8.0 Hz, 1H), 7.37-7.17 (m, 2H), 7.14-7.10 (m, 1H), 4.85 (d, J=12.5 Hz,
1H), 4.62 (t, /=73 Hz, 1H), 3.77 (d, J=4.6 Hz, 1H), 3.51 (s, 3H), 3.20
(d, J=15.3 Hz, 1H), 3.05 (ddd, /=2.1, 6.2, 15.7 Hz, 1H), 2.89 (dd, J=1.7,
11.4 Hz, 1H), 2.71 (d, J=12.5 Hz, 1 H), 2.66 ppm (d, 2H, J=7.3 Hz, 1H);
MS (70 eV): m/z (%)=433 [M]* (42), 169 (100); HRMS (FAB): m/z
caled for C3H,,O3N,CIF: 426.1165 [M]*; found: 426.1198.

34-8b: Yield: 20.6mg, 0.044 mmol, 36%. [a]5=-372 (c=2.5M,
CH,CL,); IR (neat): ¥,,,=3363, 2827, 2800, 1735, 1714 cm™'; 'H NMR
(400 MHz, CDCLy): 6=8.15 (s, 1H), 7.48 (d, J=7.8 Hz, 1H), 7.44 (t, J=
79 Hz, 1H), 742 (d, J=7.7Hz, 2H), 7.28 (s, 1H), 7.21 (d, J=8.1 Hz,
1H), 7.17 (t, /=72 Hz, 1H), 7.11 (t, J=7.3 Hz, 1H), 4.86 (d, J=11.8 Hz,
1H), 4.64 (dd, J=4.7, 9.9 Hz, 1H), 3.75 (d, J=4.5 Hz, 1H), 3.50 (s, 3H),
3.19 (d, J=15.5 Hz, 1H), 3.06 (ddd, J=2.0, 6.0, 15.4 Hz, 1H), 2.95 (d, /=
14.1 Hz, 1H), 2.75-2.67 ppm (m, 3H); "CNMR (100 MHz): 6=206.4,
172.7, 149.8, 143.6, 136.4, 132.8, 131.6, 130.6, 129.7, 129.0, 120.8, 120.0,
119.6, 119.5, 118.2, 111.0, 106.7, 63.9, 56.4, 53.0, 51.5, 50.4, 47.5, 42.8,
31.8 ppm; HRMS (FAB): m/z calcd for C,,H,O,N,F;: 459.1530 [M +1]*;
found: 459.1442.

34-9b: Yellow oil, yield: 8.8 mg, 0.020 mmol, 15%. [a]5=-56.9 (c=
02M, CH,CL); IR (neat): #,,=3360, 2821, 2803, 1736, 1716 cm™;
'"HNMR (500 MHz, CDCL): 6=7.71 (s, 1H), 7.47 (d, J=7.5Hz, 1H),
7.33 (d, J=8.2Hz, 1H), 7.28 (d, J=8.6 Hz, 2H), 7.17 (t, J=7.4 Hz, 1H),
7.10 (t, J=7.4Hz, 1H), 6.93 (d, /=85 Hz, 2H), 6.08 (dtd, /=5.1, 10.3,
15.5Hz, 1H), 5.44 (d, J=17.3 Hz, 1H), 5.30 (d, /=10.5 Hz, 1H), 4.82 (d,
J=11.4 Hz, 1H), 4.56 (d, /=5.0 Hz, 2H), 4.53 (dd, /=2.8, 10.9 Hz, 1H),
3.81 (d, J=5.8 Hz, 1H), 3.49 (s, 3H), 3.15 (d, /=152 Hz, 1H), 3.03 (dd,
J=5.4,152Hz, 1H), 2.86 (d, J=1.4 Hz, 1H), 2.76 (dd, /=1.1, 12.3 Hz,
1H), 2.70 (t, J=12.8 Hz, 1H), 2.61 ppm (d, J=1.5Hz, 1H); HRMS
(FAB): m/z calcd for CysH,N,0,: 430.1893 [M]*; found: 430.1877.
34-10b: Yellow oil, yield: 11.0 mg, 0.027 mmol, 19%. [a]5=—14.8 (c=
0.31M, MeOH); IR (neat): ¥, =3368, 2821, 2800, 1736, 1716 cm™;
'HNMR (500 MHz, CDCly): §=7.77 (s, 1H), 7.48 (d, J=7.8 Hz, 1H),
7.42-7.36 (m, 2H), 7.18 (t, J=7.5Hz, 1H), 7.11 (t, J=7.4 Hz, 1H), 6.97
(d, J=7.6 Hz, 1H), 6.93 (brs, 1H), 6.88 (dd, J=2.2, 8.0 Hz, 1H), 4.84 (d,
J=12.0 Hz, 1H), 4.56 (dd, J=3.7, 10.9 Hz, 1H), 3.87 (dd, /J=1.3, 5.8 Hz,
1H), 3.82 (s, 3H), 3.50 (s, 3H), 3.17 (dd, J=5.1, 15.4 Hz, 1H), 3.05 (ddd,
J=21,5.9,154Hz, 1H), 2.88 (dt, /=22, 13.5 Hz, 1H), 2.77 (dd, J=11.1,
14.0Hz, 1H), 2.71 (t, J=129Hz, 1H), 2.64 ppm (ddd, J=2.3, 3.5,
144Hz, 1H); "CNMR (125MHz, CD,CN): 6=202.1, 1723, 160.1,
146.6, 143.9, 131.7, 130.5, 129.8, 129.4, 121.3, 120.5, 1194, 112.9, 112.1,
111.0, 60.1, 56.4, 55.8, 54.6, 52.3, 51.0, 50.1, 18.4 ppm; HRMS (FAB): m/z
caled for C,yH,,0,N,: 403.1658 [M]*; found: 403.1613.

34-11b: Brown oil, yield: 18.2 mg, 0.042 mmol, 31%. [a];=103.9 (c=
0.1m, MeOH); IR (neat): #,,,=3360, 2826, 2800, 1735, 1717 cm™;
'HNMR (400 MHz, CDCL): 6=7.78 (s, 1H), 7.49 (d, /=9.5 Hz, 1H),
7.42 (d, J=8.0 Hz, 1 H), 7.31 (d, J=8.4 Hz, 1H), 7.19 (d, J=7.5 Hz, 1H),
7.12 (t, J=7.4 Hz, 1H), 4.85 (d, J=11.9 Hz, 1 H), 4.61 (t, J=7.3 Hz, 1 H),
3.77 (d, J=5.7 Hz, 1H), 3.52 (s, 3H), 3.20 (d, J=15.4 Hz, 1H), 3.06 (ddd,
J=20, 5.9, 153 Hz, 1H), 2.90 (d, J=14.1 Hz, 1H), 2.71 (d, J=12.4 Hz,
1H), 2.66 ppm (d, /J=7.4Hz, 2H); HRMS (FAB): m/z caled for
C3H,00sN,Cly: 442.0851 [M]*; found: 442.0810.

34-12b: Brown oil, yield: 17.1 mg, 0.042 mmol, 37 %. IR (neat): ¥, =
3365, 2820, 2800, 1736, 1718 cm™'; '"H NMR (500 MHz, CDCL,): §=7.79
(s, 1H), 7.49 (d, J=7.7Hz, 1H), 7.42 (d, J=8.0 Hz, 1H), 7.31 (d, J=
9.1 Hz, 1H), 7.19 (t, J=7.7 Hz, 2H), 7.12 (t, J=7.0 Hz, 2H), 4.85 (d, /=
11.9 Hz, 1H), 4.61 (t, J=7.1Hz, 1H), 3.77 (d, J=5.5 Hz, 1H), 3.51 (s,
3H), 320 (d, J=15.3 Hz, 1H), 3.06 (dd, J=5.7, 15.4 Hz, 1H), 2.89 (d, J =
1.9Hz, 1H), 2.71 (d, J=12.7Hz, 1H), 2.66 ppm (d, J=7.0 Hz, 2H);
HRMS (FAB): m/z caled for C,;H,O;N,F,: 421.1520 [M]*; found:
421.1509.
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34-13b: Brown oil, yield: 4.4 mg, 0.011 mmol, 27%. [a]3=-11.8 (c=
1.0M, CH,CL); IR (neat): #,,=3363, 2818, 2800, 1729, 1707 cm™;
IHNMR (500 MHz, CDCL): 6=7.97 (s, 1H), 7.48 (d, J=7.7 Hz, 1H),
740 (s, 4H), 7.43 (d, J=6.1 Hz, 1H), 7.42 (d, J=8.1 Hz, 1H), 7.18 (t, J =
75 Hz, 1H), 7.11 (1, J=7.3 Hz, 1H), 4.85 (d, /=118 Hz, 1 H), 4.60 (dd,
J=3.1, 11.0 Hz, 1H), 3.83 (d, J=5.0 Hz, 1H), 3.50 (s, 3H), 3.17 (d, J=
153 Hz, 1H), 3.05 (dd, J=4.4, 151 Hz, 1H), 2.91 (d, /=17 Hz, 1H),
2.78 (dd, J=11.6, 13.8 Hz, 1H), 2.71 (t, J=13.0 Hz, 1H), 2.65 (d, /=
14.1 Hz, 1H); "C NMR (125 MHz, CDCl,): 6 =206.7, 172.9, 142.2, 143.4,
133.1, 131.2, 128.3, 127.5, 126.8, 121.9, 119.5, 1182, 110.9, 107.0, 64.6,
56.3, 53.2, 51.3, 50.8, 47.7, 31.9 ppm; HRMS (FAB): m/z caled for
CyHyO5N,: 374.1630 [M]*; found: 374.1639.

General procedure for alkylation of 29: BEMP (0.1 mL, 0.73 mmol,
178.4 mg, 5 equiv) was added to a suspension of 29 (300 mg) in dry DMF
(2mL). After 30 min, the corresponding alkyl halide (1.31 mmol,
10 equiv) was added to the suspension. After overnight reaction at room
temperature, the resin was filtered off and washed with MeOH (3x
5mL), MeOH/H,0 (5mL), MeOH (3x5mL), DMF (3x5 mL), CH,Cl,
(3x5mL), and MeOH (3x5 mL). The resin-bound N-alkyl-indolo[2,3-a]-
quinolizidines were released with NaOMe according to the procedure de-
scribed above. The residue was dissolved in acetonitrile/methanol and pu-
rified by preparative RP-HPLC under the conditions indicated above.
35-1: Brown oil, yield: 13.5 mg, 0.033 mmol, 16%. [a]5=-52 (c=1.4m,
MeOH); IR (neat): #,,,=3363, 2822, 2803, 1739, 1726 cm™'; '"H NMR
(500 MHz, CDCl;): 6 =7.49-7.46 (m, 2H), 7.42-7.33 (m, 1H), 7.28 (d, J=
8.2 Hz, 1H), 7.37-7.17 (m, 2H), 7.12-7.07 (m, 2H), 5.01-4.96 (m, 2H),
3.81 (dd, /=18, 54 Hz, 1H), 3.69 (s, 3H), 348 (s, 3H), 3.18 (d, J=
14.9 Hz, 1H), 3.14-3.08 (m, 2H), 2.88 (ddd, J=1.1, 5.2, 147 Hz, 1H),
2.81 (dd, J=8.5, 14.7Hz, 1H), 2.64 ppm (dd, /J=11.8, 15.0 Hz, 1H);
HRMS (FAB): m/z caled for C,H,;O5N,F: 406.1605 [M]*; found:
406.1614.

35-2: Yield: 10.2 mg, 0.023 mmol, 15%. [a]5=-0.8 (c=0.62M, MeOH);
IR (neat): ¥,,,=3363, 2813, 2801, 1739, 1716 cm™'; '"H NMR (500 MHz,
CDCLy): =747 (d, J=7.8Hz, 1H), 7.36-7.19 (m, 6H), 7.10 (t, /=
7.4 Hz, 1H), 4.84 (d, J=11.4 Hz, 1H), 4.58 (dd, /=5.1, 9.3 Hz, 1 H), 3.81
(dd, J=1.9, 5.4 Hz, 1H), 3.68 (s, 3H), 3.45 (s, 3H), 3.14 (d, /=15.1 Hz,
1H), 3.09-3.02 (m, 2H), 2.96-2.88 (m, 1H), 2.76-2.73 (m, 2H), 2.65 (dd,
J=11.9,140 Hz, 1H), 1.28 (d, /=6.9 Hz, 3H), 1.27 ppm (d, /J=6.9 Hz,
3H); HRMS (FAB): m/z caled for C,H;,05N,: 437.3656 [M]*; found:
437.3631; MS (70 eV): m/z (%) =437 [M]* (38), 442 (33), 169 (100).
35-3: Yield: 10.8 mg, 0.028 mmol, 10%. [a]5=—4.6 (c=0.73M, MeOH);
IR (neat): ¥, =3356, 2822, 2800, 1736, 1718 cm™'; '"H NMR (500 MHz,
CDCL): 6=746 (d, J=7.7Hz, 1H), 740-7.42 (m, 6H), 721 (t, J=
7.5Hz, 1H), 7.10 (t, J=7.4 Hz, 1H), 4.89 (d, /J=11.5 Hz, 1H), 4.63 (dd,
J=4.9, 93 Hz, 1H), 3.79 (dd, J=1.7, 49 Hz, 1H), 3.68 (s, 3H), 3.45 (s,
3H), 3.16-3.07 (m, 1H), 2.83-2.68 ppm (m, 3H); MS (70 eV): m/z (%)=
388 [M]* (40), 336 (42), 183 (100).

35-4: Brown oil, yield: 5.9 mg, 0.011 mmol, 8%. [a]5=17.1 (c=0.28Mm,
MeOH); IR (neat): ¥, =3369, 2820, 2800, 1735, 1719 cm™'; '"H NMR
(500 MHz, CDCl;): 6=7.53-7.51 (m, 1H), 7.39 (d, /=8.5 Hz, 2H), 7.43-
7.30 (m, 1H), 7.36 (d, /J=8.6 Hz, 1H), 7.15-7.05 (m, 4H), 6.80 (d, /=
8.5Hz, 2H), 5.28 (d, J=17.4 Hz, 1H), 5.19 (d, /=17.4 Hz, 1H), 5.02 (dd,
J=5., 8.6 Hz, 1H), 497 (brs, 1H), 3.89 (d, /=4.3 Hz, 1H), 3.49 (s, 3H),
3.42-328 (m, 1H), 3.36 (d, /=153 Hz, 1H), 2.96 (brs, 2H), 2.85 (brs,
1H), 2.81 ppm (dd, /=4.8, 14.8 Hz, 1H); HRMS (FAB): m/z calcd for
C3H,6BrFN,05: 560.1111 [M]*; found: 560.1112.

35-5: Yield: 10.6 mg, 0.025 mmol, 13%. [a]5=+0.9 (c=1.0mM, MeOH);
IR (neat): ¥,,,=3369, 2828, 2799, 1739, 1716 cm™'; '"H NMR (500 MHz,
CDCl): 0=8.30 (dd, J=1.5, 7.9 Hz, 1H); 7.56-7.54 (m, 1H), 7.53-7.51
(m, 1H), 7.47-7.39 (m, 2H), 7.42-7.37 (m, 1H), 7.19 (t, J=7.5 Hz, 1H),
7.15-7.13 (m, 2H), 7.11-7.06 (m, 1H), 6.97-6.95 (m, 1H), 6.44 (d, J=
7.7Hz, 1H), 5.76 (d, J=19.1 Hz, 1H), 5.64 (d, /=19.1 Hz, 1H), 5.02 (d,
J=11.4Hz, 1H), 498 (t, J=6.7 Hz, 1H), 3.86 (dd, /=24, 44 Hz, 1H),
3.53 (s, 3H), 3.31 (brs, 2H), 2.89 (dd, J=5.6, 14.9 Hz, 1H), 2.82-2.76 (m,
1H), 2.71 (dd, J=2.5, 15.7 Hz, 1 H), 2.65-2.59 ppm (m, 1 H).

General procedure for Wittig reaction with 29: A solution of nBuLi in
hexane (2.5m, 2.08 mmol, 0.5 mL, 8.0 equiv) was added to a suspension
of the corresponding phosphonium salt (1.51 mmol, 10 equiv) in dry THF
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(5mL) at —20°C. After 15 min, 29 (370 mg, 0.33 mmol) was added to the
mixture. The temperature was warmed from —20 to 50°C. After 3 h at
50°C, the reaction was quenched with MeOH (1 mL). The resin was fil-
tered off and washed with MeOH, MeOH/H,0O (1:1 v/v), MeOH, DMF,
CH,Cl,, and MeOH. The resin-bound alkene-indolo[2,3-a]quinolizidine
was cleaved by NaOMe according to the procedure described above. The
residue was dissolved in acetonitrile/methanol and purified by prepara-
tive RP-HPLC under the conditions indicated above.

36-1: Brown oil, yield: 6.8 mg, 0.017 mmol, 7%. [a]5=-11.2 (¢=0.11m,
MeOH); IR (neat): ¥, =3078 cm™'; '"HNMR (400 MHz, CDCl,): 6=
7.80 (s, 1H), 7.55-7.52 (m, 1H), 7.44 (d, J=6.7 Hz, 1H), 7.33-7.28 (m,
2H), 7.36-7.18 (m, 1H), 7.14 (t, J=7.6 Hz, 1H), 7.09-7.05 (m, 2H), 4.89
(brs, 1H), 4.83 (brs, 1H), 4.63 (brs, 1H), 4.48 (brs, 1H), 3.80 (brs, 1H),
3.53 (s, 3H), 3.11 (d, J=14.7 Hz, 1H), 3.04 (brs, 1H), 2.77 (brs, 1H),
2.46-2.39 ppm (m, 3H); HRMS (FAB): m/z caled for C,H,;O,N,F:
390.1744 [M]*; found: 390.1777.

36-2: Yield: 12.1 mg, 0.030 mmol, 12%. [a]5=-2.8 (c=0.42M, MeOH);
IR (neat): #,,,=3065 cm™"; "H NMR (400 MHz, CDCL;): 6=7.84 (s, 1H),
7.70-7.65 (m, 1H), 7.55-7.37 (m, 6 H), 7.14 (t, J=7.5 Hz, 1H), 7.08 (t, J=
7.3 Hz, 1H), 4.86 (brs, 1H), 4.80 (brs, 1H), 4.45 (d, J=11.2 Hz, 1H),
4.37 (dd, J=3.7, 99 Hz, 1H), 3.76 (d, J=53 Hz, 1H), 3.49 (s, 3H), 3.09
(d, J=153Hz, 1H), 298 (dd, /=57, 148 Hz, 1H,), 2.76 (d, 2H, J=
12.0 Hz, 1H), 2.49-2.42 ppm (m, 3H); MS (70 eV): m/z (%)=372 [M]*
(66), 313 (92), 169 (100); HRMS (FAB): m/z caled for CyH,;0,N,:
372.1838 [M]*; found: 372.1831.

36-3: Yield: 7.9 mg, 0.020 mmol, 7%. [a]; =8.1 (¢=0.52m, MeOH); IR
(neat): 7, =3099 cm™'; '"H NMR (400 MHz, CDCly): 6=7.76 (s, 1H),
7.46 (d, J=7.7Hz, 1H), 7.44-7.31 (m, 3H), 7.15 (t, /=7.4 Hz, 1H), 7.10-
7.04 (m, 3H), 4.88 (brs, 1H), 4.81 (brs, 1H,), 4.43 (d, /=10.7 Hz, 1H),
4.37 (t,J=72Hz, 1H), 3.71 (d, J=5.3 Hz, 1H), 3.49 (s, 3H,), 3.10 (d, /=
153 Hz, 1H), 2.97 (ddd, /=21, 6.0, 153 Hz, 1H), 2.75 (dd, J=24,
12.8 Hz, 1H), 2.42-2.42 ppm (m, 3H); MS (70 eV): m/z (%)=391 [M]*
(100), 331 (97), 169 (100); HRMS (FAB): m/z calcd for C,H,;0,N,F:
391.1836 [M]*; found: 390.1777.

36-4: Major diastereomer: Yield: 4.4 mg, 0.008 mmol, 4%. [a]5=-15.1
(c=0.38M, MeOH); IR (neat): 7,,=3079cm™!; '"HNMR (500 MHz,
CDCLy): 6=1.72 (s, 1H), 7.58 (br s, 1H), 7.45-7.42 (m, 3H), 7.31-7.28 (m,
SH), 7.30-7.19 (m, 1H), 7.14-7.06 (m, 3H), 6.44 (brs, 1H), 4.77 (brs,
1H), 4.51 (brs, 1H), 3.82 (brs, 1H), 3.53 (s, 3H), 3.30 (brs, 1H), 3.13
(brs, 2H), 2.66 (brs, 1H), 2.60 (brs, 1H), 2.42 ppm (brs, 1 H); *C NMR
(100 MHz, CDCly): 6=171.6, 160.8, 144.8, 143.2, 142.7, 142.0, 137.0,
131.9, 131.8, 130.0, 128.9, 126.5, 120.9, 119.9, 115.1, 112.1, 109.0, 100.4,
58.0, 56.1, 51.7, 50.1, 40.9, 43.7, 19.0 ppm; HRMS (FAB): m/z calcd for
C;H,,0,N,F: 466.2057 [M]*; found: 466.2065. Minor diastereomer:
Brown oil, yield: 22mg, 0.005mmol, 3%. [a]y=-4.0 (c=0.76M,
MeOH); ¥, =3088 cm™'; "H NMR (500 MHz, CDCL;): 6=7.86 (s, 1 H),
7.47-7.42 (m, 1H), 7.38-7.33 (m, 1H), 7.30-7.36 (m, 4H), 7.36-7.19 (m,
4H), 7.15 (t, J=7.5Hz, 1H), 7.07-7.03 (m, 2H), 6.50 (brs, 1H), 4.63
(brs, 2H), 3.80 (brs, 1H), 3.54 (s, 3H), 3.11 (brs, 2H), 3.02 (d, J=
141 Hz, 1H), 2.83 (brs, 1H), 2.60 (brs, 1H), 242 ppm (brs, 1H);
CNMR (130 MHz, CDClLy): 6=172.3, 161.0, 145.1, 143.9, 142.3, 142.1,
137.9, 128.9, 128.0, 127.3, 133.4, 131.8, 131.0, 121.9, 120.4, 119.3, 115.1,
111.3, 107.5, 102.3, 58.3, 56.4, 53.1, 51.6, 45.7, 43.0, 19.4 ppm; HRMS
(FAB): m/z calcd for CyH,;0,N,F: 466.2057 [M]*; found: 466.2043.

General procedure for reductive amination of 34b: The corresponding
amine (0.87 mmol, 1.0 equiv) was added to a solution of 34b (0.87 mmol)
in CH,Cl, (10mL). After 15min, borane-pyridine complex (0.7 mL,
0.87 mmol, 1.0 equiv) was added to the suspension. The reaction was
quenched with water (10 mL) after 15h at room temperature and ex-
tracted twice with CH,Cl,. The combined organic layers were dried with
MgSO, and evaporated. The residue was purified by RP-HPLC under
the conditions indicated above.

37-1a: Yield: 57.1 mg, 0.110 mmol, 34 %. [a]3 =—18.2 (c=0.9m, MeOH);
IR (neat): ¥, = 1588 cm™'; "TH NMR (400 MHz, CDCl;): 6=10.7 (s, 1H),
7.60 (s, 1H), 7.42-7.33 (m, 3H), 7.36 (d, J=8.1 Hz, 1H), 7.16 (brs, 1H),
7.02 (t, J=7.6 Hz, 1H), 6.88 (t, /=7.8 Hz, 1H), 6.88 (s, 1H), 4.36 (d, /=
11.1 Hz, 1H), 4.18 (d, /=10.1 Hz, 1H), 4.04 (t, J=7.1 Hz, 2H), 3.58 (d,
J=7.1Hz, 1H), 3.55 (s, 3H), 2.97 (d, /=152 Hz, 1H), 2.81 (dd, J=4.6,
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12.4 Hz, 1H), 2.55-2.52 (m, 3H), 2.51-2.49 (m, 1H), 1.98 (d, /=10.9 Hz,
1H), 1.85-1.83 (m, 2H), 1.33 (dd, J=11.5, 11.7 Hz, 1H), 1.19 ppm (dd,
J=11.5, 11.7 Hz, 1H); HPLC-MS (ESI): tr=6.65 min, m/z=>520.4 [M +
H]*.

37-1b: Yield: 49.6mg, 0.095mmol, 29%. [a]5=-117.1 (c=0.7Mm,
MeOH); IR (neat): #p,=1599 cm™'; '"H NMR (400 MHz, CDCl,): 0=
107 (s, 1H), 7.67 (s, 1H), 7.42-7.33 (m, 3H), 7.36 (d, J=8.1 Hz, 1H),
7.36 (brs, 1H), 7.01 (t, J=7.6 Hz, 1H), 6.92 (m, 2H), 4.78 (d, J/=11.1 Hz,
1H), 4.52 (t, J=7.1 Hz, 1H), 4.16-4.11 (m, 2H), 3.53 (d, J=5.1 Hz, 1H),
3.52 (s, 3H), 2.99 (s, 1H), 2.94 (d, /=152 Hz, 1H), 2.81 (dd, J=4.6,
12.4 Hz, 1H), 2.68-2.66 (m, 1H), 2.55-2.52 (m, 1H), 1.96-1.94 (m, 3H),
1.74 (d, J=5.1Hz, 1H), 1.65 (brs, 1H), 1.54 ppm (t, /=10.6 Hz, 1H);
HPLC-MS (ESI): fp =6.38 min, m/z =520.4 [M++H]*.

37-2a: Yield: 434mg, 0.091 mmol, 27%. [a]5=+289 (c=03wm,
MeOH); IR (neat): ¥ =1599 cm™; 'H NMR (400 MHz, CDCL): 6=
10.8 (s, 1H), 7.33-7.33 (m, 3H), 7.02 (t, J=7.6 Hz, 1H), 6.93-6.84 (m,
4H), 477 (d, J=11.4 Hz, 1H), 443 (d, J=8.6 Hz, 1 H), 3.75 (s, 3H), 3.58
(d, J=5.1Hz, 1H), 3.45 (s, 3H), 3.44 (brs, 1H), 3.02 (s, 1H), 2.93-2.89
(m, 1H), 2.85-2.80 (dd, J=6.5, 8.1 Hz, 1H), 2.68-2.62 (m, 1H), 2.50-2.39
(m, 2H), 2.13 (s, 3H), 1.79-1.72 (m, 1H), 1.56 ppm (t, J=3.5 Hz, 1H);
HPLC-MS (ESI): ty =6.91 min, m/z=477.5 [M++H]*.

37-2b: Yield: 622mg, 0.130mmol, 41%. [a]l5=+ 48.1 (c=02wm,
MeOH); IR (neat): #,,,=1609 cm™'; '"HNMR (400 MHz, CDCl;): 6=
7.42-7.27 (m, 3H), 7.02 (t, J=7.6 Hz, 1H), 6.93-6.85 (m, 4H), 4.44 (d,
J=114Hz, 1H), 4.11 (d, J=8.6 Hz, 1 H), 3.75 (s, 3H), 3.62 (d, J=5.1 Hz,
1H), 3.46 (s, 3H), 3.38 (brs, 1H), 3.00 (d, J=15.4 Hz, 1H), 2.93-2.89 (m,
1H), 2.85-2.62 (m, 4H), 2.36 (t, J=6.1 Hz, 1 H), 2.07 (s, 3H), 1.96 (d, /=
11.1Hz, 1H), 142 (t, J=35Hz 1H), 116 ppm (t, J=35Hz, 1H);
HPLC-MS (ESI): tx=6.77 min, m/z =477.5 [M+H]*.

37-3a: Yield: 44.6 mg, 0.090 mmol, 38%. [a]5 =—38.2 (c=0.1M, MeOH);
IR (neat): #,,,=1611 cm™'; '"H NMR (400 MHz, CDCL;): 6=10.8 (s, 1H),
7.89-7.86 (m, 1H), 7.42-7.33 (m, 4H), 7.01 (t, J=7.6 Hz, L H), 6.94 (t, J=
7.6 Hz, 1H), 4.75 (d, J=11.1 Hz, 1H), 447 (d, J=13.5 Hz, 1H), 3.53 (d,
J=5.1Hz, 1H), 3.47 (s, 3H), 333 (s, 2H), 3.42-3.17 (m, 2H), 3.03 (brs,
1H), 2.90 (d, /=152 Hz, 1H), 2.85-2.76 (m, 1H), 2.69-2.63 (m, 1H),
244 (d, J=12.6 Hz, 1H), 1.84 (s, 3H), 1.84-1.72 (m, 4H), 1.53 ppm (t,
J=2.5Hz, 1H); HPLC-MS (ESI): ty =6.48 min, m/z =495.5 [M+H]*.
37-3b: Yield: 20.8 mg, 0.042 mmol, 19%. [a]5=45.9 (c=0.2m, MeOH);
IR (neat): ¥, =1601 cm™'; '"H NMR (400 MHz, CDCL;): §=10.8 (s, 1 H),
7.82-7.80 (m, 1 H), 7.42-7.27 (m, 4H), 7.01 (t, J=7.6 Hz, 1 H), 6.93 (t, J=
7.6 Hz, 1H), 431 (d, J=11.1 Hz, 1H), 4.18 (d, J=13.5 Hz, 1 H), 3.57 (d,
J=51Hz, 1H), 347 (s, 3H), 3.44 (brs, 1H), 3.33 (d, J=6.1 Hz, 2H),
2.97 (d, J=152 Hz, 1H), 2.85-2.76 (m, 1 H), 2.69-2.60 (m, 2H), 1.95 (d,
J7=10.6 Hz, 1H), 1.79 (s, 3H), 1.4 (dd, J=11.5, 11.7, 1 H), 1.16 ppm (dd,
J=11.5, 11.7 Hz, 1H); HPLC-MS (ESI): tx =6.25 min, m/z =495.5 [M+
H]*.

37-4a: Yield: 44.8 mg, 0.105 mmol, 32%. [a]} =—87.2 (c=0.4m, MeOH);
IR (neat): ¥y =1599 cm™'; '"H NMR (400 MHz, CDCL;): §=10.7 (s, 1 H),
738727 (m, TH), 7.01 (t, J=7.1 Hz, 1H), 6.92 (t, J=7.1 Hz, 1H), 4.78
(d, J=11.6 Hz, 1H), 4.49 (d, J=9.6 Hz, 1H), 3.56-3.53 (m, 3H), 3.56 (s,
3H), 343 (s, LH), 2.91 (d, J=152Hz, 1H), 2.83 (dd, J=4.6, 12.4 Hz,
1H), 246 (d, J=11.9 Hz, 1H), 1.86 (t, J=112Hz, 1H), 1.73 (d, /=
11.6 Hz, 1H), 1.52 ppm (t, J=10.1 Hz, 1H); HRMS (FAB): m/z calcd for
CoeH,/N,0,: 4132103 [M]*; found: 413.2119.

37-4b: Yield: 423 mg, 0.099mmol, 30%. [a]5=-99.3 (c=02wm,
MeOH); IR (neat): #p,,=1597 cm™'; '"H NMR (400 MHz, CDCl,): 0=
10.8 (s, 1H), 7.38-7.36 (m, 7H), 7.02 (t, J=8.1Hz, 1H), 6.95 (t, J=
8.1 Hz, 1H), 444 (d, J=11.6 Hz, 1H), 4.16 (d, J=10.6 Hz, 1 H), 3.58 (d,
J=5.1Hz, 1H), 3.46 (s, 3H), 3.42 (s, 1H), 3.38 (s, 3H), 3.11 (s, 1H),
2.98-2.91 (m, 2H), 2.83-2.80 (m, 1H), 1.95 (d, J=11.6 Hz, 1H), 1.42 (dd,
J=115, 11.7Hz, 1H), 1.12ppm (dd, J=11.5, 11.7Hz, 1H); HRMS
(FAB): m/z caled for C,sH,;N;O,: 413.2103 [M]*; found: 413.2089.

37-5a: Yield: 499 mg, 0.117mmol, 52%. [a]5=+1142 (c=0.11m,
MeOH); IR (neat): #,,,=1577 cm™'; '"HNMR (400 MHz, CDCl;): 6=
10.8 (s, 1H), 7.38-7.27 (m, 7H), 7.02 (t, J=7.1Hz, 1H), 6.94 (t, J=
7.1 Hz, 1H), 444 (d, J=11.6 Hz, 1 H), 4.15 (d, J=10.6 Hz, 1 H), 3.58 (d,
J=5.1, 1H), 3.45 (s, 3H), 3.01-2.94 (m, 2H), 2.85-2.78 (m, 2H), 2.69 (d,
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J=10.6 Hz, 1H), 1.93 (d, /=10.6 Hz, 1H), 1.44 (dd, J=11.5, 11.7 Hz,
1H), 1.18 (dd, J=11.5, 11.7Hz, 1H), 0.99 ppm (d, J=6.1 Hz, 6H);
HPLC-MS (ESI): t;=7.39 min, m/z =418 [M+H]*.

37-5b: Yield: 13.9mg, 0.0325mmol, 14%. [a]53=-459 (c=0.11m,
MeOH); IR (neat): 7, =1595cm™'; 'HNMR (400 MHz, CDCl;): 6=
10.8 (s, 1H), 7.38-7.33 (m, 7H), 7.00 (t, J=7.1Hz, 1H), 6.92 (t, /=
7.1 Hz, 1H), 4.77 (d, J=11.6 Hz, 1H), 4.47 (d, /=10.6 Hz, 1H), 3.56 (d,
J=5.1, 1H), 3.46 (s, 3H), 3.04 (s, 1H), 3.05-2.99 (m, 1H), 2.88 (d, /=
15.2 Hz, 1H), 2.83-2.79 (m, 1H), 2.45 (d, J=11.6 Hz, 1H), 1.82 (t, J=3.0,
5.4 Hz, 1H), 1.69 (d, J=11.6 Hz, 1H), 1.54 (dd, J=3.0, 54 Hz, 1H),
1.11-1.08 ppm (m, 6H); HPLC-MS (ESI): 1z =7.23 min, m/z=418 [M +
H]*.

37-6a: Yield: 41.1mg, 0.096 mmol, 19%. [a]5=-99.1 (c=021m,
MeOH). Minor diastereomer: Yield: 31.3 mg, 0.079 mmol, 27%. IR
(neat): 7,,,=1592 cm™'; '"H NMR (CDCl;, 500 MHz): 6 =7.94 (brs, 1H),
7.52 (dd, J=6.7, 7.1 Hz, 1H), 7.44 (d, J=7.4 Hz, 1H), 7.31 (d, J=7.4 Hz,
1H), 7.30 (t, 1H) (the coupling constant could not be determined be-
cause of overlap with the solvent signal), 7.16 (t, /=7.1 Hz, 1H), 7.13 (t,
J=74Hz, 1H), 7.07 (t, J=7.4Hz, 1H), 7.05 (d, J=7.5Hz, 1H), 4.97
(dd, J=4.1, 99 Hz, 1H), 490 (brd, /J=11.5Hz, 1H), 3.74 (brd, J=
5.0 Hz, 1H), 3.63-3.60 (m, 2H), 3.52 (s, 3H), 3.42 (s, 3H), 3.20 (brs, 1H),
3.08 (dd, /=5.0, 15.3 Hz, 1H), 3.00 (br d, /=153 Hz, 1H), 2.97 (dt, J=
47,122 Hz, 1H), 2.90 (dt, J=4.7, 122 Hz, 1H), 2.42 (brd, J=12.7 Hz,
1H), 1.97-1.94 (m, 1H), 1.89 ppm (ddd, J=3.3, 11.5, 12.7 Hz, 1H);
“C NMR (CDCl;, 100 MHz): 6=173.0, 160.8, 138.1, 144.2, 136.1, 128.9,
128.8, 128.3, 127.8, 121.4, 119.3, 118.1, 116.1, 110.1, 106.8, 71.9, 58.9, 56.9,
51.9, 51.3, 51.1, 48.1, 47.0, 38.8, 38.4, 31.9 ppm; HRMS (FAB): m/z calcd
for C,H;FN;O5: 451.2271 [M]*; found: 451.2259.

37-6b: Yield: 40.7mg, 0.103mmol, 44%. [a]3=-712 (c=031m,
MeOH); IR (neat): ¥y, =1593 cm™'; "H NMR (CD,SOCD;, 500 MHz):
0="745 (dd, J=6.8, 7.5, Hz, 1H), 7.38 (d, /=8.0Hz, 1H), 7.37 (d, /=
8.0 Hz, 1H), 7.18 (t, J=7.5Hz, 1H), 7.09 (t, J=7.5Hz, 1H), 7.06 (t, J=
8.0 Hz, 1H), 7.00 (t, J=8.0 Hz, 1H), 6.99-6.96 (m, 1H), 4.90 (dd, J=4.0,
9.9 Hz, 1H), 4.83 (brd, /J=12.4 Hz, 1H), 3.68 (br d, J=5.5 Hz, 1H), 3.13
(brs, 1H), 3.55-3.52 (m, 2H), 3.46 (s, 3H), 3.42 (s, 3H), 3.01 (brd, /=
152 Hz, 1H), 2.94 (dd, J=5.5, 152 Hz, 1H), 2.89 (ddd, /=54, 54,
11.6 Hz, 1H), 2.84 (ddd, J=5.4, 5.4, 11.6 Hz, 1H), 2.62 (brd, J=12.4 Hz,
1H), 1.83 (ddd, J=3.3, 12.4, 124 Hz, 1H), 1.90-1.88 ppm (m, 2H);
BCNMR (CD,SOCD;, 125 MHz): 6=173.4, 161.1, 138.6, 144.5, 137.5,
136.2, 136.0, 127.6, 130.0, 121.6, 119.7, 118.3, 116.1, 111.1, 107.7, 72.1,
59.2,56.5, 52.1, 51.5, 51.4, 47.1, 48.4, 39.0, 38.7, 30.3 ppm; HRMS (FAB):
m/z caled for C,qH;FN;05: 451.2271 [M]*; found: 451.2268.

37-7a: Yield: 62.2 mg, 0.138 mmol, 48 %. [a]5 = —27.2 (c=0.1m, MeOH);
IR (neat): ¥, =1590 cm™'; "H NMR (500 MHz, CD;SOCD;): 6 =10.6 (s,
1H), 7.33 (s, 1H), 7.17-7.12 (m, 4H), 7.07 (d, J=8.1 Hz, 1H), 6.84 (t, /=
7.1 Hz, 1H), 6.74 (t, J=7.1Hz, 1H), 449 (s, 1H), 412 (d, /J=11.1 Hz,
1H), 4.03 (d, /=11.6 Hz, 1H), 3.97 (brs, 1H), 3.30 (d, /=5.9 Hz, 1H),
3.33 (s, 3H), 2.75 (d, /=152 Hz, 1H), 2.64 (d, J=2.6 Hz, 1H), 2.55 (d,
J=9.6 Hz, 1H), 2.46 (d, J=7.5 Hz, 1 H), 2.42-2.36 (m, 3H), 2.20-2.17 (m,
1H), 1.76-1.73 (m, 2H), 1.42-1.30 (m, 2H), 1.08 ppm (dd, J=5.6,
11.1 Hz, 1H); "CNMR (125 MHz, CD;SOCD;): §=172.3, 147.5, 142.8,
138.1, 144.2, 133.5, 121.4, 121.1, 120.6, 118.4, 117.5, 111.0, 104.5, 69.0,
62.6, 60.6, 59.9, 55.7, 52.5, 51.1, 49.4, 42.1, 42.5, 38.3, 42.1, 31.1 ppm;
HRMS (FAB): m/z caled for C,HsF;N;O,: 5292188 [M]*; found:
529.2164.

37-8a: Yield: 20.1mg, 0.044 mmol, 21%. [a]5=+872 (c=0.1m,
MeOH); IR (neat): ¥, =1600cm™'; '"HNMR (400 MHz, CDCL): 6=
10.7 (s, 1H), 7.51 (s, 1H), 7.38 (d, /=7.6 Hz, 1H), 7.37 (d, /J=8.0 Hz,
1H), 7.02 (t, J=7.1 Hz, 1H), 6.94 (t, J=7.1 Hz, 1H), 4.39 (d, J=5.1 Hz,
1H), 4.11 (d, J=11.2 Hz, 1H), 3.56 (d, J=9.8 Hz, 1H), 3.49 (s, 3H), 3.06
(d, J=8.1Hz, 1H), 2.94-2.78 (m, 5H), 2.66-2.58 (m, 4H), 2.00 (d, /=
10.9 Hz, 1H), 1.66 (brs, 1H), 1.55 (t, J/=10.6 Hz, 1H), 1.36 (brs, 1H),
0.84-0.79 (m, 4H), 0.94 ppm (d, J=5.9 Hz, 1H); HPLC-MS (ESI): tr=
6.42 min, m/z =422 [M+H]"*.

37-8b: Yield: 203 mg, 0.045mmol, 20%. [a]5=-100.8 (c=0.11m,
MeOH); IR (neat): ¥ =1599 cm™'; '"HNMR (400 MHz, CDCL): 0=
10.7 (s, 1H), 7.51 (s, 1H), 7.44 (d, J=7.6 Hz, 1H), 7.31 (d, /J=8.0 Hz,
1H), 7.01 (t, J=7.1 Hz, 1H), 6.99 (t, J=7.1 Hz, 1H), 6.78 (s, 1H), 4.18

www.chemasianj.org 1125





FULL PAPERS

(d, J=5.6 Hz, 1H), 4.10 (d, J=11.1 Hz, 1H), 3.50 (s, 3H), 3.06 (d, /=
15.1 Hz, 1H), 3.00-2.78 (m, 4H), 2.66-2.50 (m, 4H), 1.84 (d, J=12.1 Hz,
1H), 1.62-1.57 (m, 2H), 1.08 (dd, J=11.5, 11.7 Hz, 1H), 0.95 (dd, J=
11.5, 11.7 Hz, 1H), 0.86 ppm (t, J=7.1 Hz, 3H); HPLC-MS (ESI): tx=
6.19 min, m/z =422 [M+H]".

Protein Phosphatase Assays

All enzyme assays were performed on an automated system consisting of
a Zymark SciClone ALH 500 workstation in conjunction with a Twister
II and a Bio-Tek Power Wave 420 reader. The reaction volume was
10 pL. The reaction was started by the addition of p-nitrophenyl phos-
phate (0.5m stock solution, 5 puL) to 5 uL of a solution containing the re-
spective enzymes that had been preincubated for 10-15 min with differ-
ent concentrations from a twofold-dilution series of inhibitors. The reac-
tion velocity was determined from the slope of the absorbance change at
405 nm and related to control values in the absence of the inhibitor. ICy,
values were calculated from linear extrapolations of reaction velocity as
a function of the logarithm of the concentration.

All buffered solutions contained DTE (1,4-dithio-p,L-threitol added on
the day of the experiment from 100 mMm stock; 2 mm) and the detergent
NP-40 (0.030% v/v). The buffers consisted of Tris (tris(hydroxymethyl)-
aminomethane; 50 mm), NaCl (50 mm), and EDTA (ethylenediamine tet-
raacetic acid; 0.1 mm) in the case of Cdc25A, HEPES (4-(2-hydroxyeth-
yl)-1-piperazineethanesulfonic acid; 30 mm), NaCl (50 mm), and EDTA
(2.5 mm) in the case of PTP1b, MptpA and MptpB, and MOPS (3-(N-
morpholino)propanesulfonic acid; 30 mm) and EDTA (5 mm) in the case
of VHR. The concentrations for the enzyme reaction were 50 mm in the
case of Cdc25A and 1 mm for all other phosphatases. All determinations
were performed as quadruplets from identical manual dilutions (1:10 in
buffer from 10 mm stock solutions in dimethyl sulfoxide).
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gem-Dihalocyclopropanes as Building Blocks in Natural-Product Synthesis:
Enantioselective Total Syntheses of ent-Erythramine and 3-epi-Erythramine

Pauline C. Stanislawski, Anthony C. Willis, and Martin G. Banwell*!*!

Abstract: ent-Erythramine ((—)-1), the
enantiomer of the alkaloid erythra-
mine, was prepared in 15 steps from
known compounds. The first of three
pivotal bond-forming steps in the syn-
thesis was a Suzuki-Miyaura cross-cou-

trapping of the ensuing m-allyl cation
by the tethered nitrogen atom to give,
following cleavage of the allyloxycar-
bonyl protecting group, an approxi-
mately 5:6 mixture of the chromato-
graphically separable diastereoisomeric

spirocyclic products. In the third criti-
cal bond-forming reaction, the iodide
formed from one of the diastereoiso-
mers underwent a radical-addition/
elimination reaction sequence that led
to (—)-1 in 89 % yield. The application

pling reaction of the starting materials
to give a bis-silyl ether. The second in-
volved silver(I)-induced electrocyclic
ring opening of the gem-dichlorocyclo-
propane formed in the next step and

Introduction

The crystalline compound (+)-erythramine ((+)-1) is a rep-
resentative member of the subset of erythrina alkaloids that

K O 5
[
MeO'" 3 MeO

(+)1 -1

MeO

3-epi-(+)-1

contain an aromatic D ring. Its structure was established by
using a combination of NMR spectroscopy, mass spectrome-
try, chemical correlation, and biogenetic studies.!! (4)-Er-
ythramine has been isolated from a variety of plant sources,
including the seeds of Erythrina sandwicensis, E. subum-

[a] P. C. Stanislawski, Dr. A. C. Willis,” Prof. M. G. Banwell
Research School of Chemistry
Institute of Advanced Studies
The Australian National University
Canberra, ACT 0200 (Australia)
Fax: (+61)2-6125-8114
E-mail: mgb@rsc.anu.edu.au

[+

—

Correspondence author for X-ray crystallography:
E-mail: willis@rsc.anu.edu.au

Chem. Asian J. 2007, 2, 1127-1136

Keywords: alkaloids
panes - radical reactions - spirocycli-
zation - total synthesis

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of the same sequence of transforma-
tions to the other diastereoisomer af-
forded 3-epi-(+)-erythramine (3-epi-
()-D).

cyclopro-

brans, E. cristagalli, and E. glauca, as well as the pods and
trunk bark of E. lithiosperma (Leguminosae).!"? Extracts of
these and other plants that contain erythrina alkaloids have
been used in indigenous medicine, and the alkaloids them-
selves have been shown to display a range of intriguing bio-
logical activities, including curare-like action (attributed to
antagonistic effects exerted at neural acetylcholine recep-
tors), hypnotic effects, cardiovascular activity, and mollusci-
cidal properties.!! Accordingly, a significant amount of
effort has been directed towards the development of total
syntheses of these natural products and various analogues.®l
Some impressive results have emerged, including those dis-
closed in very recent publications,**? which detail further
elegant approaches to the ABCD ring system of these natu-
ral products. Despite such activity, a total synthesis of er-
ythramine has yet to be reported. Herein, we describe a syn-
thesis of its nonnatural enantiomer, (—)-1, by a protocol
that will allow ready access to a range of alkaloids in the
class and in either antipodal form. This study forms part of
an ongoing program of our research group to exploit readily
available but underutilized gem-dihalocyclopropanes as
building blocks for the synthesis of biologically active natu-
ral products and their analogues.™

Our previously reported strategy™ for the construction of
the ABCD ring system of the title alkaloids had not been
employed hitherto in total synthesis. The pivotal steps asso-
ciated with our approach to (—)-1 are shown in Scheme 1.
In the final stage of the D—ACD —ABCD ring-forming se-
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Scheme 1. Retrosynthetic analysis of the erythramine framework 2.

quence, a novel radical-addition/elimination process was ex-
pected to install the B ring with the formation of compound
2 from precursor 3. The A'® alkene required in the target
compound (—)-1 would also be incorporated in a regiospe-
cific manner in this radical process. We planned to synthe-
size the precursor to radical 3 by treating the gem-dichloro-
cyclopropane 4 with a silver(I) salt. Thus, a m-allyl cation
would be produced through electrocyclic ring opening of the
strained three-membered ring and trapped by the pendant
nitrogen atom. Such a sequence of events would deliver a
spirocyclic product that incorporated the A and Crings of
the erythrina alkaloids. Of course, a pivotal issue associated
with the spirocyclization process is the potential capacity of
the methoxy group in substrate 4 to exert some level of dia-
stereoselectivity on the reaction and thus establish the re-
quired cis relationship between the amine and methoxy
groups attached to the A ring.
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Results and Discussion

A fundamental consideration in the initial phases of our re-
search was the control of absolute configuration, and in par-
ticular whether or not the natural or nonnatural enantiomer
of erythramine should be targeted. In the end we chose to
prepare the latter compound because the biological proper-
ties of (4)-erythramine have been evaluated, whereas those
of its enantiomer remain unexplored. Furthermore, if the
chiral starting material is available in either enantiomeric
form, then any synthesis of (—)-erythramine would also rep-
resent a route to the natural product, as proved to be the
case.

Suzuki-Miyaura cross-coupling®! of the reaction partners
5 and 6 under standard conditions gave the anticipated
product 7 in 92% yield (Scheme 2). A route to substrate §
had been developed during the course of our earlier model
studies in this area,*® and compound 6 was accessible
through chemoenzymatic techniques from cyclopenta-
diene.!”! The enantiomer of 6 can be prepared through modi-
fication of a procedure described by Paquette and co-work-
ers.”! The TBDMS group of the bis(silyl ether) 7 was re-
moved selectively by using PPTS in ethanol, and the result-
ing alcohol 8 (71%) was subjected to O-methylation with
methyl iodide in the presence of potassium hydride. The re-
quired methoxy-substituted cyclopentene 9 was thus ob-
tained in quantitative yield. The treatment of alkene 9 with
dichlorocarbene generated from chloroform under the
phase-transfer conditions described by Makosza and Wawr-
zyniewicz,® with accompanying ultrasonication as recom-
mended by Xu and Brinker,”” afforded the anticipated gem-
dichlorocyclopropane 10 (91%) as an approximately 2:1
mixture of diastereoisomers. As such carbene addition reac-
tions are strongly influenced by steric effects, the isomer
with an anti relationship between the methoxy and cyclo-
propyl groups was presumed to be the major. No effort was
made to separate these compounds or their derivatives, be-
cause at the relevant point in the synthesis each diastereo-
isomer was expected to undergo electrocyclic ring opening
to give the same m-allyl cation.

Following the assembly of the requisite carbon framework
of the spirocyclization precursor 4 (Scheme 1), it was time
to introduce the nitrogen-based functionality required as the
nucleophile for trapping the cation generated by ring cleav-
age of the cyclopropyl residue. Our earlier model studies
had established that an Alloc-protected primary amine was
the most suitable group for this purpose. Accordingly, com-
pound 10 was treated with tetra-n-butylammonium fluoride
(TBAF) to provide the corresponding alcohol 11 (97 %) as
an approximately 2:1 mixture of diastereoisomers. This mix-
ture was subjected to mesylation under the conditions de-
fined by Crossland and Servis,'” but with the additional use
of DMAP as a catalyst. The resulting esters 12 (100 % ) were
treated immediately with sodium azide in DMF at 18°C,
and the corresponding mixture of azides 13 was obtained in
94 % yield. A Staudinger reaction of 13 with triphenylphos-
phine in aqueous THF then provided the primary amine 14,
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Scheme 2. Synthesis of the spirocyclization substrate 15 and its conversion into the spirocycles 16 and 17. Alloc =allyloxycarbonyl, DMAP =4-(N,N-di-
methylamino)pyridine, DMF = N,N-dimethylformamide, dppf=1,1"-bis(diphenylphosphanyl)ferrocene, LIHMDS =lithium hexamethyldisilazide, Ms=
methanesulfonyl, PTC=phase-transfer catalyst, PPTS =pyridinium p-toluenesulfonate, TBDPS =tert-butyldiphenylsilyl, TBDMS = ftert-butyldimethylsi-

lyl, Tf =trifluoromethanesulfonyl.

which was not purified but, instead, treated immediately
with allyl chloroformate in the presence of pyridine to
afford the Alloc carbamate 15 (=4 in which R=Alloc) in
95 % yield from 13 and as an approximately 2:1 mixture of
diastereoisomers. The >*C NMR (75 MHz) spectrum of com-
pound 15 revealed twenty signals corresponding to the
major diastereoisomer and a series of related resonances at-
tributable to the minor isomer. The most conspicuous fea-
ture of the 'HNMR (300 MHz) spectrum was the appear-
ance of two singlets, at 6=3.26 and 3.19 ppm, which could
be assigned to the hydrogen atoms of the methoxy group.
The integration of these two signals indicated a 1:2 ratio of
diastereoisomers.

We next investigated the ability of the gem-dichlorocyclo-
propane 15 to engage in the foreshadowed electrocyclic-
ring-opening/nucleophilic-trapping sequence. On the basis
of our earlier model study,™ compound 15 was first con-
verted into its conjugate base (with LiHMDS), and this
latter species was then treated with silver tetrafluoroborate
to induce cleavage of the cyclopropane ring. The crude mix-
ture thus obtained was treated with a source of Pd® and di-
medone (conditions defined by Kunz and Unverzagt!"! for
the removal of Alloc protecting groups from amines) to give
the chromatographically separable diastereoisomeric spiro-
cyclic products 16 and 17 in 26 and 30 % yield, respectively.
Although the spectroscopic data acquired for these com-
pounds were fully consistent with the assigned structures,
they did not enable the unequivocal assignment of configu-
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ration. Indeed, the configurations of these two compounds
were eventually assigned by single-crystal X-ray analysis of
a derivative of compound 16 (see below). The lack of selec-
tivity associated with the transformation of substrate 15 into
amines 16 and 17 is disappointing but perhaps unsurprising
given the limited steric bulk of the methoxy group and its
relative remoteness from the spirocenter that is being as-
sembled.

The reaction sequence used for the elaboration of amine
16, which incorporates the ACD ring system of the erythrina
alkaloids, into the target compound (—)-1 is shown in
Scheme 3. Once again, the approach used was established in
our earlier model studies.*™ Thus, amine 16 was treated
with ethylene oxide in methanol to produce the aminoalco-
hol 18 in 58 % yield as a crystalline compound suitable for
single-crystal X-ray analysis. The ORTEP representation of
the crystal structure clearly reveals a cis relationship be-

ethylene oxide,

0 J/ BusSnH, AIBN,
< . N toluene
16 — 0] > _— (-1

MeOH
0-45°C,24h 80°C,3.5h

PPh; |, imidazole,
toluene, 18°C, 16 h

18 X=0OH
19 X=I

Scheme 3. Completion of the synthesis of ent-erythramine ((—)-1).
AIBN = azobisisobutyronitrile.
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Figure 1. Molecular structure of compound 18 with selected atoms la-
beled. Anisotropic displacement ellipsoids are drawn at the 30 % proba-
bility level. Hydrogen atoms are drawn as circles with small radii.

tween the methoxy and amine residues on the cyclohexenyl
A ring (Figure 1). The alcohol 18 was converted readily into
the corresponding iodide 19 in 75% yield by using molecu-
lar iodine in the presence of imidazole and triphenylphos-
phine. Compound 19 was then treated with tri-n-butyltin hy-
dride and AIBN in toluene. This final step resulted in the ef-
ficient formation of the target compound (—)-1 (89 %) by 5-
exo-trig radical cyclization/chlorine-radical elimination to
ensure the establishment of the associated double bond with
complete positional fidelity. The '"H and *C NMR spectral
data obtained for ent-erythramine ((—)-1) were in complete
accord with the assigned structure and in agreement with
the limited amount of analogous data reported for the natu-
ral product. The specific rotation of the synthetic material
([a]¥=-187 (¢=1.2 g(100 mL)™, EtOH or CHCl;)) is com-
parable in magnitude to that recorded for the natural prod-
uct ([a]3*=+228 (c=0.19 g(100mL)"', EtOH)).'” The
variation between these two values may be attributed, in
part, to the difference in the temperature at which the opti-
cal rotations were measured. The electron-impact (70 eV)
mass spectrum of ent-erythramine ((—)-1) showed a molecu-
lar ion at m/z 299. The base peak appeared at m/z 240 and
almost certainly arises from the successive loss of methyl
vinyl ether (MW =58) and a hydrogen atom. The initial
fragmentation most likely involves a retro-Diels—Alder or
related process."”!

An identical reaction sequence was used to convert the
spirocyclic amine 17 into 3-epi-erythramine (3-epi-(+)-1;
Scheme 4). Thus, compound 17 was treated with ethylene
oxide, and the resulting aminoalcohol 20 (79 %) was trans-
formed into the corresponding iodide 21 (79 %) under the
same conditions employed for the conversion of 18 into 19.
Finally, the treatment of compound 21 with tri-n-butyltin hy-
dride in the presence of AIBN afforded 3-epi-erythramine
in quantitative yield. The '"H and ®C NMR spectral data ob-
tained for this previously unreported compound were com-
pletely consistent with the assigned structure. The *C NMR

1130 www.chemasianj.org
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Scheme 4. Completion of the synthesis of 3-epi-erythramine (3-epi-(+)-
1).

spectrum showed the expected eighteen signals. The key fea-
tures of the 'HNMR (800 MHz) spectrum are two one-
proton singlets at 6 =6.66 and 6.48 ppm, a one-proton mul-
tiplet at 0=5.69 ppm, and a three-proton singlet at 6=
3.20 ppm. These signals arise from the aromatic hydrogen
atoms 14-H and 17-H, the olefinic hydrogen atom 1-H, and
the methoxy group, respectively. As in the case of congener
(—)-1, the electron-impact (70 eV) mass spectrum of 3-epi-
erythramine (3-epi-(4+)-1) showed a molecular ion at m/z
299, whereas the base peak appeared at m/z 240. Significant-
ly, the specific rotation of 3-epi-(4)-1 was of large magni-
tude and positive in sign ([a]3=+204 (¢=1.0g(100 mL) ",
CHCl)), as might be expected for a compound that dlffers
from natural erythramine only with respect to the configura-
tion at C3.

Conclusions

The silver(I)-induced electrocyclic ring opening of the con-
jugate base of compound 15, which incorporates a tethered
nitrogen nucleophile, leads to a m-allyl cation that can be
trapped, albeit with little diastereoselectivity, in a spirocycli-
zation process to give a mixture of the Alloc-protected pre-
cursors to the amines 16 and 17. Although the lack of diaste-
reoselectivity detracts from the synthetic approach described
herein, the elaboration of these amines to the erythramine
analogues (—)-1 and 3-epi-(+)-1 is an attractive means of
generating configurationally varied derivatives of the alka-
loid that could be used to establish a quantitative-structure—
activity-relationship (QSAR) profile for this and related bio-
logically active natural products. Research directed towards
this goal is under way in these laboratories.

Experimental Section

General

Melting points were measured on a Stanford Research Systems Optimelt
automated melting-point system and are uncorrected. 'H and *C NMR
spectra were recorded on either a Bruker 800 or a Varian Gemini 300
NMR spectrometer. Unless otherwise specified, spectra were acquired at
20°C in deuterochloroform (CDCl;) that had been filtered through basic
alumina immediately prior to use. Chemical shifts are recorded as &
values in parts per million (ppm). Infrared spectra were recorded on a
Perkin—-Elmer 1800 Series FTIR spectrometer, and samples were ana-
lyzed as KBr disks (for solids) or as thin films on KBr plates (for oils).
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Low-resolution mass spectra were recorded on a Micromass-Waters LC-
ZMD single-quadrupole liquid chromatograph-mass spectrometer or a
VG Quattro IT triple-quadrupole mass spectrometer by using electron-
impact techniques. High-resolution mass spectra were recorded on an
Autospec spectrometer. Optical rotations were measured at 20°C with a
Perkin—-Elmer 241 polarimeter at the sodium D line (589 nm) with the
spectroscopic-grade solvents indicated and at the specified concentration
(c) defined in g(100 mL)~'. The measurements were carried out in a cell
with a path length of 1 dm. Dichloromethane was distilled from calcium
hydride, and THF was distilled under nitrogen from sodium benzophe-
none ketyl. When necessary, reactions were performed under a nitrogen
atmosphere.

Syntheses

6: A magnetically stirred solution of thiourea (4.03 g, 53.0 mmol) and
rose bengal (~200 mg) in MeOH (120 mL) was cooled to —40°C and
flushed continuously with oxygen. After 15 min, freshly cracked cyclo-
pentadiene (5.00 g, 75.6 mmol) was added, and the resulting mixture was
irradiated at —32°C with an IXL 375-W heat lamp for 8 h. Oxygenation
was then discontinued, and the reaction mixture was shielded from light
and stirred at 18°C for 14 h. The solvent was then removed under re-
duced pressure, and the residue was dissolved in CH,Cl, (70 mL). Et;N
(42.1 mL, 302 mmol), DMAP (924 mg, 7.56 mmol), and Ac,0O (28.5 mL,
302 mmol) were added sequentially to the resulting solution at 0°C
under a nitrogen atmosphere with stirring. The reaction mixture was
warmed to 18°C and stirred for 16 h. NH,CI (60 mL of a saturated aque-
ous solution) was then added, and the mixture was extracted with CH,Cl,
(3x100 mL). The combined organic phases were washed with brine (1x
50 mL), then dried (Na,SO,), filtered, and concentrated under reduced
pressure to give a light-yellow oil. Purification by flash chromatography
(silica, ethyl acetate/hexane =15:85—1:1) gave (1R*35*)-4-cyclopentene-
1,3-diol diacetate!™ (7.34 g, 53% from cyclopentadiene) as a pale-yellow
oil. IR (film): #=2950, 1737, 1366, 1232, 1076, 1019 cm™'; 'H NMR
(300 MHz, CDCL): 6=6.09 (s, 2H), 5.54 (m, 2H), 2.87 (dt, J=15.0,
7.6 Hz, 1H), 2.06 (s, 6H), 1.73 ppm (dt, J=15.0, 3.8 Hz, 1H); "C NMR
(75 MHz, CDCL): 6=170.8 (CO), 134.7 (CH), 76.7 (CH), 37.2 (CH,),
21.2 ppm (CH;); MS (EL, 70 eV): m/z (%): 185 (< 1) [M+H]", 184 (< 1)
[M]*, 169 (3) [M—CH;]*, 168 (20), 153 (13), 125 (25), 124 (11), 85 (11),
83 (30), 82 (88), 81 (15), 54 (20), 43 (100); HRMS: m/z caled for
CyH},0,: 184.0736 [M]**; found: 184.0734.

Sodium azide (18 mg, 277 umol) and lyophilized electric-eel acetyl cho-
linesterase (EEAC; 2.5 mg, 349 unitsmg™!) were added sequentially to
magnetically stirred sodium dihydrogen phosphate buffer (187 mL of a
1.45M solution) maintained at 18°C. When the enzyme had dissolved
(a5 min), (1R*35*)-4-cyclopentene-1,3-diol diacetate (3.74 g, 20.3 mmol)
was added, the reaction flask was sealed, and the mixture was stirred at
18°C for 23 h. Na,S,0; (15mL of a 10% aqueous solution) was then
added, and the resulting mixture was stirred at 18°C for 0.5 h, then ex-
tracted with ethyl acetate/diethyl ether (1:1, 9x100 mL). The combined
organic extracts were then dried (Na,SO,), filtered, and concentrated
under reduced pressure to give a light-yellow oil. Purification by flash
chromatography (silica, ethyl acetate/hexane =15:85—7:3) gave (1R,35)-
(+)-4-hydroxycyclopent-2-enyl acetate!™¥! (2.41 g, 84 %) as a white crystal-
line solid. R;=0.3 (CH,Cl,/hexane/ethyl acetate =2.5:5.5:8); m.p.: 45—
49°C (lit.:'" m.p.: 45-50°C); [a]¥=+462.8 (c=1.0 g(100 mL)~!, CHCl,);
IR (film): 7=3418 (br), 2943, 1735, 1363, 1245, 1091, 1060, 1019,
981 cm™; '"H NMR (300 MHz, CDCLy): 6=6.07 (m, 1H), 5.94 (m, 1H),
5.46 (m 1H), 4.68 (m, 1H), 2.77 (dt, J=14.4, 7.3 Hz, 1H), 2.42 (br s, 1H),
2.02 (s, 3H), 1.61 ppm (dt, J=14.4, 3.9 Hz, 1H); "CNMR (75 MHz,
CDCl,): 6=170.9 (CO), 138.6 (CH), 132.4 (CH), 77.2 (CH), 74.7 (CH),
40.5 (CH,), 21.2 (CH3); MS (EI, 70 eV): m/z (%): 125 (6) [M—HO"]*, 99
(10), 83 (30), 82 (100), 81 (22), 55 (20), 54 (17), 53 (21), 43 (57), 39 (10);
HRMS: m/z caled for C;H,,O5: 125.0603 [M—HO"|*; found: 125.0604.

Anhydrous TBDPSCI (4.52 mL, 17.4 mmol) was added dropwise to an
ice-cooled and magnetically stirred solution of (1R,3S)-(+)-4-hydroxycy-
clopent-2-enyl acetate (2.24 g, 15.8 mmol) and imidazole (4.30g,
63.2 mmol) in CH,Cl, (80 mL) under a nitrogen atmosphere. The reac-
tion mixture was stirred at 0°C for approximately 5 min, then warmed to
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18°C and stirred at this temperature for 1 h. NH,CI (100 mL of a saturat-
ed aqueous solution) was then added, and the reaction mixture was ex-
tracted with CH,Cl, (2x80mL). The combined organic phases were
dried (Na,SO,), filtered, and concentrated under reduced pressure to
give a light-yellow oil, which was purified by flash chromatography
(silica, ethyl acetate/hexane=0.5:99.5—2:3) to give (1R,45)-(+)-4-(((1,1-
dimethylethyl)diphenylsilyl)oxy)-2-cyclopenten-1-ol ~ acetate  (5.88 g,
98%) as a clear, colorless oil. R;=0.8 (ethyl acetate/hexane =2:3); [a]} =
+22.0 (¢=1.0g(100 mL)™", CHCL); IR (film): #=3071, 2932, 2892, 2858,
1737, 1428, 1368, 1240, 1110, 1064, 1047, 1021, 702cm'; 'H NMR
(300 MHz, CDCl,): 6=7.71-7.67 (m, 4H), 7.45-7.37 (m, 6H), 5.92 (m,
1H), 5.85 (m, 1H), 5.41-5.38 (complex m, 1H), 4.71-4.67 (complex m,
1H), 2.66 (dt, J=13.7, 7.3 Hz, 1H), 2.07 (s, 3H), 1.75 (dt, J=13.7, 4.5 Hz,
1H), 1.08 ppm (s, 9H); *CNMR (75 MHz, CDCL): 6=171.0 (CO),
138.9 (CH), 135.8 (CH), 134.0 (C,,0), 131.4 (CH), 129.9 (CH), 127.8
(CH), 76.9 (CH), 75.8 (CH), 41.1 (CH,), 27.0 (CH;), 21.3 (CHa),
19.2 ppm (Cyue); MS (EI, 70 eV): m/z (%): 323 (<1) [M—C,Hy]*, 263
(18), 246 (18), 245 (56), 242 (76), 241 (100), 201 (14), 200 (47), 199 (96),
197 (30), 181 (51), 139 (24), 135 (29), 105 (15), 77 (23), 66 (14), 57 (15),
43 (34); HRMS: m/z caled for C,3H,305Si: 323.1103 [M—C,Hy]*; found:
323.1097.

Anhydrous K,CO; (3.21 g, 23.2 mmol) was added to a magnetically
stirred solution of (1R4S)-(+)-4-(((1,1-dimethylethyl)diphenylsilyl)oxy)-
2-cyclopenten-1-ol acetate (5.88 g, 15.5 mmol) in MeOH (50 mL) at 18°C
under a nitrogen atmosphere. The reaction mixture was stirred for 1 h,
then concentrated under reduced pressure, and the residue was parti-
tioned between diethyl ether (100 mL) and water (100 mL). The aqueous
phase was extracted with diethyl ether (3x100 mL), and the combined
organic extracts were dried (Na,SO,), filtered, and concentrated under
reduced pressure. The resulting light-yellow oil was purified by flash
chromatography (silica, ethyl acetate/hexane=7:93—3:7) to afford
(1R,4S5)-(—)-4-(((1,1-dimethylethyl)diphenylsilyl)oxy)-2-cyclopenten-1-ol
(5.22 g, 100%) as a white crystalline solid. R;=0.4 (ethyl acetate/CH,Cl,/
hexane =2:2.5:5.5); [a]3=-2.0 (c=1.0g(100 mL)"', CHCL); IR (film):
#=3313 (br), 3070, 2932, 2858, 1427, 1365, 1111, 1069, 1019, 902,
701 cm™'; '"HNMR (300 MHz, CDCL): 6 =7.73-7.69 (m, 4H), 7.46-7.37
(m, 6H), 591 (m, 1H), 5.86 (m, 1H), 4.67 (m, 1H), 452 (m, 1H), 2.57
(dt, J=13.7, 7.1 Hz, 1H), 1.90 (m, 1H), 1.66 (dt, J=13.7, 4.6 Hz, 1H),
1.09 ppm (s, 9H); "CNMR (75 MHz, CDCL): 6=136.9 (CH), 135.9
(CH), 135.7 (CH), 134.0 (Cyar), 129.8 (CH), 127.8 (CH), 76.1 (CH), 75.1
(CH), 44.6 (CH,), 27.0 (CHs), 19.2 ppm (Cyua); MS (EL 70 €V): m/z (%):
338 (< 1) [M]*, 281 (87) [M—C,Hy]*, 204 (19), 203 (74), 201 (44), 200
(94), 199 (100), 197 (39), 183 (11), 181 (41), 143 (14), 141 (19), 139 (84),
135 (26), 121 (20), 105 (20), 78 (14), 77 (50), 66 (33), 57 (31), 45 (19), 41
(11); HRMS: m/z caled for C, H,,0,Si: 338.1702 [M]**; found: 338.1709.
Dess—Martin periodinane (216 mg, 514 umol) was added to a magnetical-
ly stirred solution of (1R,4S)-(—)-4-(((1,1-dimethylethyl)diphenylsilyl)-
oxy)-2-cyclopenten-1-ol (145 mg, 428 pmol) in CH,Cl, (8 mL) at 18°C
under a nitrogen atmosphere. The reaction mixture was stirred for 2 h,
then filtered through a pad of celite. The filtrate was concentrated under
reduced pressure, and the resulting light-yellow oil was purified by flash
chromatography (silica, ethyl acetate/hexane =1:99—2:23) to give (4S)-
(+)-4-(((1,1-dimethylethyl)diphenylsilyl)oxy)-2-cyclopenten-1-one!**

(144 mg, 96%) as a clear, colorless oil. R;=0.5 (ethyl acetate/CH,Cl,/
hexane =1:2.5:5.5); [a]¥=+5.2 (c=1.0 g(100 mL)~!, CHCl,); IR (film):
7=3071, 2932, 2858, 1723, 1472, 1428, 1355, 1182, 1108, 1070, 898,
702 cm™'; '"HNMR (300 MHz, CDCly): 6=7.71-7.66 (complex m, 4H),
7.45-7.41 (complex m, 6H), 6.12 (m, 1H), 4.95 (m, 1H), 2.56-2.48 (com-
plex m, 2H), 2.38-2.31 (complex m, 1H), 1.08 ppm (s, 9H); *C NMR
(75 MHz, CDCl,): 6=206.5 (CO), 163.7 (CH), 135.8 (CH), 134.6 (CH),
133.5 (Cgua)» 130.2 (CH), 128.0 (CH), 71.8 (CH), 44.9 (CH,), 26.9 (CHj;),
19.2 ppm (Cqua); MS (EI, 70 eV): m/z (%): 336 (4) [M]*", 281 (38), 280
(73), 279 (100), 261 (30), 249 (31), 223 (45), 201 (58), 199 (74), 197 (41),
183 (26), 174 (52), 173 (84), 167 (58), 157 (27), 141 (55), 135 (20), 105
(30), 81 (40), 77 (49), 53 (50), 45 (24); HRMS: m/z calcd for C,H,,0,Si:
336.1546 [M]**; found: 336.1542.

A solution of (45)-(4)-4-(((1,1-dimethylethyl)diphenylsilyl)oxy)-2-cyclo-
penten-1-one (3.00 g, 8.91 mmol) and triethylamine (3.70 mL, 26.5 mmol)
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in THF (25 mL) was added dropwise to a stirred solution of L-selectride
(10.7mL of a 1.0m solution in THF, 10.7 mmol) in THF (75mL) at
—78°C under nitrogen, and the resulting solution was stirred at —78°C
for 0.5 h. N-phenyltrifluoromethanesulfonamide (3.80 g, 10.6 mmol) was
then added in one portion to the reaction mixture, which was stirred for
a further 5min at —78°C then allowed warmed to 18°C and stirred at
18°C for 5h. NaHCO; (100 mL of a saturated aqueous solution) was
added, the phases were separated, and the aqueous phase was extracted
with ethyl acetate (3x50 mL). The combined organic phases were dried
(Na,S0,), filtered, and concentrated under reduced pressure to give a
yellow oil, which was purified by flash chromatography (silica, hexane/
ethyl acetate/triethylamine =96:3:1) to give (4R)-4-(((1,1-dimethylethyl)-
diphenylsilyl)oxy)-1-cyclopenten-1-yl trifluoromethanesulfonate (3.77 g,
90%) as a clear, colorless oil. R;=0.6 (ethyl acetate/hexane =1:9); [a]¥ =
+13.2 (¢=2.0 g(100 mL)~!, CHCL;); IR (film): #=3073, 2933, 2859, 1660,
1426, 1213, 1142, 1112, 1074, 992, 911, 822, 741, 702, 611, 507 cm™';
'HNMR (300 MHz, CDCly): 6=7.66 (m, 4H), 7.45-7.41 (complex m,
6H), 5.52 (brt, J=2.1 Hz, 1H), 457 (m, 1H), 2.65 (m, 2H), 2.59-2.40
(complex m, 2H), 1.09 ppm (s, 9H); *CNMR (75 MHz, CDCl;): 6=
146.5 (Cyya0), 135.8 (CH), 133.8 (Cyya), 130.0 (CH), 127.9 (CH), 118.7 (q,
Jep=319 Hz, Cy,), 115.4 (CH), 70.6 (CH), 41.1 (CH,), 38.9 (CH,), 26.9
(CH;), 19.2 ppm (Cyuo); MS (ESI+): m/z (%): 493 (19) [M+Na]*, 471
(14) [M+H]*, 215 (29), 97 (20), 60 (100); elemental analysis: caled (%)
for C,H,sF;0,SSi: C 56.15, H 5.35, F 12.11, S 6.81; found: C 56.18, H
5.40, F 12.02, S 6.62.

TBAF (2.12 mL of a 1.0M solution in THF, 2.12 mmol) was added drop-
wise to a stirred solution of (4R)-4-(((1,1-dimethylethyl)diphenylsilyl)-
oxy)-1-cyclopenten-1-yl trifluoromethanesulfonate (831 mg, 1.77 mmol)
in THF (10 mL) at 0°C under a nitrogen atmosphere. The reaction mix-
ture was stirred at 0°C for 5 min, then warmed to 18°C and stirred at
this temperature for 3 h. NH,Cl (4 mL of a saturated aqueous solution)
was then added, and the resulting mixture was extracted with ethyl ace-
tate (3x20 mL). The combined organic phases were washed with brine
(1x20 mL), then dried (Na,SO,), filtered, and concentrated under re-
duced pressure to give a dark-orange oil. Purification by flash chromatog-
raphy (silica, ethyl acetate/hexane=3:7) gave (R)-4-hydroxycyclopenten-
1-yl trifluoromethanesulfonate (326 mg, 79%) as a pale-yellow liquid.
R;=02 (ethyl acetate/hexane=3:7); [a]3=+1.8 (c=1.0g(100mL)™",
CHCL); IR (film): #=3352, 2938, 1662, 1423, 1213, 1140, 1118, 1052, 902,
838, 610 cm™'; 'TH NMR (300 MHz, CDCl;): 6=5.61 (s, 1H), 4.60 (brs,
1H), 2.98 (m, 1H), 2.90 (m, 1H), 2.54 (d, /=169 Hz, 1H), 2.38 (d, /=
17.2 Hz, 1H), 1.80 ppm (brs, 1H); *C NMR (75 MHz, CDCly): 6 =146.7
(Cqua)» 1187 (q, Jer=319 Hz, Cy,), 115.5 (CH), 69.1 (CH), 41.4 (CH,),
38.9 ppm (CH,); MS (EL 70 eV): m/z (%): 232 (5) [M]*, 215 (19), 99
(21), 81 (36), 69 (56), 55 (100), 43 (43); HRMS: m/z calcd for
CeH,F;0,S: 232.0017 [M]**; found: 232.0021.

Anhydrous TBDMSCI (382 mg, 2.53 mmol) was added dropwise to an
ice-cooled and magnetically stirred solution of (R)-4-hydroxycyclopen-
ten-1-yl trifluoromethanesulfonate (489 mg, 2.11 mmol) and imidazole
(316 mg, 4.64 mmol) in CH,Cl, (20 mL) under a nitrogen atmosphere.
The reaction mixture was stirred at 0°C for approximately 5 min, then
warmed to 18°C and stirred at this temperature for 1 h. NH,CI (20 mL of
a saturated aqueous solution) was then added, and the resulting mixture
was extracted with CH,Cl, (2x80 mL). The combined organic phases
were dried (Na,SO,), filtered, and concentrated under reduced pressure
to give a light-yellow oil, which was purified by flash chromatography
(silica, hexane/ethyl acetate/triethylamine=98:1:1) to give (R)-4-(((1,1-
dimethylethyl)dimethylsilyl)oxy)-1-cyclopenten-1-yl trifluoromethanesul-
fonate (6)!" (652 mg, 89%) as a clear, colorless liquid. R;=0.3 (hexane/
ethyl acetate/triethylamine =98:1:1); [a]¥=+2.8 (¢=1.05g(100 mL)™",
CHCLy); IR (film): 7=2956, 2932, 2859, 1661, 1426, 1254, 1213, 1143,
1092, 994, 912, 837, 778, 610 cm™'; '"H NMR (300 MHz, CDCl;): 6=5.55
(quint, J=2.1Hz, 1H), 456 (hept, J=3.6 Hz, 1H), 2.90 (m, 1H), 2.69
(m, 1H), 2.52 (dm, J=16.4 Hz, 1H), 2.34 (dm, J=16.5 Hz, 1H), 0.88 (s,
9H), 0.06 ppm (s, 6H); "CNMR (75 MHz, CDCL): 6=146.6 (Cyu),
118.7 (q, Jep=345Hz, Cy,), 115.5 (CH), 69.7 (CH), 41.4 (CH,), 39.2
(CH,), 25.9 (CH;), 182 (Cy), —4.8 ppm (CH;); MS (EIL, 70eV): m/z
(%): 346 (36) [M]*", 345 (83) [M—H']*, 309 (43), 283 (58), 201 (50), 197
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(72), 135 (100), 75 (51), 73 (68), 67 (71), 57 (58); HRMS: m/z calcd for
C,H, F50,SSi: 345.0804 [M—H']*; found: 345.0803.

7: [PdCl,(dppf)] (377 mg, 462 umol), K;PO, (980 mg, 4.62 mmol), and 6
(800 mg, 2.31 mmol) were added sequentially to a magnetically stirred so-
lution of 55" (2.07 g, 4.62 mmol) in THF (22 mL) at room temperature.
The resulting mixture was deoxygenated (by using argon in a freeze—
thaw process), heated at reflux under an argon atmosphere for 6 h, then
cooled to 18°C and partitioned between diethyl ether (70 mL) and water
(50 mL). The aqueous phase was extracted with diethyl ether (3x
100 mL), and the combined organic phases were washed with brine (1x
80 mL), dried (Na,SO,), filtered, and concentrated under reduced pres-
sure to give an orange oil. Purification by flash chromatography (silica,
ethyl acetate/hexane =1:99—3:97) gave 7' (1.27 g, 92%) as a pale-yellow
oil. R;=04 (ethyl acetate/hexane=5:95); [a]d=-11.5 (c=10¢g
(100 mL)™', CHCL); IR (film): #=2930, 2857, 1503, 1483, 1428, 1362,
1251, 1210, 1110, 1044, 938, 835, 702 cm™"; '"H NMR (300 MHz, CDCl,):
0=7.60 (m, 4H), 7.41-7.33 (complex m, 6H), 6.63 (s, 1H), 6.60 (s, 1H),
5.89 (s, 2H), 5.40 (m, 1H), 4.54 (m, 1H), 3.74 (t, J=7.1 Hz, 2H), 2.87—
2.60 (complex m, 4H), 2.53-2.34 (complex m, 2H), 1.03 (s, 9H), 0.89 (s,
9H), 0.07 (s, 3H), 0.06 ppm (s, 3H); "CNMR (75 MHz, CDCl,): 6=
146.4 (Cyua), 145.8 (Cyuar)s 140.6 (Cyua), 135.7 (CH), 133.9 (Cya), 132.0
(Cqua)s 130.0 (Cyua), 129.7 (CH), 127.7 (CH), 126.3 (CH), 110.6 (CH),
108.6 (CH), 100.9 (CH,), 72.9 (CH), 65.3 (CH,), 47.6 (CH,), 43.3 (CH,),
36.4 (CH,), 27.0 (CH;), 26.1 (CH;), 19.3 (Cyua), 18.3 (Cyua), —4.5 (CHs),
—4.6 ppm (CHs); MS (EL 70 eV): m/z (%): 600 (13) [M]*", 599 (3), 544
(15), 543 (30), 423 (25), 411 (19), 343 (16), 292 (25), 291 (70), 271 (26),
214 (59), 213 (100), 197 (69), 183 (50), 181 (26), 155 (41), 135 (60), 117
(23), 105 (27); HRMS: m/z caled for C;Hy0,Si,: 600.3091 [M]*; found:
600.3090.

8: PPTS (337 mg, 1.34 mmol) was added to a magnetically stirred solu-
tion of 7 (807 mg, 1.34 mmol) in EtOH (9 mL) at 18°C, and the resulting
mixture was stirred at this temperature for 48 h. The solvent was then re-
moved under reduced pressure, and the residue was dissolved in ethyl
acetate (1x50 mL). The resulting solution was washed with brine (1x
15mL), dried (Na,SO,), filtered, and concentrated under reduced pres-
sure to give a yellow oil, which was purified by flash chromatography
(silica, ethyl acetate/hexane=1:4) to give 8 (463 mg, 71%) as a pale-
yellow oil. R;=0.2 (ethyl acetate/hexane=1:4); [a]y=-6.9 (c=1.0g
(100 mL)™!, CHCLy); IR (film): #=3339, 3070, 3048, 2930, 2858, 1502,
1484, 1427, 1213, 1111, 1086, 1043, 937, 823, 739, 702 cm™'; 'H NMR
(300 MHz, CDCl;): 6=7.62-7.59 (m, 4H), 7.42-7.33 (m, 6H), 6.65 (s,
1H), 6.62 (s, 1H), 5.90 (s, 2H), 5.46 (m, 1H), 4.51 (m, 1H), 3.75 (t, /=
7.2 Hz, 2H), 2.87-2.71 (m, 4H), 2.47-2.36 (m, 2H), 1.03 ppm (s, 9H); no
signal was observed for the hydrogen atom of the hydroxy group;
PCNMR (75 MHz, CDCL): 6=146.4 (Cy,), 145.8 (Cqua), 140.5 (Cyuay),
135.7 (CH), 133.8 (Cyua)> 131.5 (Cyua)> 130.0 (Cyua), 129.7 (CH), 127.7
(CH), 126.1 (CH), 110.6 (CH), 108.5 (CH), 100.9 (CH,), 72.0 (CH), 65.2
(CH,), 47.6 (CH,), 43.3 (CH,), 36.5 (CH,), 27.0 (CH3;), 19.2 ppm (Cyua);
MS (EL 70eV): m/z (%): 486 (10) [M]*:, 429 (25), 411 (29), 333 (23),
214 (71), 213 (100), 199 (87), 183 (70), 181 (40), 155 (72), 135 (56), 115
(30), 105 (24), 91 (53), 77 (27), 57 (19); HRMS: m/z caled for
C3,H;,0,Si: 486.2226 [M]**; found: 486.2223.

9: A solution of the alcohol 8 (1.20 g, 2.47 mmol) and Mel (770 pL,
12.4 mmol) in THF (15mL) was added dropwise to an ice-cooled and
magnetically stirred suspension of KH (~2g, 49.9mmol) in THF
(32 mL) under a nitrogen atmosphere. The resulting mixture was stirred
at 0°C for approximately 10 min, then warmed to 18°C and stirred at
this temperature for 3 h. The reaction mixture was then cooled to 0°C,
and NH,CI (50 mL of a saturated aqueous solution) was added dropwise.
The resulting mixture was extracted with diethyl ether (3x60 mL), and
the combined organic extracts were dried (Na,SO,), filtered, and concen-
trated under reduced pressure to give a yellow-orange oil. Purification by
flash chromatography (silica, ethyl acetate/hexane=>5:95) gave 9 (1.24 g,
100%) as a clear, colorless oil. R;=0.1 (ethyl acetate/hexane=5:95);
[a]y=-5.5 (¢=1.0g(100 mL)™", CHCL); IR (film): #=3070, 3048, 2930,
2894, 2858, 1502, 1484, 1427, 1360, 1211, 1111, 1043, 936, 703 cm™';

! This material was contaminated with a small amount (<5%) of the
compound derived from protiodeborylation of the boronic acid 5.
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"H NMR (300 MHz, CDCl;): 6 =7.60 (m, 4H), 7.44-7.33 (m, 6 H), 6.64 (s,
1H), 6.62 (s, 1H), 5.89 (s, 2H), 5.43 (m, 1H), 4.11 (hept, J=3.6 Hz, 1H),
3.75 (t, J=7.3 Hz, 2H), 3.31 (s, 3H), 2.89-2.78 (complex m, 2H), 2.76—
2.40 (complex m, 4H), 1.03 ppm (s, 9H); *C NMR (75 MHz, CDCl,): 6 =
146.4 (Cyua)s 145.8 (Cyua)s 140.5 (Cyua), 135.7 (CH), 133.9 (Cya), 131.6
(Cquar)s 130.0 (Cqua), 129.7 (CH), 127.7 (CH), 126.3 (CH), 110.5 (CH),
108.5 (CH), 100.9 (CH,), 80.9 (CH), 65.3 (CH,), 56.4 (CH,), 43.8 (CH,),
39.7 (CH,), 36.5 (CH,), 27.0 (CH;), 19.3 ppm (Cyy.); MS (EIL, 70 eV): m/z
(%): 500 (46) [M]™", 444 (23), 443 (54), 215 (32), 214 (92), 213 (100), 199
(82), 183 (95), 181 (50), 155 (85), 135 (66), 115 (40), 91 (52), 77 (27), 57
(30), 41 (26); HRMS: m/z caled for C;H3,0,Si: 500.2383 [M]**; found:
500.2380; elemental analysis: calcd (%) for C;H;,0,Si: C 74.36, H 7.25;
found: C 74.56, H 7.53.

10a and 10b: Powdered NaOH (593 mg, 14.8 mmol), benzyltriethylam-
monium chloride (TEBAC; 11 mg, 49 umol), and CHCl; (791 pL,
9.88 mmol) were added sequentially to a solution of the alkene 9 (1.24 g,
2.47 mmol) in CH,Cl, (1.80 mL) at 18°C under a nitrogen atmosphere.
The resulting mixture was cooled in an ice bath (to control the ensuing
exothermic reaction) and sonicated for 10 min. The resulting mixture was
filtered through a pad of celite, which was then washed with copious
quantities of CH,Cl,. The combined filtrates were concentrated under re-
duced pressure to give a dark-brown oil, which was purified by flash
chromatography (silica, ethyl acetate/hexane =5:95) to give an approxi-
mately 2:1 mixture of 10a and 10b (1.31 g, 91 %) as a viscous, amber-col-
ored oil. R;=0.1 (ethyl acetate/hexane =5:95); IR (film): #=3071, 2931,
2892, 2858, 1503, 1486, 1428, 1382, 1239, 1110, 1043, 938, 824, 737, 703,
614, 505 cm™'; 'TH NMR (300 MHz, CDCl;; major diastereoisomer): 0=
7.69-7.63 (complex m, 4H), 7.42-7.34 (complex m, 6 H), 6.74 (s, 1 H), 6.62
(s, 1H), 5.90 (m, 2H), 3.89 (m, 2H), 3.80 (m, 1H), 3.12 (s, 3H), 2.90 (m,
2H), 2.46 (dd, J=14.7, 62Hz, 1H), 2.35-1.95 (complexm, 4H),
1.06 ppm (s, 9H); *C NMR (75 MHz, CDCl;; major diastereoisomer):
0=146.9 (Cyua), 146.0 (Cyuar), 135.7 (CH), 133.8 (Cyua)> 132.7 (Couar)
131.6 (Cgua)s 129.7 (CH), 127.8 (CH), 109.8 (CH), 108.6 (CH), 101.1
(CH,), 85.2 (CH), 73.2 (Cqua), 64.8 (CH,), 56.6 (CHs), 47.8 (Cyuar), 432
(CH,), 40.7 (CH), 35.8 (CH,), 35.7 (CH,), 27.0 (CHj;), 19.3 ppm (Cya);
MS (EL 70 eV): m/z (%): 586, 584, and 582 (3, 12, and 16) [M]*", 460
and 458 (23 and 60), 459 and 457 (69 and 100), 259 (13), 229 (23), 224
(28), 199 (18), 183 (11), 135 (13), 91 (10); HRMS: m/z caled for
C3,H;6PCLO,Si: 582.1760 [M]*+; found: 582.1772.

11a and 11b: TBAF (1.10 mL of a 1.0m solution in THF, 1.10 mmol) was
added dropwise to a magnetically stirred solution of a mixture of 10a
and 10b (ca. 2:1; 496 mg, 850 umol) in THF (10 mL) at approximately
0°C. The resulting mixture was warmed to 18°C and stirred at this tem-
perature for 2.5 h. NH,Cl (10 mL of a saturated aqueous solution) was
then added, and the mixture was extracted with diethyl ether (3x30 mL).
The combined organic extracts were dried (Na,SO,), filtered, and con-
centrated under reduced pressure to give an orange-brown oil, which was
purified by flash chromatography (silica, ethyl acetate/hexane=3:7) to
give an approximately 2:1 mixture of 11a and 11b (284 mg, 97 %) as a
pale-amber oil. R;=0.2 (ethyl acetate/hexane=3:7); IR (film): 7#=3401,
2931, 2894, 1503, 1486, 1383, 1238, 1097, 1041, 935, 842 cm™'; '"H NMR
(300 MHz, CDCl;; major diastereoisomer): 0 =6.84 (s, 1H), 6.54 (s, 1H),
5.94 (m, 2H), 3.95 (m, 2H), 3.27 (s, 3H), 2.88 (m, 2H), 2.71-2.63 (com-
plexm, 1H), 2.48-2.24 (complex m, 3H), 2.17 (m, 1H), 1.85 ppm (m,
1H); no signal was observed for the hydrogen atom of the hydroxy
group; "CNMR (75 MHz, CDCl;; major diastereoisomer): 6=147.1
(Cau)s 146.1 (Cya), 132.1 (Cya), 131.8 (Cypa), 109.0 (CH), 1088 (CH),
101.2 (CH,), 85.2 (CH), 73.2 (Cyuar)> 63.1 (CH,), 56.6 (CH3), 47.8 (Cyua)s
43.3 (CH,), 40.7 (CH), 35.7 (CH,), 35.5 ppm (CH,); MS (EI, 70 eV): m/z
(%): 348, 346, and 344 (16, 90, and 100) [M]*, 279 and 277 (21 and 46),
265 and 263 (30 and 75), 243 and 241 (24 and 61), 233 (72), 226 and 224
(27 and 65), 213 and 211 (41 and 80), 212 and 210 (30 and 58), 190 (56),
177 (61), 115 (59); HRMS: m/z caled for CiH;s*CLO,: 344.0582 [M]*";
found: 344.0584; elemental analysis: calcd (%) for C;sH,3sCl,0,: C 55.67,
H 5.26, C1 20.54; found: C 55.41, H 5.05, C1 20.71.

12a and 12b: Et;N (280 pL, 2.00 mmol), DMAP (10 mg, 80 umol), and
MsCl (155 pL, 2.00 mmol) were added sequentially to a magnetically
stirred solution of the alcohols 11a and 11b (~2:1; 276 mg, 799 umol) in
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CH,Cl, (8 mL) at 0°C under a nitrogen atmosphere. The resulting mix-
ture was warmed to 18°C and stirred at this temperature for 16 h.
NaHCO; (8 mL of a saturated aqueous solution) was then added, and
the mixture was extracted with CH,Cl, (3x20 mL). The combined organ-
ic extracts were dried (Na,SOy,), filtered, and concentrated under reduced
pressure to give an orange oil, which was purified by flash chromatogra-
phy (silica, ethyl acetate/hexane =1:3—1:2) to give an approximately 2:1
mixture of 12a and 12b (338 mg, 100%) as a pale-yellow oil. R;=0.1
(ethyl acetate/hexane =1:3); IR (film): 7=2934, 1504, 1488, 1355, 1238,
1174, 1105, 1041, 955 cm™'; '"H NMR (300 MHz, CDCl;; major diastereo-
isomer): 0=6.76 (s, 1H), 6.67 (s, 1H), 5.94 (m, 2H), 4.47 (m, 2H), 3.88
(m, 1H), 3.19 (s, 3H), 3.06 (m, 2H), 3.00 (s, 3H), 2.63 (dd, J=14.7,
6.2 Hz, 1H), 2.33 ppm (m, 2H); the signals due to two hydrogen atoms
were obscured; *C NMR (75 MHz, CDCl;; major diastereoisomer): 6 =
147.3 (Cyuar)s 146.7 (Cyuar)s 132.0 (Cqua)s 129.5 (Cyuar)» 109.0 (CH), 108.9
(CH), 101.3 (CH,), 85.3 (CH), 73.1 (Cquur)> 69.8 (CH,), 56.5 (CH;), 47.6
(Cqua)» 43.1 (CH,), 40.8 (CH), 37.5 (CH3), 35.3 (CH,), 32.2 ppm (CH,);
MS (EL 70 eV): m/z (%): 426, 424, and 422 (6, 31, and 44) [M]*, 389
and 387 (7 and 17), 388 and 386 (13 and 11), 293 and 291 (26 and 70),
267, 265, and 263 (10, 18, and 52), 261 and 259 (39 and 95), 255 (69), 235
and 233 (18 and 54), 225 (64), 224 (92), 223 (100), 211 (60), 210 (51), 152
(52), 115 (50), 57 (57), 43 (69); HRMS: m/z caled for C;;H,*CLO,S:
422.0358 [M]**; found: 422.0360.

13a and 13b: LiN; (320 mg, 6.53 mmol) was added to a magnetically
stirred solution of the mesylates 12a and 12b (~2:1; 922 mg, 2.18 mmol)
in anhydrous DMF (8 mL), and the resulting mixture was stirred at 18°C
under a nitrogen atmosphere for 48 h. The reaction mixture was then di-
luted with diethyl ether (30 mL), and the organic phase was washed with
water (3x10 mL), then dried (Na,SO,), filtered, and concentrated under
reduced pressure to give a yellow oil. Purification by flash chromatogra-
phy (silica, ethyl acetate/hexane =1:9) gave an approximately 2:1 mixture
of 13a and 13b (757 mg, 94%) as a pale-yellow oil. R;=0.3 (major dia-
stereoisomer) and 0.2 (minor diastereoisomer; ethyl acetate/hexane=
1:9); IR (film): 7=2932, 2897, 2099, 1504, 1487, 1382, 1240, 1108, 1042,
935, 842 cm™'; 'TH NMR (300 MHz, CDCl;; major diastereoisomer): 0=
6.74 (s, 1H), 6.67 (s, 1H), 5.94 (m, 2H), 3.89 (m, 1H), 3.56 (m, 2H), 3.20
(s, 3H), 291 (t, J=7.6 Hz, 2H), 2.64 (dd, J=14.7, 6.2 Hz, 1H), 2.36-
2.10 ppm (complex m, 4H); *C NMR (75 MHz, CDCl,): major diastereo-
isomer: 0=147.3 (Cy0), 146.5 (Cypa), 131.7 (Cyua), 1314 (Cyua), 109.0
(CH), 108.8 (CH), 101.3 (CH,), 85.3 (CH), 73.1 (Cyu), 56.6 (CH;), 51.9
(CH,), 47.7 (Cqua)> 43.1 (CH,), 40.9 (CH), 35.5 (CH,), 32.0 ppm (CH,);
minor diastereoisomer: 6 =147.3 (Cya), 146.3 (Cyuar), 132.2 (Cyuar), 131.6
(Cqua)» 109.2 (CH), 108.7 (CH), 101.4 (CH,), 85.9 (CH), 74.5 (Cyya)> 57.7
(CH,), 51.6 (CH,), 45.8 (Cgqua). 41.7 (CH,), 38.1 (CH), 33.5 (CH,),
32.0 ppm (CH,); MS (EL 70 eV): m/z (%): 373, 371, and 369 (10, 45, and
62) [M]*", 344, 342, and 340 (2, 10, and 15), 330, 328, and 326 (5, 24, and
35), 314, 312, and 310 (8, 30, and 46), 212 and 210 (25 and 51), 189 (100);
HRMS: m/z caled for C,H,,°CL,N;O05: 369.0647 [M]**; found: 369.0629;
elemental analysis: caled (%) for C,¢H;;CLN;O;: C 51.91, H 4.63, Cl
19.15, N 11.35; found: C 51.94, H 4.72, C1 19.20, N 11.37.

15a and 15b: PPh; (796 mg, 3.03 mmol) was added to a magnetically
stirred solution of the azides 13a and 13b (~2:1; 749 mg, 2.02 mmol) in
THF/water (10:3, 13 mL), and the resulting mixture was stirred at 18°C
for 16 h. The solvent was then removed under reduced pressure, and the
residue, which contained a mixture of the amines 14a and 14b, was taken
up in ethyl acetate (15 mL), then dried (Na,SO,), filtered, and concen-
trated under reduced pressure to give a pale-yellow, oily solid. A magnet-
ically stirred solution of this material in THF (20 mL) under a nitrogen
atmosphere was cooled to 0°C then treated with pyridine (327 pL,
4.04 mmol) and allyl chloroformate (429 pL, 4.04 mmol). The reaction
mixture was stirred at 0°C for approximately 10 min, then warmed to
18°C and stirred at this temperature for 16 h. The solvent was then re-
moved under reduced pressure, and the residue taken up in diethyl ether
(80 mL). The resulting solution was washed with water (1x20 mL) and
then brine (1x30 mL), dried (Na,SO,), filtered, and concentrated under
reduced pressure to give a yellow oil. Purification by flash chromatogra-
phy (silica, ethyl acetate/hexane=1:4) afforded an approximately 2:1
mixture of 15a and 15b (824 mg, 95% from 13) as a pale-yellow, viscous
oil. R;=0.2 (ethyl acetate/hexane=1:4); IR (film): ¥=3337, 2933, 1717,
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1504, 1487, 1383, 1240, 1107, 1040, 992, 934, 841cm™'; 'H NMR
(300 MHz, CDCl;; major diastereoisomer): 0 =6.66 (s, 1H), 6.53 (s, 1H),
5.94 (m, 2H), 5.89 (partially obscured m, 1H), 5.25 (m, 2H), 4.84 (brs,
1H, NH), 4.57 (d, /J=5.5Hz, 2H), 3.88 (m, 1H), 3.52-3.48 (complex m,
2H), 3.19 (s, 3H), 2.87-2.70 (complex m, 2H), 2.68-2.61 (complex m,
2H), 2.35-2.05 ppm (complex m, 3H); *C NMR (75 MHz, CDCl;; major
diastereoisomer): 6 =156.2 (CO), 147.3 (Cyuar), 146.2 (Cyyar), 133.0 (CH),
132.1 (Cyua)> 131.7 (Cyua)» 117.7 (CH,), 108.7 (CH), 108.6 (CH), 101.2
(CH,), 85.3 (CH), 73.2 (Cyua), 65.5 (CH,), 56.5 (CH;), 47.8 (Cyuar), 43.1
(CH,), 41.6 (CH,), 40.7 (CH), 35.5 (CH,), 32.8 ppm (CH,); MS (EI,
70 eV): m/z (%): 431, 429, and 427 (2, 10, and 15) [M]*", 393 and 391 (4
and 6), 344 and 342 (13 and 19), 328 and 326 (16 and 25), 320 and 318
(33 and 76), 41 (100); HRMS: m/z caled for CpH,CLNOs: 427.0953
[M]**; found: 427.0953; elemental analysis: caled (%) for C,)H,;CLLNOs:
C 56.08, H 5.41, Cl 16.55, N 3.27; found: C 56.33, H 5.58, CI 16.19, N
3.23.

16 and 17: LIHMDS (900 uL of a 1.0m solution in THF, 900 umol) was
added to a magnetically stirred solution of the gem-dichlorocyclopro-
panes 15a and 15b (ca. 2:1; 350 mg, 817 umol) in anhydrous THF
(12 mL) at —20°C under an argon atmosphere. The reaction mixture was
stirred at —20°C for 10 min, then warmed to 0°C and stirred at this tem-
perature for a further 0.5 h. AgBF, (636 mg, 3.27 pmol) was added in one
portion, and the reaction mixture was stirred at 0°C for a further 10 min,
then warmed to 18°C and stirred at this temperature for 0.5 h. The reac-
tion mixture was then heated at 45°C for 4h, cooled, and filtered
through a pad of celite. The filtrate was concentrated under reduced
pressure to give a yellow solid. A magnetically stirred solution of this ma-
terial in anhydrous THF (10 mL) was treated with dimedone (573 mg,
4.09 mmol) and [Pd(PPhs),] (172 mg, 149 umol), and the resulting mix-
ture was stirred at 18°C under an argon atmosphere for 16 h. The reac-
tion mixture was then concentrated under reduced pressure to give a
brown semisolid, which was subjected to flash chromatography (silica,
CHCl/MeOH =9:1 with 5% v/v 830 ammonia). The relevant fractions
(R;=0.7 (CHCl;/MeOH =9:1 with 5% v/v 880 ammonia)) were concen-
trated to give a mixture of the target amines and Ph;P(O). This mixture
was purified further by flash chromatography (silica, methanol/CH,Cl,=
1:99-2.5:97.5) to give 16> (65 mg, 26 %) as an orange oil and 17 (76 mg,
30%) as an orange foam. 16: R;=0.1(1) (ethyl acetate/hexane =2:3); IR
(film): $=2924, 1502, 1484, 1384, 1234, 1089, 1039, 933 cm™'; 'H NMR
(300 MHz, CDCl;): 6=6.54 (s, 1H), 6.53 (s, 1H), 5.98 (t, J=4.1 Hz, 1H),
5.90 (s, 2H), 3.72 (m, 1H), 3.32 (s, 3H), 3.18 (dd, J=8.5, 3.1 Hz, 2H),
2.94 (m, 2H), 2.62-2.54 (complex m, 3H), 2.46 (m, 1H), 2.01 (dd, J=
142, 2.6 Hz, 1H); "CNMR (75 MHz, CDCl): 0=146.4 (Cg,), 146.1
(Cquar)s 138.1 (Cyuar) 132.8 (Cyua), 129.4 (Cyua), 124.5 (CH), 108.8 (CH),
106.7 (CH), 100.9 (CH,), 73.7 (CH), 60.5 (Cyua0), 56.6 (CHs), 40.9 (CH,),
38.6 (CH,), 30.9 (CH,), 29.5 ppm (CH,); MS (EIL, 70 eV): m/z (%): 309
and 307 (4 and 11) [M]*", 294 and 292 (2 and 5), 278 and 276 (13 and 30),
272 (6), 251 and 249 (31 and 75), 250 and 248 (55 and 100), 232 (58);
HRMS: m/z caled for CgH;g®CINO;: 307.0975 [M]**; found: 307.0976.
17: R;=0.0(9) (ethyl acetate/hexane=2:3); IR (film): #=2930, 1502,
1483, 1382, 1233, 1095, 1038, 991 cm™'; '"H NMR (300 MHz, CDCL): 6 =
6.55 (s, 1H), 6.51 (s, 1H), 5.97 (dd, J=6.3, 2.2 Hz, 1H), 5.90 (brs, 2H),
3.72 (m, 1H), 3.37 (s, 3H), 3.13 (m, 2H), 2.80-2.50 (complex m, 4H),
2.16 (m, 2H), 1.70 ppm (m, 1H); “*C NMR (75 MHz, CDCL;): 6=146.3
(Cqua)> 137.7 (Cyua)> 132.7 (Cyua)s 129.2 (Cyuar)> 126.1 (CH), 108.4 (CH),
106.8 (CH), 100.8 (CH,), 72.6 (CH), 62.6 (Cgu0), 56.0 (CH;), 43.4 (CH,),
39.2 (CH,), 32.8 (CH,), 30.0 ppm (CH,); one signal due to a quaternary
carbon atom was obscured and may overlap with another signal; MS (EIL,
70 eV): m/z (%): 309 and 307 (16 and 39) [M]*", 294 and 292 (4 and 10),
278 and 276 (24 and 50), 272 (11), 251 and 249 (57 and 85), 250 and 248
(77 and 100), 232 (54); HRMS: m/z caled for C;sH;s°CINO;: 307.0975
[M]**; found: 307.0973.

18: Ethylene oxide (&2 mL, ~40 mmol) was added to a solution of the
amine 16 (63 mg, 205 pmol) in anhydrous MeOH (1.0 mL) at 0°C under
a nitrogen atmosphere. The reaction vessel was sealed, and the mixture
was stirred magnetically at 45°C for 24 h. The reaction mixture was then

2 This material was contaminated with a small amount (<5%) of tri-
phenylphosphine oxide.
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cooled to 18°C, the vessel was opened, and the solvent was removed
under reduced pressure to give a yellow oil. Purification by flash chroma-
tography (silica, ethyl acetate/hexane=2:3) afforded 18 (41 mg, 58 %),
which crystallized as pale-pink crystals from CH,Cl,/hexane. R;=0.2
(ethyl acetate/hexane =2:3); decomp. from 109°C; [a]¥=-91.3 (c=1.0¢
(100 mL)~!, CHCL); IR (disk): #=3450 (br), 2924, 1503, 1486, 1384,
1234, 1102, 1037, 932 cm™'; 'H NMR (300 MHz, CDCL;): 6 =6.66 (s, 1 H),
6.59 (s, 1H), 6.22 (dd, J=7.1, 2.2, 1H), 5.93 (d, J=1.5Hz, 1H), 592 (d,
J=1.5Hz, 1H), 3.81-3.65 (complex m, 2H), 3.58 (m, 1H), 3.29 (s, 3H),
3.08-2.80 (complex m, S5H), 2.79-2.64 (complex m, 2H), 2.44 (dt, J=12.7,
2.7Hz, 1H), 2.33 (m, 1H), 2.09 (m, 1H), 1.75 ppm (m, 1H); "C NMR
(75MHz, CDCLy): 0=146.6 (Cyu), 1458 (Cgua), 1362 (Cyua), 132.9
(Cqua)s 128.9 (CH), 127.6 (Cyua), 109.0 (CH), 106.8 (CH), 101.1 (CH,),
72.9 (CH), 67.2 (Cyua), 584 (CH,), 56.3 (CH;), 51.6 (CH,), 41.8 (CH,),
37.1 (CH,), 32.1 (CH,), 29.6 ppm (CH,); MS (EL 70 eV): m/z (%): 353
and 351 (1 and 4) [M]*", 338 and 336 (<1 and 3), 323 and 321 (10 and
30), 322 and 320 (47 and 100), 316 (5), 295 and 293 (10 and 30); HRMS:
m/z caled for C,sH»,*CINO,: 351.1237 [M]**; found: 351.1240.

19: PPh; (155 mg, 591 umol), imidazole (40 mg, 591 pmol), and iodine
(113 mg, 443 pmol) were added to a magnetically stirred solution of the
alcohol 18 (52 mg, 148 umol) in anhydrous toluene (3 mL) under a nitro-
gen atmosphere. The resulting mixture was stirred at 18°C for 16 h, then
Na,S,0; (2 mL of a saturated aqueous solution) was added, and stirring
was continued for 5 min. The mixture was extracted with ethyl acetate
(3x20 mL), and the combined organic extracts were dried (Na,SO,), fil-
tered, and concentrated under reduced pressure to give a brown oil. Pu-
rification by flash chromatography (silica, ethyl acetate/hexane=4:96)
gave 19 (51 mg, 75%) as a white powder. R;=0.1 (ethyl acetate/hexane =
4:96); decomp. from 121°C; [a]d=-60.1 (c=1.0 g(100 mL)~', CHCL);
IR (film): 7=2922, 2837, 1502, 1484, 1384, 1234, 1130, 1095, 1039, 931,
731 cm™'; '"H NMR (300 MHz, CDClLy): 6=6.62 (s, 1H), 6.58 (s, 1H), 6.19
(dd, J=6.6,22 Hz, 1H), 592 (d, /=14 Hz, 1H), 591 (d, J=1.4 Hz, 1H),
3.65 (m, 1H), 3.27 (s, 3H), 3.34-3.16 (partially obscured m, 2H), 3.08—
2.97 (complex m, 4H), 2.76-2.61 (complex m, 3H), 2.32-2.26 (complex m,
1H), 2.12 (dd, J=9.8, 22Hz, 1H), 1.75ppm (m, 1H); “CNMR
(75 MHz, CDCl;): 6=146.6 (Cyu), 1457 (Cyua), 1364 (Cyua), 132.5
(Cqua)» 128.4 (CH), 127.7 (Cgya)» 109.1 (CH), 106.7 (CH), 101.0 (CH,),
72.7 (CH), 67.2 (Cya), 56.2 (CH;), 54.6 (CH,), 43.7 (CH,), 38.2 (CH,),
322 (CH,), 29.7 (CH,), 44 ppm (CH,); MS (EL, 70eV): m/z (%): 463
and 461 (15 and 37) [M]*, 433 and 431 (8 and 22), 432 and 430 (35 and
72), 426 (66), 405 and 403 (45 and 84), 336 and 334 (46 and 84), 278 and
276 (75 and 100), 240 (90); HRMS: m/z caled for C;sH,*CIINO;:
461.0255 [M]**; found: 461.0254.

(=)-1: Bu;SnH (56 puL, 210 umol) was added over a period of 3.5h to a
magnetically stirred solution of AIBN (5mg, 33 umol; added in three
equal aliquots over 2 h) and the iodide 19 (44 mg, 95 pmol) in anhydrous
toluene (10 mL) at 80°C under an argon atmosphere. Once the addition
of Bu;SnH was complete, the reaction mixture was cooled to 18°C and
concentrated under reduced pressure. The residue was purified by flash
chromatography (silica, hexane —CH,Cl,/hexane = 1:4 —CH,Cl,/hexane =
1:1—CH,Cl,—methanol/CH,Cl, =2.5:97.5 —methanol/CH,Cl,=5:95 —
methanol/CH,Cl, =1:9 —methanol/CH,Cl,=1:4) to give (—)-1 (25mg,
89%) as a colorless oil. R;=0.4 (methanol/CH,Cl,=1:9); [a]¥=-187
(c=12g(100 mL)"', ethanol or CHCl,); IR (film): 7=2924, 1502, 1481,
1371, 1231, 1101, 1080, 1036, 934, 875 cm™'; '"H NMR (300 MHz, CDCl,):
0=6.58 (s, 1H), 6.57 (s, 1H), 5.90 (d, J=1.6 Hz, 1H), 5.89 (d, J=1.6 Hz,
1H), 5.61 (m, 1H), 3.73 (m, 1H), 3.52 (m, 1H), 3.28 (s, 3H), 3.13 (ddd,
J=144, 8.0, 2.4 Hz, 1H), 3.00 (m, 1H), 2.97 (m, 1H), 2.73-2.67 (com-
plexm, 2H), 2.60 (dd, /=16.8, 5.6 Hz, 1H), 2.43 (m, 1H), 2.29 (dd, /=
11.2, 4.0 Hz, 1H), 2.21 (m, 1H), 2.10 (m, 1H), 1.63 ppm (br t, J=11.2 Hz,
1H); "CNMR (75 MHz, CDCL): 6=146.5 (Cyua), 145.4 (Cyua), 140.6
(Cquar)> 130.9 (Cyuar), 126.6 (Cyyar), 118.5 (CH), 109.2 (CH), 107.9 (CH),
100.8 (CH,), 73.7 (CH), 64.7 (Cyua), 56.2 (CH;), 47.1 (CH,), 41.7 (CH,),
40.8 (CH,), 31.9 (CH,), 27.1 (CH,), 22.5 ppm (CH,); MS (EI, 70 eV): m/z
(%): 299 (35) [M]*", 298 (10), 284 (6), 269 (20), 268 (54), 242 (80), 241
(95), 240 (100); HRMS: m/z calcd for CigH, NO;: 299.1521 [M]**; found:
299.1527.
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20: Ethylene oxide (~2 mL, ~40 mmol) was added to a solution of the
amine 17 (114 mg, 370 pmol) in anhydrous MeOH (1.0 mL) at 0°C under
a nitrogen atmosphere. The reaction vessel was sealed, and the mixture
was stirred magnetically at 45°C for 48 h. The reaction mixture was then
cooled to 18°C, the vessel was opened, and the solvent was removed
under reduced pressure to give an orange oil. Purification by flash chro-
matography (silica, ethyl acetate/hexane=2:3) afforded 20 (103 mg,
79%) as a white foam. R;=0.1 (ethyl acetate/hexane=2:3); [a]¥=
+124.9 (¢=2.0 g(100 mL) ", CHCl,); IR (film): 7=3466 (br), 2928, 2824,
1503, 1485, 1388, 1233, 1130, 1100, 1039, 985, 932, 847, 730 cm';
'"H NMR (300 MHz, CDCL): 6=6.59 (s, 1H), 6.49 (s, 1H), 6.20 (dd, J=
6.5, 2.5 Hz, 1H), 5.90 (brs, 2H), 3.76-3.67 (complex m, 2H), 3.56 (m,
1H), 3.33 (s, 3H), 3.11-2.67 (complex m, 7H), 2.59-2.47 (complex m,
2H), 219 (m, 1H), 1.78 ppm (dd, J=14.5, 1.8 Hz, 1H); “CNMR
(75 MHz, CDCly): 6=146.5 (Cyu), 1464 (Cyua), 137.1 (Cyua), 133.8
(Cquar)s 128.6 (Cyua), 128.2 (CH), 107.7 (CH), 106.9 (CH), 101.0 (CH,),
73.0 (CH), 67.3 (Cyu), 58.0 (CH,), 56.2 (CH;), 52.2 (CH,), 40.6 (CH,),
39.5 (CH,), 32.2 (CH,), 29.9 ppm (CH,); MS (EL 70 eV): m/z (%): 353
and 351 (20 and 45) [M]*", 338 and 336 (5 and 25), 323 and 321 (28 and
62), 322 and 320 (80 and 100), 295 and 293 (50 and 84), 258 (86), 224
(70), 214 (86); HRMS: m/z caled for CsH,*CINO,: 351.1237 [M]*";
found: 351.1228.

21: PPh; (149 mg, 568 pmol), imidazole (39 mg, 568 umol), and iodine
(108 mg, 426 umol) were added to a magnetically stirred solution of the
alcohol 20 (50 mg, 142 pumol) in anhydrous toluene (3 mL). The resulting
mixture was stirred at 18°C under a nitrogen atmosphere for 16 h, then
Na,S,0; (2 mL of a saturated aqueous solution) was added, and stirring
was continued for 5 min. The mixture was extracted with ethyl acetate
(3x20 mL), and the combined organic extracts were dried (Na,SO,), fil-
tered, and concentrated under reduced pressure to give a brown oil. Pu-
rification by flash chromatography (silica, ethyl acetate/hexane=5:95)
gave 21 (52mg, 79%) as an off-white foam. R;=0.1 (ethyl acetate/
hexane =5:95); [a]3=463.2 (c=1.0 g(100 mL) !, CHCL); IR (film): 7=
2927, 2823, 1502, 1484, 1387, 1234, 1134, 1107, 1092, 1039, 986, 931,
852 cm™'; 'TH NMR (300 MHz, CDCLy): 6=6.58 (s, 1 H), 6.48 (s, 1H), 6.19
(dd, J=6.3, 2.6 Hz, 1H), 5.89 (s, 2H), 3.68 (m, 1H), 3.34 (s, 3H), 3.23-
3.15 (complexm, 3H), 2.99-2.55 (complexm, 7H), 2.18 (m, 1H),
1.77 ppm (dd, J=14.3, 11.4 Hz, 1H); "CNMR (75 MHz, CDCL): 6=
146.4 (Cyua)s 146.3 (Cyuar)> 137.2 (Cyuar), 133.8 (Cyua)s 128.5 (Cyuar)> 128.0
(CH), 107.8 (CH), 106.9 (CH), 100.9 (CH,), 73.0 (CH), 67.1 (Cyya), 56.2
(CH;), 543 (CH,), 42.6 (CH,), 409 (CH,), 324 (CH,), 29.8 (CH,),
4.9 ppm (CH,); MS (EI, 70 eV): m/z (%): 463 and 461 (6 and 16) [M]*,
432 and 430 (14 and 37), 426 (29), 405 and 403 (18 and 50), 336 and 334
(20 and 53), 278 and 276 (41 and 100), 240 (56), 73 (52), 69 (70), 43 (75);
HRMS: m/z calcd for CisH,PCIINO;: 461.0255 [M]**; found: 461.0253.

3-epi-(+)-1: Bu;SnH (67 pL, 248 umol) was added over a period of 3.5h
to a magnetically stirred solution of AIBN (5 mg, 33 pmol; added in
three equal aliquots over 2 h) and the iodide 21 (52 mg, 113 pmol) in an-
hydrous toluene (11 mL) at 80°C under an argon atmosphere. Once the
addition of Bu;SnH was complete, the reaction mixture was cooled to
18°C and concentrated under reduced pressure. The residue was purified
by flash chromatography (silica, hexane —CH,Cl,/hexane = 1:4—CH,Cl,/
hexane =1:1—CH,Cl,—methanol/CH,Cl, =2.5:97.5 —methanol/CH,Cl, =
5:95 —methanol/CH,Cl, =1:9 —methanol/CH,Cl,=1:4) to give 3-epi-(+)-
1 (34 mg, 100%) as a pale-yellow semisolid. R;=0.4 (methanol/CH,Cl,=
1:9); [a]¥ =+4204 (c=1.0 g(100 mL)~!, CHCl,); IR (film): 7#=2927, 1502,
1481, 1376, 1230, 1099, 1039, 933, 864 cm™'; '"H NMR (800 MHz, CDCl,):
0=6.66 (s, 1H), 6.48 (s, 1H), 5.86 (d, J=1.6 Hz, 1H), 5.86 (d, J=1.6 Hz,
1H), 5.69 (m, 1H), 3.57 (m, 1H), 3.50 (m, 1H), 3.20 (s, 3H), 3.14 (m,
1H), 3.10 (m, 1H), 3.03-2.98 (complex m, 1H), 2.79 (m, 1H), 2.55-2.52
(complex m, 2H), 2.41 (m, 1H), 2.34 (m 1H), 2.22-2.18 (complex m,
2H), 1.86 ppm (dd, J=14.4, 5.6 Hz, 1H); *CNMR (75 MHz, CDCl,):
0=146.5 (Cyuu). 1463 (Cgua). 1414 (Cyua). 1323 (Cqua). 125.7 (Cyua).
119.0 (CH), 108.1 (CH), 107.3 (CH), 100.8 (CH,), 74.8 (CH), 64.7 (C),
55.9 (CHs;), 46.4 (CH,), 40.9 (CH,), 40.0 (CH,), 30.7 (CH,), 27.5 (CH,),
21.7 ppm (CH,); MS (EIL 70 eV): m/z (%): 299 (26) [M]*", 298 (6), 284
(5), 269 (18), 268 (44), 242 (54), 241 (83), 240 (100); HRMS: m/z calcd
for CgH,,NO5: 299.1521 [M]™*; found: 299.1519.
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Crystallography

Images were measured on a Nonius Kappa CCD diffractometer (Mo,
graphite monochromator, 4=0.71073 A), and data were extracted by
using the DENZO package.™ The structure was solved by direct meth-
ods (SIR92).1"l The structure of compound 18 was refined by using the
CRYSTALS program package.'”? CCDC-640224 contains the supplemen-
tary crystallographic data for this paper. These data can be obtained
free-of-charge from The Cambridge Crystallographic Data Centre at
http://www.ccdc.cam.ac.uk/data_request/cif.

Crystal data for 18: C,sH,,CINO,, M,=351.82, T=200(1) K, monoclinic,
space group P2,, Z=2, a=8.9545(2), b=7.4385(2), c=12.6365(3) A, f=
93.1564(13)°, V=840.42(4) A>, D,=1.390 gem™, 3809 unique data
(20,0 =55%), 3556 with I>3.00(I), R=0.0269, Rw=0.0316, S=1.0524,
Flack parameter =0.01(4).
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Abstract: Treatment of (Z)-1,2,3,4-tet-
rakis(pinacolatoboryl)but-2-ene,  pre-
pared from 2,3-bis(pinacolatoboryl)bu-
ta-1,3-diene and bis(pinacolato)dibo-
ron, with three molar equivalents of al-
dehyde in toluene at 100°C gave the
2,3-bis(alkylidene)alkane-1,5-anti-diol

as a single stereoisomer. The reaction

Introduction

From the economic and environmental viewpoints, much of
the attention of synthetic chemists has been paid to cascade
reactions that involve two or more bond-forming transfor-
mations and that construct complex molecular frameworks
from simple substrates by a single synthetic operation in one
reaction vessel. These reactions save time, money, and re-
sources as well as minimize waste by avoiding reaction
setup, workup, and purification of products in each step.!)
Meanwhile, as allyl metal compounds are extremely versa-
tile reagents for carbon-carbon bond formation in organic
synthesis,”) metalated allyl metals such as o- and f-(metalo-
methyl)-substituted and y-metalated compounds (1-3;
Scheme 1) constitute an attractive class of reagents for cas-
cade reactions, because the initial y-selective allylation gen-
erates an allyl metal functionality in the products.”! For ex-
ample, 1-silylmethyl allylic silane 1a (M'=SiMePh,, M*=
SiMe,Ph) was reported to undergo a one-pot double Saku-
rai-Hosomi reaction with aliphatic aldehydes to give 2,3,5-
trisubstituted tetrahydrofurans.®¥ Treatment of aldimines
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is applicable to both aromatic and o-
unbranched aliphatic aldehydes. The
1,5-anti-diols were also synthesized by

Keywords: allylation
diastereoselectivity + domino reac-
tions - synthesis design
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the one-pot preparation/triple-aldehyde
addition of the tetraborylated butene.
Experimental results for the stepwise
treatment of the butene with two types
of aldehydes suggest that the rate-de-
termining step of the triple-aldehyde
addition is the third allylation.

boron

M’ M
= 1 2 1
M M A~ M
MZ
1 2 3

Scheme 1. Monometalated allyl metals for cascade reactions.

with 2-silylmethyl allylic stannane 2a (M'=SnBu;, M’=
SiMe;) in the presence of chlorotrimethylsilane followed by
the addition of aldehydes produced 2,6-cis-disubstituted pi-
peridines stereoselectively.’?! y-Borylated allylic borane 3a
(M!=diisopinocampheylboryl, =~ M?=1,3,2-dioxaborinanyl)
was found to react with two molecules of aldehydes to give
both syn- and anti-alkane-1,5-diols with high diastereo- and
enantioselectivities, respectively, in a one-pot operation.’
These types of dimetalated compounds can also act as versa-
tile precursors of polyfunctional organometallic reagents.™
During the course of our study on the preparation and
synthetic applications of dimetalated compounds,”! we suc-
ceeded in the facile and stereoselective synthesis of (Z)-
1,2,3,4-tetrakis(pinacolatoboryl)but-2-ene (4) by platinum-
catalyzed 1,4-diboration of 2,3-bis(pinacolatoboryl)buta-1,3-
diene (5) with bis(pinacolato)diboron (6).’! As 4 can be re-
garded as a double hybrid of type 3 and that the efficiency
of cascade reactions can be correlated with the number of
bonds and stereocenters formed in the sequence as well as
an increase in molecular complexity, we became interested
in the multiple-aldehyde allylation of 4. This process should
enhance the synthetic utility of metalated allyl metals as a
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reagent for cascade reactions and provide a novel synthetic
methodology that utilizes tetrametalated reagents in organic
synthesis. Herein, we report a novel cascade reaction of 4
with aldehydes that produces stereochemically pure 2,3-
bis(alkylidene)alkane-1,5-anti-diols 7 in good yields
(Scheme 2).I"" The one-pot synthesis of 7 from 5 is also de-
scribed.

OH OH
B B 3RCHO | =

= R “R
B B toluene, 100 °C
4 7

single stereoisomer

o 0
/BiB\
o _ o
6

3 RCHO

reference
[5¢]

A AL
0-8 B0
7N [P{PPhs),] (3 mol%)

5 toluene, 100 °C

Scheme 2. Triple-aldehyde addition of 4 leading to 1,5-anti-diols 7. B=
pinacolatoboryl.

Results and Discussion

Our hypothetical cascade scheme, which employs 4, is
shown in Scheme 3. When 4 is treated with an electrophile
(E*), 4 may react with E* in an Sg2’ fashion to give a-(bo-
rylmethyl)-p-boryl allylborane reagent 8, which can also
react with another E* to give y-boryl allylborane 9. A fur-

E* \ E E* E E
E B E E
10 1

Scheme 3. Plan for cascade quadruple allylation with 4.

Abstract in Japanese:

2,32 (EFaF—hbRUL) - L3 THZIELER (EFaT—)) ¥
RarnbflL7A(D1,234TF FF9F%2 (EFaF— RY L) 275
LTATE R 3UBAGELE ML B 100CITMEY 5 L, L3 MAIETH B
23 LA (FAXUFL) TAD 154 —NBE - ERMEEE U CRE
F<ER LT, ZORKIGREERS LORRBKET VT e NOEFICERT 52
ERTEL, TN TRIUAT T UORBEZET VT & FENER—RISHH
PC—RICBI 2RI ZEHAETHH, 2EEDOT AT & REIBRER ST
FEROFERNS, ZET AT & FMOHEHEIE= 2B O INRIETH L &
Ex b5,
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ther two allylborylation reactions may produce quadruply

substituted (Z)-but-2-enes 11 in a one-pot manner.
Accordingly, we employed an aldehyde as the reaction

partner of 4. The results are shown in Table 1. A solution of

Table 1. Benzaldehyde addition of 4 under thermal conditions.

Entry Solvent T [°C) Yield [%]®
1 toluene 50 0
2 toluene 80 57
3 toluene 100 86
4 1,2-dichloroethane 100 71
5 1,4-dioxane 100 30

[a] Yield of isolated product based on 4.

4 in toluene and 4 equivalents of benzaldehyde were heated
at 100°C for 14 h to give 7a (R=Ph) in 86% yield as a
single stereoisomer, which turned out to be a 1:3 adduct in-
stead of the expected product (11: E=CH(OH)Ph; Table 1,
entry 3). The same reaction upon heating at 50°C did not
take place at all (Table 1, entry 1), whereas 7a was obtained
in lower yield (30-71 %) when the reaction was effected in
toluene at 80°C (Table 1, entry 2) or in polar solvents such
as 1,2-dichloroethane (Table 1, entry4) and 1,4-dioxane
(Table 1, entry 5) at 100°C. Polar solvents may retard the
coordination of the aldehyde to the boryl group, a process
essential for carbonyl allylation of allylboronates under ther-
mal conditions.

The structure of 7a was determined by 'H and “C NMR
and IR spectroscopy, as well as elemental analysis. The con-
figuration of the trisubstituted alkene was assigned as Z by
an NOE experiment as summarized in Scheme 4. Although
7a was not stable enough for the parent peak to be ob-
served with EI MS, the structure of its diacetate 7a’, pre-
pared by acetylation with Ac,0O (Equation (1); DMAP =4-
dimethylaminopyridine), was confirmed by HRMS.

NOE analysis

H,— Hy : 6.6%
H, — H : 0.9%

7a

Scheme 4. Stereochemical assignment of trisubstituted alkene 7a.

Ac,O Ph
pyridine AcO ‘ OAc
7a H (1)
DMAP (cat.) Ph Ph
RT
quant. 7a"

The diastereomeric purity of 7a with regard to 1,5-remote
stereochemistry was confirmed by comparing its 'H and
BCNMR spectra with those of a syn/anti=1:1 diastereo-
meric mixture of 7a (Figures 1 and 2), which was prepared
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a mixture.of s 955 a
M syn/anti-7Ta a s
a
a a a
JL anti-7a ﬂ r‘a
I T T ¥ T ] T T T T | T T T T t
7 6 5 4

~— O/ppm

Figure 1. '"H NMR spectra of 7a. s=Signals assigned to the syn isomer,
a=signals assigned to the anti isomer.

mixture of
synlanti-7a

L anti-7a J

HIIHHHH'HHIHHIHHHIH'IIHII|lWI—HHHH“HHHHIIHIHH!JH
120 110 100 90 80 70 60 50
<~ §/ppm

Figure 2. "C NMR spectra of 7a. s=Signals assigned to the syn isomer,
a=signals assigned to the anti isomer.

by chemoselective oxidation of allylic alcohol in 7a with
MnO,, followed by 1,2-reduction of the resulting a,f-unsatu-
rated ketone 12 with NaBH, in the presence of CeCl;-7H,O
(Scheme 5).

Ph Ph
a oH (0 b OH (" oH
7a B — B —
Ph Ph Ph Ph
12 7a

(synlanti=1:1)

Scheme 5. Preparation of the diastereomer mixture of 7a. Conditions:
a) MnO,, CH,Cl,, 40°C, 84% yield; b) NaBH,, CeCl;-7H,0, MeOH,
93% yield.

On the other hand, treatment of 7a with 2 equivalents of
BuLi followed by the addition of MsCl (1 equiv) afforded
tetrahydropyran 13 as a single stereoisomer in which the
two hydrogen atoms adjacent to the ether oxygen atom (H,
and H,) are positioned cis, thus indicating that the 1,5-ste-
reochemistry in 7a is anti (Scheme 6).1

Recently, the allylation of aldehydes with allylboranes
was reported to be catalyzed by a Lewis acid such as Sc-
(OTY),.”! The present triple-aldehyde addition of 4 was also
found to be catalyzed by Sc(OTf); [Eq.(2)]. When the
triple-aldehyde addition with benzaldehyde was carried out
in toluene in the presence of Sc(OTf); (40 mol %), 14 was
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Ph
BulLi MsCl
(2 equiv) (1 equiv)
THF -78 °C 2 2
0°C RT Ph HaO HbPh
7a o i 13 v
75% yield NOE 12%

Scheme 6. Assignment of the relative 1,5-stereochemistry of 7a. Ms=
methanesulfonyl.

produced as a major product (52% yield) along with 7a
(13% yield). Upon UV irradiation at room temperature,
pure 14 was converted into a mixture of 14 (30%) and 7a
(70%), and 7a was converted into a mixture of 14 (31%)
and 7a (53%). These observations suggest that 14 is a
3Eisomer of 7a (for the mechanism of formation, see
below).

PhCHO (3.5 equiv)
Sc(OTf); (40 mol%)

toluene (13%)
0°C—RT

14
(52%)

This stereoselective triple-aldehyde addition under ther-
mal conditions was applicable to a variety of aldehydes
(Table 2). Aromatic aldehydes with both electron-donating
and -withdrawing substituents at any position (Table 2, en-
tries 1-8), as well as a-unbranched aliphatic aldehydes such
as 3-phenylpropanal and propanal (Table 2, entries 9 and
10), underwent the cascade reaction at 100°C smoothly and
gave 7 in good yields. Whereas the addition to pivalalde-
hyde, methyl glyoxylate, and 2-benzyloxypropanal resulted
in failure, benzyloxyacetaldehyde was found to react
smoothly even at 80°C (Table 2, entry 11). Notably, all the

Table 2. Triple-aldehyde addition of 4.

B B 3 RCHO OH ] § oH
BKB toluene, 100 °C R R
4 7

Entry R 7 Yield [%]™
1 C.H; 7a 86 (73)
2 4-MeO-C(H, 7b 80 (66)
3 4-CHs-CH, e 86 (61)
4 4-CF,-C,H, 7d 63 (60)
5 2-naphtyl Te 63 (48)
6 3-MeO-C(H, 7t 69
7 2-MeO-C(H, 78 82 (70)
8 3,5-(Me0),-C.H, 7h 57
9 C,H;(CH,), 7i 83
10 CH, 7j 71
110 PhCH,OCH, 7k 73

[a] 4 (1 equiv), RCHO (3.5 equiv), toluene, 100°C, 11-15 h. Procedure
for one-pot preparation/aldehyde addition: 5 (1 equiv), 6 (1.4 equiv),
RCHO (3.5equiv), [Pt(PPh;),] (3 mol%), toluene, 100°C, 11-16 h.
[b] Yield of isolated product based on 4. The values in parentheses are
the yields by the one-pot-preparation/aldehyde-addition procedure.
[c] The reaction proceeded at 80°C.
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Synthesis of 2,3-Bis(alkylidene)alkane-1,5-diols

products 7a-k were isolated as single stereoisomers, which
indicates that each step of the whole transformation pro-
ceeded in a highly stereoselective manner. As a conse-
quence, one-pot conversion of four C—B bonds into two C—
C bonds and one C=C bond was attained with perfect 1,5-
remote and olefinic stereocontrol.!"”

Furthermore, the triple addition can be performed in situ
during the preparation of 4. Thus, heating of a solution of
2,3-diborylbuta-1,3-diene (5; 1.0 equiv), bis(pinacolato)di-
boron (6; 1.4 equiv), and RCHO (3.5 equiv) in toluene in
the presence of [Pt(PPh;),] (3 mol%) at 100°C for 11-17 h
gave 7a—e and 7g as single stereoisomers in acceptable
yields (Table 2, entries 1-5 and 7). It is remarkable that se-
quential stereoselective formation of two carbon-boron
bonds and three carbon—carbon bonds was cleanly achieved
in a single experimental operation.

The stereochemical outcome is reasonably explained by
assuming six-membered cyclic transition states, which is
well-accepted for the allylation of allylic borane reagents
(Scheme 7). Thus, reagent 1 should react with RCHO via
T, in which the substituent R adopts an equatorial position,
to give 8. The diastereomeric transition state Ty, involves
an axial R group and, hence, is unfavorable. The second al-
dehyde addition of 8, would proceed via T, rather than T,
to produce 9,,,;, because a 1,3-diaxial repulsion between H
and CH(OB)R would be much more severe than that be-
tween H and CH,B. The third aldehyde addition takes place
from 9,,, via T; to generate 10,,,, which should cause f3 eli-
mination of the remaining boryl and boroxy groups in a syn
fashion under thermal conditions to give 7 before the fourth
aldehyde addition of 10, probably owing to steric hin-
drance around the boryl group. On the other hand, the
Lewis acid Sc(OTf); may accelerate anti elimination of the
boryl and boroxy groups to give 14 preferentially.

To gain insight to the rate-determining step of the triple-
cascade reaction and to explore the possibility of stepwise
addition to different aldehydes, we carried out the reaction
of 4 with one and two molar equivalents of benzaldehyde.
At first, a solution of one molar equivalent of benzaldehyde
and 4 in toluene was stirred at room temperature and then
gradually warmed. The reaction was monitored by TLC.
Upon heating at 60°C for 2 h, unidentified product 15 start-
ed to be observed on TLC (a tailing spot, R;=0.45, hexane/
EtOAc=1:1). The reaction mixture was then heated at
80°C for 8 h and at 100°C for 3 h. The spot of 4 disappeared
and only that of 15 was observed on TLC. When the heating
procedure was applied to the reaction of two molar equiva-
lents of benzaldehyde with 4, formation of 15 and 7a was
observed by TLC. After workup and purification by prepa-
rative TLC, 7a was isolated in 44 % yield, whereas 15 de-
composed. Other attempts at purification of 15 by gel-per-
meation chromatography and silica-gel column chromatog-
raphy also failed.

As the unidentified product 15 was difficult to isolate, we
considered that one or two molar equivalents of p-anisalde-
hydes might react with 15 in the hope that an isolable prod-
uct such as 7 might be obtained. A solution of 4 and one
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Scheme 7. Plausible mechanism for the triple-aldehyde addition of 4.

molar equivalent of benzaldehyde in toluene was stirred at
100°C for 5 h. Next, 2.2 molar equivalents of p-anisaldehyde
was added, and the mixture was heated at 100°C to give 1,5-
diol 16a, derived from two molecules of benzaldehyde and
one molecule of p-anisaldehyde, as a single stereoisomer in
39% yield, along with 7b in 30% yield (Scheme 8). The
other possible product 17 (from one molecule of benzalde-
hyde and two molecules of p-anisaldehyde) was hardly de-
tected. This result shows that 15 may be a 1:2 adduct of 4
and benzaldehyde (9,,,; in Scheme 7), and the rate-determin-
ing step for the triple-aldehyde addition appears to be the
third aldehyde addition.

The yields of type-16 adducts were slightly improved
when the first aldehyde was employed in 2.2 molar equiva-
lents before addition of the second aldehyde (Scheme 9).
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PhCHO (1.1 equiv)

toluene
100°C,5h

4-MeO-CgH,CHO (2.2 equiv)
100 °C, 14 h

16a
39%

(not detected)

Scheme 8. Sequential aldehyde addition of 4 to benzaldehyde and
p-anisaldehyde.

R'CHO (2.2 equiv) R?CHO (1.5 equiv)
100°C, 23 h

toluene
100°C, 20 h

16a: R' = C¢H;, R? = 4-MeO-C4H, (51% yield)
16b: R' = C4Hs(CHy)p, R2= CqHs  (50% yield)

Scheme 9. Synthesis of 16.

Conclusions

In summary, we have demonstrated that 1,2,3,4-tetraborylat-
ed 2-butenes, which is a new type of metalated allyl metal,
undergo triple-aldehyde addition in a one-pot manner to
give 2,3-bis(alkylidene)alkane-1,5-diols as single stereoiso-
mers. The cascade reaction involves sequential conversion
of four C—B bonds into two C—C bonds and one C=C bond
with perfect stereocontrol in each step. Furthermore, one-
pot preparation and triple addition of the tetraborylbutene
reagent is also achieved. These results clearly illustrate the
high potential and synthetic utility of designer tetrametalat-
ed compounds as reagents for cascade reactions.

Experimental Section

General

All manipulations of oxygen- and moisture-sensitive materials were con-
ducted with standard Schlenk techniques under argon atmosphere. Melt-
ing points were determined using a Yanagimoto Micro melting-point ap-
paratus and are uncorrected. '"H NMR spectra were recorded on Varian
Mercury 200 (200 MHz), 300 (300 MHz), and 400 (400 MHz) spectrome-
ters with tetramethylsilane (6=0 ppm) or chloroform (6=7.26 ppm) as
an internal standard. Splitting patterns are indicated as s=singlet, d=
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doublet, t=triplet, q=quartet, brs=broad singlet. *CNMR spectra
were obtained on Varian Mercury 400 (100 MHz) and JEOL EX-270
(67.8 MHz) spectrometers with tetramethylsilane as an internal standard
(0=0ppm) or [D]chloroform (6=77.0 ppm). Owing to quadrupolar re-
laxation, carbon atoms with a boron substituent were not detected.
YFNMR spectra were obtained on a Varian Mercury 200 (188 MHz)
spectrometer with CFCl; as an internal standard (6 =0 ppm). All chemi-
cal shifts are given in parts per million relative to the internal standard.
IR spectra were recorded on a Shimadzu FTIR-8400 spectrometer. GC-
MS analysis was performed on a JEOL JMS-700 spectrometer with elec-
tron ionization at 70 eV. Elemental analysis was carried out on a Yanako
MT?2 CHN Corder machine at the Elemental Analysis Center of Kyoto
University. TLC analysis was performed with Merck Kieselgel 60 F254.
Column chromatography was carried out with Wako gel C-200 or silica
gel 60 (Kanto Chemical Co., Inc.). Bis(pinacolato)diboron was purchased
from Boron Molecular Co., Inc.

Syntheses

4: A solution of 5 (31 mg, 0.10 mmol), 6 (25 mg, 0.10 mmol), and [Pt-
(PPh;),] (3.7 mg, 3.0 pmol) in toluene (2 mL) was heated at 80°C for
12 h. Workup and column chromatography on silica gel gave (Z£)-1,2,3,4-
tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-2-ene (4; 55 mg,
99% yield) as a colorless solid. The Z stereochemistry of 4 was deduced
from the stereochemical outcome in the Pt-catalyzed 1,4-diborylation of
1,3-dienes.®™ R;=0.40 (hexane/ethyl acetate=2:1); "H NMR (200 MHz,
CDCly): 6=1.20 (s, 24H), 1.25 (s, 24H), 1.83 ppm (s, 4H); “C NMR
(50 MHz, CDCl;): 6=19.8 (brs), 24.7, 24.8, 82.8, 83.1, 126.0 ppm (brs);
MS (EI): m/z (%)=561 (10) [M+1]*, 560 (11) [M]*, 545 (5) [M—Me]™,
460 (23), 360 (26), 83 (100); HRMS (FAB): m/z calcd for CyHj;,B,O4:
560.4034 [M]*; found: 560.4034; elemental analysis: caled (%) for
CyH;5,B,O5: C 60.06, H 9.36; found: C 59.80, H 9.11.

Typical procedure for triple-aldehyde addition of 4: A solution of 4
(20 mg, 0.037 mmol) and benzaldehyde (14 mg, 0.13 mmol) in toluene
(1 mL) was heated at 100°C for 12 h. The reaction mixture was diluted
with ethyl acetate (5 mL) and aqueous KOH (0.1M, 20 mL). The aqueous
layer was extracted with ethyl acetate (2x20 mL). The combined organic
layer was washed with saturated aqueous NaCl, dried over anhydrous
magnesium sulfate, and concentrated in vacuo. The residue was purified
by preparative TLC (hexane/ethyl acetate =2:1) to give (15*55%)-3-(2)-
benzylidene-2-methylidene-1,5-diphenylpentane-1,5-diol ~ (7a; 11 mg,
86% yield) as a colorless oil. R;=0.50 (hexane/ethyl acetate=2:1); IR
(neat): #=3339, 3061, 3026, 2928, 1603, 1493, 1452, 1337, 1201, 1053,
1020, 918, 756, 698 cm™'; 'H NMR (200 MHz, CDCl,): =123 (brs, 2H),
2.53 (dd, /=14.0, 10.5 Hz, 1H), 2.64 (ddd, J=14.0, 3.0, 1.8 Hz, 1H), 4.97
(dd, 7=10.5, 3.0 Hz, 1H), 5.04 (s, 1H), 5.20 (s, 1H), 5.30 (s, 1H), 6.56 (s,
1H), 7.26-7.49 ppm (m, 15H); *C NMR (67.8 MHz, CDCl,): 6 =514,
70.6, 74.5, 117.4, 125.6, 127.0, 127.1, 127.1, 127.8, 128.2, 128.2, 128.6,
128.8, 129.9, 137.3, 138.0, 141.3, 143.8, 150.4 ppm; elemental analysis:
caled (%) for C,sH,,0,: C 84.24, H 6.79; found: C 84.24, H 6.87.

7a": A mixture of 7a (23 mg, 0.065 mmol), 4-dimethylaminopyridine
(1.0 mg, 6.5 umol), acetic anhydride (1 mL), and pyridine (1 mL) was
stirred at room temperature for 12 h. The reaction mixture was diluted
with ethyl acetate (S5mL) and aqueous NH,Cl (15mL). The aqueous
layer was extracted with ethyl acetate (2x5 mL). The combined organic
layer was washed with saturated aqueous NaCl, dried over anhydrous
magnesium sulfate, and concentrated in vacuo. The residue was purified
by preparative TLC (hexane/ethyl acetate =2:1) to give (15%,55%)-1,5-di-
acetoxy-3-(Z)-benzylidene-2-methylidene-1,5-diphenylpentane (7a";
29 mg, >99% yield) as a colorless oil. R;=0.70 (hexane/ethyl acetate =
2:1); IR (neat): 7=3063, 3032, 2930, 1742, 1493, 1454, 1371, 1232, 1024,
921, 756, 698 cm™'; 'TH NMR (200 MHz, CDCL,): 6=2.02 (s, 3H), 2.04 (s,
3H), 2.40 (dd, /J=14.4, 3.9 Hz, 1H), 2.69 (dd, J=14.4, 9.3 Hz, 1H), 5.06
(s, TH), 5.24 (s, 1H), 5.82 (dd, /=9.3, 3.9 Hz, 1H), 6.30 (s, 1H), 6.31 (s,
1H), 7.20-7.23 ppm (m, 15H); "CNMR (67.8 MHz, CDCl,): =212,
21.2, 453, 73.8, 75.9, 117.5, 126.3, 126.8, 127.5, 127.8, 127.9, 128.1, 128.2,
128.3, 128.5, 131.5, 135.8, 136.6, 138.0, 140.2, 145.9, 169.3, 169.9 ppm; MS
(EI): m/z (%)=442 (0.1) [M+2]*, 441 (0.2) [M+1]*, 440 (0.4) [M]*,
320 (100); HRMS (EI): m/z caled for C,H,s0,: 440.1988 [M]*; found:
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440.1989; elemental analysis: calcd (%) for C,Hx0,4: C 79.07, H 6.41;
found: C 79.21, H 6.54.

Oxidation of 7a: A solution of 7a (24 mg, 0.067 mmol), MnO, (0.13 g,
1.0 mmol), and CH,Cl, (3 mL) was stirred at 40°C for 3.5 h. The solution
was diluted with ethyl acetate, filtered through a florisil pad, and concen-
trated in vacuo. The residue was purified by preparative TLC (hexane/
ethyl acetate=2:1) to give 3-(Z)-benzylidene-2-methylene-1,5-diphenyl-
S-hydroxypentan-1-one (12; 20 mg, 84 % yield) as a yellow oil. R;=0.70
(hexane/ethyl acetate=2:1); IR (neat): 7=3421, 3026, 2925, 1651, 1597,
1490, 1447, 1028, 980, 752, 698, 665 cm™'; 'H NMR (200 MHz, CDCl,):
0=1.26 (brs, 1H), 2.73 (dd, J=13.8, 10.0 Hz, 1H), 2.90 (ddd, J=13.8,
3.4, 1.6 Hz, 1H), 4.85 (dd, /=10.0, 3.4 Hz, 1H), 5.99 (s, 1H), 6.10 (s,
1H), 6.78 (s, 1H), 7.03-8.10 ppm (m, 15H); “CNMR (67.8 MHz,
CDCl): 6=51.1, 71.0, 125.6, 127.0, 127.1, 128.0, 128.0, 128.2, 128.6, 129.3,
129.8, 132.6, 133.1, 136.2, 136.3, 137.0, 143.6, 147.4, 197.6 ppm; elemental
analysis: calcd (%) for C,sH,,0,: C 84.72, H 6.26; found: C 84.49, H 6.33.

Reduction of 12: A mixture of 12 (9.1 mg, 0.026 mmol), NaBH, (0.23 mg,
0.15 mmol), CeCl;-7H,0 (9.5 mg, 0.026 mmol), and methanol (1 mL) was
stirred at room temperature for 26 h before the reaction was quenched
with water (20 mL). The aqueous layer was extracted with diethyl ether
(3x20mL). The combined organic layer was washed with saturated
aqueous NaCl, dried over anhydrous magnesium sulfate, and concentrat-
ed in vacuo. The residue was purified by preparative TLC to give a 1:1
diastereomeric mixture of 7a (8.5 mg, 93% yield) as a colorless oil. As
the syn and anti diastereomers of 7a could not be separated, only the as-
signable signals of the anti isomer are shown. 'HNMR (200 MHz,
CDCl;): 6=4.41 (dd, J=10.0, 3.4 Hz, 1 H), 5.24 (s, 1H), 5.28 (s, 1H), 5.55
(s, 1H), 6.55 ppm (s, 1H); *CNMR (67.8 MHz, CDCl,): 6=50.7, 72.4,
74.9, 115.2 ppm.

Cyclization of 7a: Butyllithium (1.60Mm in hexane, 70 uL, 0.11 mmol) was
added to a solution of 7a (17 mg, 0.049 mmol) in THF (2mL) at 0°C.
The solution was stirred at 0°C for 20 min and cooled to —78°C before
addition of methanesulfonyl chloride (7.4 mg, 0.054 mmol). The resulting
solution was allowed to warm to room temperature before the reaction
was quenched with saturated aqueous NH,Cl (20 mL) at 0°C. The aque-
ous layer was extracted with diethyl ether (3 x20 mL). The combined or-
ganic layer was washed with aqueous NaCl, dried over anhydrous magne-
sium sulfate, and concentrated in vacuo. The residue was purified by
preparative TLC (hexane/ethyl acetate=10:1) to give (2R*4R*)-4-(Z)-
benzylidene-3-methylidene-2,6-diphenyl-4-pyran (13; 12 mg, 75% yield)
as a colorless oil. R;=0.50 (hexane/ethyl acetate=10:1); IR (neat): 7=
3060, 3030, 2927, 1724, 1599, 1495, 1452, 1265, 1067, 1026, 920, 740,
698 cm™'; 'H NMR (400 MHz, CDCly): 6=2.70-2.80 (m, 2H), 4.39 (s,
1H), 4.88 (dd, J=10.0, 4.0 Hz, 1H), 4.95 (s, 1H), 5.29 (s, 1H), 6.42 (s,
1H), 7.16-7.50 ppm (m, 15H); "C NMR (100 MHz, CDCl,): 6=47.1,
80.5, 83.1, 115.4, 1254, 125.9, 126.5, 127.6, 127.7, 127.8, 128.1, 1284,
128.9, 137.0, 138.5, 139.1, 141.9, 145.8 ppm; elemental analysis: calcd (%)
for C,;H,,0: C 88.72, H 6.55; found: C 88.43, H 6.65.

14: (18*58%)-3-(E)-Benzylidene-2-methylidene-1,5-diphenylpentane-1,5-
diol, 52% yield, colorless oil. R;=0.25 (hexane/ethyl acetate=2:1); IR
(neat): 7=3335, 3026, 2926, 2855, 1647, 1602, 1491, 1450, 1026, 914, 758,
698, 665 cm™'; '"H NMR (400 MHz, CDCL;): § =1.56 (br's, 2H), 2.73 (ddd,
J=144,40, 1.2 Hz, 1H), 2.99 (dd, J=14.4, 9.6 Hz, 1H), 4.89 (dd, /=9.6,
4.0Hz, 1H), 5.17 (s, 1H), 5.38 (s, 1H), 5.65 (s, 1H), 6.77 (s, 1H), 7.21-
7.48 ppm (m, 15H); "CNMR (100 MHz, CDCl;): 6=39.9, 72.5, 75.6,
115.0, 125.6, 126.7, 126.8, 127.4, 127.7, 128.0, 128.3, 128.3, 128.8, 131.3,
131.3, 137.1, 137.6, 141.8, 143.8, 152.0 ppm. As compound 14 was unstable
for EI MS and elementary analysis, HRMS was effected after conversion
of 14 into its diacetate (15*55%)-1,5-diacetoxy-3-(E)-benzylidene-2-meth-
ylidene-1,5-diphenylpentane (14'): 83% yield, colorless oil. R;=0.55
(hexane/ethyl acetate=2:1); IR (neat): 7=3032, 2932, 1738, 1603, 1493,
1454, 1371, 1234, 1178, 1022, 921, 802, 756, 700, 665 cm'; 'H NMR
(400 MHz, CDCL): 6=2.01 (s, 3H), 2.05 (s, 3H), 2.75 (dd, /=140,
6.4 Hz, 1H), 3.03 (dd, /=14.0, 8.0 Hz, 1H), 543 (s, 1H), 5.48 (s, 1H),
5.86 (dd, /=8.0, 6.4 Hz, 1H), 6.63 (s, 1H), 6.70 (s, 1H), 6.91-7.06 (m,
4H), 7.17-7.44 ppm (m, 11H); CNMR (100 MHz, CDCL,): 6=21.3,
21.4, 35.7, 745, 75.6, 115.0, 126.3, 126.6, 127.6, 127.7, 127.9, 128.1, 128.1,
128.3, 128.5, 132.1, 135.5, 136.9, 138.2, 139.8, 147.3, 169.6, 169.8 ppm; MS
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(EI): m/z (%)=440 (0.3) [M]*, 320 (100); HRMS (EI): m/z calcd for
CyHy0,: 440.1988 [M]*; found: 440.1984.

7b: (15%55%)-1,5-Bis(4-methoxyphenyl)-3-(Z)-(4-methoxyphenylmethyl-
idene)-2-methylidenepentane-1,5-diol, 80 % yield, colorless oil. R;=0.30
(hexane/ethyl acetate=2:1); IR (neat): 7#=3400, 2930, 2840, 2350, 1608,
1508, 1302, 1250, 1175, 1034, 665 cm™'; '"H NMR (200 MHz, CDCl;): § =
1.26 (brs, 2H), 2.49 (dd, /=9.6, 6.8 Hz, 1H), 2.60 (ddd, J=9.6, 2.2,
1.0Hz, 1H), 3.81 (s, 3H), 3.81 (s, 3H), 3.83 (s, 3H), 4.89 (dd, /=6.8,
2.2 Hz, 1H), 5.10 (s, 1H), 5.20 (s, 1H), 5.26 (s, 1H), 6.46 (s, 1H), 6.84—
6.90 (m, 6H), 7.22 (d, J=5.8 Hz, 2H), 7.27 (d, J=5.8 Hz, 2H), 7.40 ppm
(d, J=5.8Hz, 2H); "CNMR (67.8 MHz, CDCL): §=55.3, 70.2, 74.1,
113.6, 113.6, 113.7, 116.6, 126.8, 128.3, 129.2, 129.9, 133.5, 136.1, 136.2,
136.3, 150.8, 158.5, 158.6, 159.9 ppm; elemental analysis: calcd (%) for
CysH3,Os: C 75.31, H 6.77; found: C 75.16, H 6.77.

7c: (15%55%)-1,5-Bis(biphenyl-4-yl)-2-methylidene-3-(Z)-(biphenyl-4-yl)-
methylidene-pentane-1,5-diol, 86% yield, colorless solid. R;=0.45
(hexane/ethyl acetate=2:1); m.p.: 170.7°C (hexane/ethyl acetate=2:1);
IR (neat): #=3333, 3053, 3026, 2912, 2895, 1599, 1485, 1406, 1269, 1028,
1006, 837, 763, 733, 694 cm™'; '"H NMR (200 MHz, CDClL;): §=1.26 (brs,
2H), 2.63 (dd, J=14.4, 9.6 Hz, 1H), 2.79 (dm, J=14.4 Hz, 1H), 5.06 (dd,
J=9.6, 2.6 Hz, 1H), 5.20 (s, 1H), 5.38 (s, 1H), 5.39 (s, 1H), 6.63 (s, 1H),
7.35-7.65 ppm (m, 27H); "CNMR (67.8 MHz, CDCL;): §=51.4, 70.5,
76.5, 117.5, 126.0, 126.8, 126.9, 127.0, 127.0, 127.0, 127.1, 127.3, 127.3,
127.3, 127.5, 128.6, 128.7, 128.7, 128.7, 129.1, 129.6, 136.2, 138.1, 139.7,
140.0, 140.3, 140.5, 140.6, 140.7, 140.8, 142.9, 150.3 ppm. As compound 7¢
was not stable for EI MS and elementary analysis, HRMS was effected
after conversion of 7c¢ into its diacetate (15*55%)-1,5-diacetoxy-1,5-bis-
(biphenyl-4-yl)-3-(Z)-(biphenyl-4-yl)methylidene-2-methylidenepentane
(7¢): 90% yield, colorless solid. R;=0.40 (hexane/ethyl acetate=4:1);
m.p.: 162.2°C (hexane/ethyl acetate=2:1); IR (KBr): 7#=3028, 2359,
2341, 1734, 1487, 1731, 1236, 1031, 999, 937, 766, 756, 733, 690 cm™;
'"H NMR (400 MHz, CDCL;): 6=2.00 (s, 3H), 2.01 (s, 3H), 2.46 (dd, J=
14.4, 48 Hz, 1H), 2.72 (dd, J=14.4, 9.2 Hz, 1H), 5.10 (s, 1H), 5.32 (s,
1H), 5.87 (dd, /=92, 48Hz, 1H), 632 (s, 1H), 6.35 (s, 1H), 7.18-
751 ppm (m, 27H); "CNMR (100 MHz, CDCly): =212, 21.2, 453,
73.6, 75.9, 117.7, 126.6, 126.9, 127.1, 127.1, 127.2, 127.3, 127.4, 1274,
128.0, 128.7, 128.7, 129.1, 131.3, 135.7, 135.9, 137.0, 139.3, 139.6, 140.6,
140.6, 140.9, 141.2, 145.9, 169.6, 170.2 ppm; MS (FAB): m/z (%)=669
(0.5) [M+1]*, 668 (1) [M]*, 154 (100); HRMS (FAB): m/z caled for
CyH, 00, 668.2927 [M]*; found: 668.2932.

7d:  (18*55%)-2-Methylidene-1,5-bis(4-trifluoromethylphenyl)-3-(Z)-(4-
trifluoromethylphenyl)methylidenepentane-1,5-diol, 63 % yield, colorless
oil. R;=0.50 (hexane/ethyl acetate =2:1); IR (neat): #=3269, 2929, 2856,
1620, 1413, 1325, 1165, 1124, 1069, 1016, 829 cm™'; 'H NMR (270 MHz,
CDCl;): 6=1.26 (brs, 2H), 2.57 (dd, J=14.3, 10.3 Hz, 1H), 2.76 (dm, J=
14.3 Hz, 1H), 4.99-5.00 (m, 2H), 5.21 (s, 1H), 5.35 (s, 1H), 6.58 (s, 1H),
7.32-7.62 ppm (m, 12H); CNMR (67.8 MHz, CDCl;): 6=51.0, 70.3,
74.3,119.0, 121.2 (q, J=270.0 Hz), 122.5, 122.6, 125.1 (q, J=3.8 Hz, 2C),
125.3 (q, J=3.8 Hz), 126.9 (q, /=275.0 Hz), 127.7 (q, J=272.0 Hz), 128.7,
129.1, 129.2 (q, /=32.8 Hz), 129.5 (q, J=32.1 Hz), 130.2 (q, /=30.0 Hz),
139.4, 140.4, 144.6, 147.4, 148.9 ppm; “F NMR (188 MHz, CDCL): 6=
—62.9, —63.0, —63.0 ppm; elemental analysis: calcd (%) for CyH, FoO,:
C 60.01, H 3.78; found: C 60.01, H 4.00.

Te: (15*,55*)-2-Methylidene-1,5-di(naphth-2-yl)-3-(Z)-(naphth-2-yl)-
methylidenepentane-1,5-diol, 63% yield, colorless solid. R;=0.45
(hexane/ethyl acetate=2:1); m.p.: 162.2°C (hexane/ethyl acetate=2:1);
IR (neat): #=3335, 3053, 2931, 2358, 2329, 1717, 1699, 1684, 1506, 1361,
1049, 1010, 858, 820, 749, 669, 476 cm™"; '"H NMR (400 MHz, CDCl): 6 =
125 (brs, 2H), 2.74 (dd, J=14.4, 10.8 Hz, 1H), 2.90 (d, /=14.4 Hz, 1H),
3.71 (s, 1H), 5.14 (s, 1H), 5.23 (d, /=10.8 Hz, 1H), 5.45 (s, 1 H), 6.78 (s,
1H), 7.42-7.93ppm (m, 21H); "CNMR (100 MHz, CDCL,): 6=51.6,
70.7, 74.8, 118.3, 123.9, 124.0, 124.9, 125.5, 125.9, 126.1, 126.2, 126.8,
127.5, 127.6, 127.7, 127.8, 127.8, 127.9, 130.0, 132.4, 132.6, 133.0, 133.2,
134.8, 138.5, 138.5, 141.2, 150.2 ppm. As compound 7e was not stable for
EI MS and elementary analysis, HRMS was effected after conversion of
7e into its diacetate (15*55%)-1,5-diacetoxy-2-methylidene-1,5-di(naphth-
2-y1)-3-(Z)-(naphth-2-yl)-methylidenepentane (7e’): 84 % yield, colorless
solid. R;=0.40 (hexane/ethyl acetate=4:1); m.p.: 95.2°C (hexane/ethyl
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acetate=4:1); IR (KBr): 7=2922, 2359, 2341, 1734, 1369, 1234, 1028,
854, 737, 670 cm™'; '"H NMR (400 MHz, CDCly): 6=2.06 (s, 6H), 2.64
(dd, J=14.4, 48 Hz, 1H), 2.88 (dd, /J=14.4, 9.2 Hz, 1H), 5.18 (s, 1H),
5.38 (s, 1H), 6.07 (dd, /=838, 4.8 Hz, 1H), 6.51 (s, 1H), 6.57 (s, 1H),
7.37-7.82 ppm (m, 21H); *CNMR (100 MHz, CDCl,): §=21.2, 24.6,
45.2,74.0, 76.2, 118.1, 124.2, 125.1, 125.6, 125.8, 125.9, 126.1, 126.2, 126.3,
126.7, 127.0, 127.3, 127.5, 127.7, 127.9, 128.0, 128.1, 128.2, 131.8, 132.4,
133.0, 133.2, 134.2, 135.3, 136.3, 137.6, 145.8 ppm; MS (FAB): m/z (%)=
592 (0.3) [M+2]%, 591 (1) [M+1]%, 590 (2) [M]*, 154 (100); HRMS
(FAB): m/z calcd for CyH;,0,: 590.2457 [M]*; found: 590.2455.

7f: (15%55%)-1,5-Bis(3-methoxyphenyl)-3-(Z)-(3-methoxyphenyl)methyl-
idene-2-methylidenepentane-1,5-diol, 69 % yield, colorless oil. R;=0.50
(hexane/ethyl acetate=2:1); IR (neat): #=3385, 2936, 2835, 1601, 1585,
1489, 1459, 1436, 1317, 1263, 1043, 910, 874, 781, 733, 698 cm™'; 'H NMR
(200 MHz, CDCl;): 6=1.23 (brs, 2H), 2.53 (dd, J=14.0, 10.4 Hz, 1H),
2.70 (ddd, /=14.0, 2.8, 2.0 Hz, 1H), 3.83 (s, 3H), 3.86 (s, 6H), 4.95 (dd,
J=10.4, 2.8 Hz, 1H), 5.09 (s, 1 H), 5.20 (s, 1 H), 5.31 (s, 1H), 6.53 (s, 1H),
6.78-7.38 ppm (m, 12H); “CNMR (67.8 MHz, CDCly): 6=51.3, 55.2,
55.2, 553, 70.5, 74.6, 111.0, 112.5, 112.8, 113.4, 114.0, 117.3, 117.9, 119.3,
121.3, 129.1, 129.2, 129.2, 129.7, 138.3, 138.6, 142.9, 145.6, 150.1, 159.3,
159.5, 159.6 ppm; elemental analysis: caled (%) for C,sH3,05: C 75.31, H
6.77; found: C 75.24, H 6.86.

7g: (18%55%)-1,5-Bis(2-methoxyphenyl)-3-(Z)-(2-methoxyphenyl)methyl-
idene-2-methylidenepentane-1,5-diol, 82% yield, colorless oil. R;=0.27
(hexane/ethyl acetate=2:1); IR (neat): #=3385, 2932, 2835, 1600, 1491,
1458, 1437, 1244, 1115, 1028, 912, 752 cm™'; '"H NMR (400 MHz, CDCl):
0=2.53 (dd, /=14.0, 10.4 Hz, 1H), 3.02 (ddd, J=14.0, 2.4, 1.8 Hz, 1H),
3.48 (brs, 1H), 3.55 (brs, 1H), 3.79 (s, 3H), 3.86 (s, 6H), 478 (s, 1H),
5.12 (s, 1H), 5.28 (dd, J=10.4, 2.4 Hz, 1H), 5.50 (s, 1H), 6.66 (s, 1H),
6.86-7.58 ppm (m, 12H); "CNMR (67.8 MHz, CDCl,): 6=48.0, 55.3,
55.3, 55.5, 66.6, 71.4, 110.0, 110.4, 110.5, 116.0, 120.0, 120.6, 120.7, 125.2,
126.2, 126.6, 127.7, 128.0, 128.4, 128.5, 129.4, 129.9, 132.2, 138.7, 148.9,
155.7, 156.5, 156.8 ppm. As compound 7g was unstable for EI MS and el-
ementary analysis, HRMS was effected after conversion of 7g into its di-
acetate (15*55%)-1,5-diacetoxy-1,5-bis(2-methoxyphenyl)-3-(Z)-(2-meth-
oxyphenyl)methylidene-2-methylidenepentane (7g'): 79 % yield, colorless
solid. R;=0.25 (hexane/ethyl acetate =4:1); m.p.: 112.5°C (hexane/ethyl
acetate=2:1); IR (KBr): 7=2954, 2837, 2359, 2341, 1737, 1600, 1498,
1465, 1369, 1286, 1231, 1026, 923, 744 cm™'; '"H NMR (400 MHz, CDCl):
0=2.03 (s, 3H), 2.09 (s, 3H), 2.60 (dd, /=14.4, 10.4 Hz, 1H), 2.95 (d, /=
14.4 Hz, 1H), 3.79 (s, 3H), 3.81 (s, 3H), 3.92 (s, 3H), 4.70 (s, 1H), 4.94 (s,
1H), 6.37 (dd, /=104, 32 Hz, 1H), 6.55 (s, 1H), 6.78-7.50 ppm (m,
13H); *CNMR (100 MHz, CDCl;): 6=20.9, 21.0, 43.3, 55.1, 55.2, 55.3,
69.0, 70.2, 110.1, 110.3, 110.3, 118.9, 119.8, 120.3, 125.6, 126.2, 126.7,
127.2, 127.4, 127.7, 128.3, 128.8, 129.7, 130.1, 144.7, 156.0, 156.8, 157.1,
169.6, 170.0 ppm; MS (FAB): m/z (%)=532 (0.2) [M+2]*, 531 (0.6)
[M+1]*, 530 (0.4) [M]*, 154 (100); HRMS (FAB): m/z caled for
Cy,H;,0;: 530.2305 [M]™; found: 530.2300.

7h:  (15%,55%)-1,5-Bis(3,5-dimethoxyphenyl)-(Z)-3-(3,5-dimethoxyphen-
yl)methylidene-2-methylidenepentane-1,5-diol, 57 % yield, colorless oil.
R;=0.15 (hexane/ethyl acetate=2:1); IR (neat): 7=3414, 2959, 2939,
2837, 1599, 1462, 1429, 1346, 1313, 1294, 1205, 1155, 1062, 925, 837, 736,
702 cm™'; 'TH NMR (400 MHz, CDCL;): 6=1.20 (brs, 2H), 2.52 (dd, /=
14.0, 10.8 Hz, 1H), 2.68 (dd, J=14.0, 2.8 Hz, 1H), 3.76 (s, 12H), 3.79 (s,
6H), 4.89 (dd, /=10.8, 2.8 Hz, 1H), 5.13 (s, 1H), 5.17 (s, 1H), 5.29 (s,
1H), 6.35-6.64 ppm (m, 10H); "C NMR (100 MHz, CDCl,): 6=24.8,
512, 55.2, 55.3, 70.4, 74.6, 75.0, 99.2, 99.3, 99.9, 103.4, 104.9, 106.8, 117.5,
129.7, 138.7, 138.7, 139.2, 143.8, 146.6, 149.9, 160.5, 160.7, 160.7 ppm; ele-
mental analysis: calcd (%) for C5H304: C 69.39, H 6.76; found: C 69.16,
H 6.78.

7i: (35*,75%)-4-Methylidene-1,9-diphenyl-5-(Z)-(3-phenylpropylidene)no-
nane-3,7-diol, 83 % yield, colorless oil. R;=0.30 (hexane/ethyl acetate =
2:1); IR (neat): 7=3379, 3024, 2922, 2856, 1602, 1495, 1454, 1045, 1030,
912, 748, 698 cm™'; '"H NMR (400 MHz, CDCl;): 6=1.57-2.00 (m, 6H),
2.12 (dd, /=14.0, 8.8 Hz, 1H), 2.35-2.40 (m, 3H), 2.59-2.69 (m, 4H),
2.72-2.81 (m, 2H), 3.57-3.64 (m, 1H), 4.08 (dd, J=8.8, 4.0 Hz, 1H), 4.58
(s, 1H), 5.19 (s, 1H), 5.42 (t, J=6.8 Hz, 1H), 7.09-7.30 ppm (m, 15H);
BCNMR (67.8 MHz, CDCL): 6=31.2, 32.1, 32.2, 36.2, 37.0, 37.6, 38.4,
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40.9, 45.4, 69.3, 73.2, 113.6, 125.7, 125.8, 125.9, 128.2, 128.3, 128.4, 128.4,
130.9, 137.4, 141.5, 141.9, 141.9, 150.1 ppm; elemental analysis: calcd (%)
for C;H;,0,: C 84.50, H 8.24; found: C 84.56, H 8.31.

7j:  (35%75%)-4-Methylidene-5-(Z)-propylidenenonane-3,7-diol, 71 %
yield, colorless oil. R;=0.26 (hexane/ethyl acetate=2:1); IR (neat): 7=
3320, 2962, 2931, 2855, 1718, 1701, 1647, 1541, 1508, 1490, 1109, 974,
910 cm™'; 'H NMR (200 MHz, CDCl,): 6=0.91-1.03 (m, 9H), 1.24-1.74
(m, 5H), 2.01-2.20 (m, 4H), 2.42 (ddd, /=142, 4.6, 1.6 Hz, 1H), 3.53-
3.66 (m, 1H), 4.11 (dd, J=74, 46 Hz, 1H), 486 (d, J=1.6 Hz, 1H),
5.40 ppm (t, J=7.4 Hz, 1H); ®C NMR (67.8 MHz, CDCl;): =10.1, 10.3,
14.8, 22.5, 28.3, 29.7, 44.9, 71.5, 74.7, 113.4, 133.5, 136.4, 150.4 ppm; ele-
mental analysis: caled (%) for C;3H,,0,: C 73.54, H 11.39; found: C
73.31, H 11.57.

7k: (25*65%)-1,7-Dibenzyloxy-4-(Z)-(2-benzyloxyethylidene)-3-methyli-
deneheptane-2,6-diol, 73% yield, colorless oil. R;=0.28 (hexane/ethyl
acetate=1:1); IR (neat): 7=3398, 3030, 2925, 2858, 1452, 1364, 1271,
1072, 1028, 916, 736, 698 cm™'; 'H NMR (400 MHz, CDCl;): 6=2.37 (d,
J=6.4Hz, 1H), 2.58 (s, 1H), 2.95 (s, 1H), 3.35 (dd, /=9.2, 6.8 Hz, 1H),
3.40 (dd, J=9.6, 7.2 Hz, 1H), 3.45 (dd, /=9.6, 3.6 Hz, 1H), 3.47 (dd, J=
9.2,3.6 Hz, 1H), 3.89-3.96 (m, 1H), 3.98 (dd, /=6.8, 2.4 Hz, 2H), 4.43 (s,
2H), 4.52 (s, 2H), 4.53 (s, 2H), 4.53 (s, 2H), 4.90 (s, 1H), 5.37 (s, 1H),
5.64 (t, J=6.4 Hz, 1H), 7.26-7.36 ppm (m, 15H); *C NMR (67.8 MHz,
CDCly): 6=40.8, 67.2, 68.8, 71.3, 72.8, 73.0, 73.3, 73.4, 73.5, 115.7, 127.5,
127.6, 127.6, 127.7, 128.3, 128.3, 128.3, 137.7, 138.1, 140.3, 145.8 ppm; ele-
mental analysis: calcd (%) for C;;H;,O5: C 76.20, H 7.43; found: C 76.20,
H 7.38.

One-pot preparation/triple-aldehyde addition of 4: A solution of 5
(0.10 g, 0.33mmol), 6 (0.10g, 0.40 mmol), benzaldehyde (0.12 g,
1.1 mmol), and [Pt(PPh;),] (12 mg, 9.8 umol) in toluene (8 mL) was
stirred at 100°C for 11 h. The mixture was diluted with ethyl acetate
(20 mL) and aqueous KOH (0.1m, 20 mL). The aqueous layer was ex-
tracted with ethyl acetate (3x15mL). The combined organic layer was
washed with saturated aqueous NaCl (20 mL), dried over anhydrous
magnesium sulfate, and concentrated in vacuo. The residue was purified
by column chromatography on silica gel (hexane/ethyl acetate=10:1—
2:1) to give 7a (85 mg, 73 % yield) as a colorless oil.

16a: (15*58%)-3-(Z)-(4-Methoxyphenyl)methylidene-2-methylidene-1,5-
diphenylpentane-1,5-diol, 51 % yield, colorless oil. R;=0.40 (hexane/ethyl
acetate=2:1); IR (neat): ¥=3342, 3007, 2909, 2835, 2362, 1604, 1508,
1452, 1438, 1298, 1252, 1217, 1177, 1033, 918, 835, 756, 700, 667 cm™';
'HNMR (400 MHz, CDCL): 6=1.67 (brs, 2H), 2.51 (dd, /=144,
10.8 Hz, 1H), 2.65 (dm, J=14.4 Hz, 1H), 3.84 (s, 3H), 4.95 (dd, /=10.8,
2.8 Hz, 1H), 5.08 (s, 1H), 5.26 (s, 1H), 5.30 (s, 1H), 6.49 (s, 1H), 6.88 (d,
J=8.8 Hz, 2H), 7.25-7.43 ppm (m, 12H); "C NMR (100 MHz, CDCl,):
0=>51.4, 55.3, 70.6, 74.5, 113.6, 117.0, 125.5, 127.0, 127.1, 127.8, 128.1,
129.4, 129.8, 129.8, 136.0, 141.3, 143.8, 150.5, 158.5 ppm. As compound
16a was unstable for EI MS and elementary analysis, HRMS was effect-
ed after conversion of 16a into its diacetate (15*55%)-1,5-diacetoxy-3-
(Z)-(4-methoxyphenyl)methylidene-2-methylidene-1,5-diphenylpentane-
1,5-diol (16a’): 51 % yield, colorless oil. R;=0.45 (hexane/ethyl acetate =
2:1); 'TH NMR (400 MHz, CDCLy): 6=1.99 (s, 3H), 1.99 (s, 3H), 2.33 (dd,
J=14.4, 48 Hz, 1H), 2.60 (d, /=14.4, 9.2 Hz, 1H), 3.76 (s, 3H), 5.02 (s,
1H), 522 (s, 1H), 5.80 (dd, J=9.2, 48 Hz, 1H), 6.20 (s, 1H), 6.27 (s,
1H), 6.73 (d, J=88Hz, 2H), 7.18-729 ppm (m, 12H); “CNMR
(100 MHz, CDCl): 6=21.2, 21.3, 45.5, 55.2, 73.8, 75.9, 113.3, 117.1, 126.3,
127.4, 127.7, 128.1, 1282, 128.2, 129.2, 129.7, 130.9, 133.6, 138.0, 140.3,
146.1, 158.4, 169.3, 169.9 ppm; MS (EI): m/z (%)=470 (0.2) [M]*, 91
(100); HRMS: m/z caled for CyHzOs: 470.2093 [M]*; found: 470.2098.
16b: (35%,75%)-5-(Z)-Benzylidene-4-methylidene-1,9-diphenylnonane-3,7-
diol, 50% yield, colorless oil. R;=0.50 (hexane/ethyl acetate=2:1); IR
(neat): 7=3252, 3024, 2918, 2853, 2340, 1603, 1495, 1454, 1423, 1325,
1078, 1032, 903, 833, 742, 698, 557 cm™"; '"H NMR (400 MHz, CDCl,): 6 =
1.70-1.99 (m, 4H), 2.34-2.88 (m, 6H), 3.84-3.90 (m, 1H), 4.05-4.08 (m,
1H), 5.17 (s, 1H), 541 (s, 1H), 6.44 (s, 1H), 7.10-7.34 ppm (m, 15H);
C NMR (100 MHz, CDCL): 6=32.4, 36.7, 38.8, 48.6, 68.2, 71.4, 114.3,
125.7, 125.7, 126.9, 128.0, 128.2, 128.3, 128.3, 128.4, 129.3, 137.0, 138.7,
141.6, 142.0, 150.8 ppm. As compound 16b was unstable for EI MS and
elementary analysis, HRMS was effected after conversion of 16b into its
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diacetate (35*,78%)-3,7-diacetoxy-5-(Z)-benzylidene-4-methylideneno-
nane (16b’): 63% yield, colorless oil. R;=0.60 (hexane/ethyl acetate=
2:1); IR (neat): 7=3026, 2925, 2858, 1736, 1602, 1497, 1454, 1371, 1238,
1030, 748, 698, 665 cm™'; 'TH NMR (400 MHz, CDCL3): 6=1.96 (s, 3H),
2.01 (s, 3H), 2.18-2.05 (m, 10H), 5.09 (s, 1H), 5.29 (s, 1H), 5.40-5.43 (m,
1H), 5.48-5.50 (m, 1H), 6.35 (s, 1 H), 7.06-7.36 ppm (m, 15H); *C NMR
(100 MHz, CDCL,): 6=21.1, 21.3, 31.7, 31.9, 34.6, 35.9, 43.1, 71.8, 73.6,
116.8, 125.8, 126.8, 127.9, 128.2, 128.2, 128.3, 128.7, 130.7, 136.4, 141.1,
141.3, 1452, 169.8, 170.4 ppm; MS (EI): m/z (%)=496 (0.1) [M]*, 285
(100); HRMS (EI): m/z caled for Cy;Hs0O,4: 4962614 [M]*; found:
496.2632.
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Electrostatic Assembly and Their Application in Solid-State Detection of
Electrochemiluminescence

Xuping Sun, Yan Du, Lixue Zhang, Shaojun Dong,* and Erkang Wang*!?!

Abstract: Tris(2,2'-bipyridine)rutheni-
um(II) ([Ru(bpy);]**) is one of the
most extensively studied and used elec-
trochemiluminescent (ECL) com-
pounds owing to its superior properties,
which include high sensitivity and sta-
bility under moderate conditions in
aqueous solution. In this paper we
present a simple method for the prepa-
ration of [Ru(bpy);]**-containing mi-
crostructures based on electrostatic as-
sembly. The formation of such micro-

[Ru(bpy)s]Cl,

cence

assembly

Introduction

Self-assembly is the fundamental principle that produces
structural organization on all scales and refers to the sponta-
neous organization of molecules, molecular clusters, and ag-
gregate structures into two-dimensional (2D) arrays and
three-dimensional (3D) networks by attractive forces or
chemical-bond formation.!! During the last few years, self-
assembly in solution has attracted increasing research inter-
est because it provides a means for the integration of molec-
ular systems into functional mesoscopic devices and macro-
scopic materials.”! Electrochemiluminescence (ECL), the
production of light from electrochemically generated re-
agents,’l has been widely studied during the last few decades
owing to its versatility, simplified optical setup, very low
background signal, and good temporal and spatial control,
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structures occurs in a single process by
direct mixing of aqueous solutions of
and K;[Fe(CN)¢] at
room temperature. The electrostatic in-
teractions between [Ru(bpy);]** cat-
ions and [Fe(CN),]*" anions cause

Keywords: electrochemilumines-
- electrostatic interactions -

ion conductors - ruthenium - self-
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them to assemble into the resulting mi-
crostructures. Both the molar ratio and
concentration of reactants were found
to have strong influences on the forma-
tion of these microstructures. Most im-
portantly, the resulting [Ru(bpy)]**-
containing microstructures exhibit ex-
cellent ECL behavior and, therefore,
hold great promise for solid-state ECL
detection in capillary electrophoresis
(CE) or CE microchips.

and it has become an important and valuable detection
method in analytical chemistry.® It has found many applica-
tions such as in immunoassays and DNA analysis,” chemical
sensing, imaging,[’! lasers® and optical studies,”) and has
also been used as detectors for chromatography!"”! and capil-
lary electrophoresis.'Y! Ruthenium(II) tris(bipyridine) ([Ru-
(bpy)s]**) is one of the most extensively studied and used
ECL compounds owing to its superior properties, which in-
clude high sensitivity and stability under moderate condi-
tions in aqueous solution.'’”! Herein we develop a simple
method for the preparation of [Ru(bpy);]**-containing mi-
crostructures by electrostatic self-assembly in solution that
involves direct mixing of aqueous [Ru(bpy);]Cl, and
K;[Fe(CN),] at room temperature. Such microstructures ex-
hibit excellent ECL behavior, and the formation of these
microstructures is heavily influenced by both the molar ratio
and the concentration of the reactants.

Results and Discussion

Figure 1 shows typical scanning electron microscopy (SEM)
images of the resulting precipitate of sample 1 (see Experi-
mental Section for preparation details). The low-magnifica-
tion image indicates that the precipitate consists mainly of a
large quantity of one-dimensional (1D) structures (Fig-
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Figure 1. a) Low-magnification and b) high-magnification SEM image of
the resulting precipitate of sample 1.

ure 1a). The higher-magnification image further reveals that
these 1D microstructures are pillar-shaped (Figure 1b). No-
tably, such microstructures are robust enough to withstand
the violent sonication process.

The chemical composition of the resulting precipitate was
determined by energy-dispersive X-ray spectroscopy (EDS)
and X-ray mapping of the precipitate on an indium tin
oxide (ITO) coated glass slide. The EDS spectrum (Fig-
ure 2a) shows four peaks corresponding to C, N, Fe, and
Ru. The inset in Figure 2a shows the corresponding SEM

Abstract in Chinese:

ZIRAHLBE 4T [Ru(bpy)s]* 81 T 27 REUE M R ALK B b AR s 0 5
Ptk BET Ak B BT SOHE R B R 2 B RA A RO RER L&
Wz —o ACPRAIRYE T — P58 B AR R AR K% 5 [Rulbpy)s]™
RIS s, B =R T ERIRARu(bpy)s]Cl Fl Ks[Fe(CN)s]
IKE, (& Bh[Rubpy)s)? FH B T [Fe(CN)o] THES T [l R B0 sRAE A
B TR RSTRIESE . SRB0RME, LY I i B /R B b B LR B
SRR RPN, BEENR, AHEERZE
[Ru(bpy)s]* I & ) AR RIF I B2 OB RS, BB E Rk
BB R UK A B A r b AR O T A A AR A I N A AT R

a)

Figure 2. a) EDS spectrum and b) X-ray maps of the precipitate of
sample 1. Inset: SEM image of the precipitate used for collecting the
EDS spectrum and X-ray maps.

image of the precipitate used for to obtain the EDS spectra
and the X-ray maps. The X-ray maps shown in Figure 2b
further reveals that these four elements are relatively uni-
formly distributed in the microstructures. These observa-
tions indicate that these microstructures are products
formed from [Fe(CN)g]*~ and [Ru(bpy);]**. Quantitative el-
emental analysis of the microstructures indicates that the
atom number ratio C/N/Fe/Ru in the microstructures is
101.6:29.8:3.1:2:98, thus revealing that the [Fe(CN)¢]* /[Ru-
(bpy)s]** stoichiometry is about 2:3, which is consistent with
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[Ru(bpy);]**-Containing Microstructures

the 2:3 molar ratio of [Fe(CN)s]*~ to [Ru(bpy)s]** used to
prepare the microstructures. Considering the positive charge
of [Ru(bpy);]*" and the negative charge of [Fe(CN)¢]>~, we
can suggest that electrostatic interactions between these two
components result in the formation of the microstructures
by self-assembly. Figure 3 shows the UV/Vis spectrum of

0.5
0.4+

0.3

Ala.u.

0.2

0.1+

0.0

T T T T T T T
200 300 400 500 600 700 800
Alnm

Figure 3. UV/Vis spectra of aqueous [Ru(bpy);]Cl, (—), aqueous
[K;Fe(CN)¢] (---), and the microstructures of sample 1 suspended in

aqueous [Ru(bpy);]Cl,, aqueous K;[Fe(CN)¢], and the mi-
crostructures of sample 1 suspended in water. It is clear that
the UV/Vis absorption spectrum of aqueous [Ru(bpy);]Cl,
is quite similar to that of the resulting microstructure sus-
pension in water, which further confirms that only electro-
static interactions are responsible for the formation of these
[Ru(bpy);]*"-containing microstructures.

Figure 4 shows the XRD patterns of the microstructures
of sample 1, [Ru(bpy);]Cl,, and K;[Fe(CN),]. It is clear that
the microstructures exhibit quite a different pattern from
[Ru(bpy);]Cl, and K;[Fe(CN)], which indicates that the
crystal nature of the microstructures is quite different from
its two components. However, because of a lack of standard
or referenced XRD data of this type of new structure, we
cannot give detailed information on the crystal nature of the
microstructures formed through electrostatic interactions.

We examined the effect of the molar ratio of the reactants
on these microstructures by preparing another two samples
at different [Fe(CN)]*"/[Ru(bpy);]** molar ratios; the con-
ditions were otherwise identical to those used to prepare
sample 1. When the molar ratio was decreased to 2:9, the re-
sulting microstructures consisted mainly of irregular micro-
particles, and only a few pillar-shaped microstructures were
observed in the same preparation (Figure Sa). When the
molar ratio was increased to 2:1, the resulting microstruc-
tures consisted only of irregular microparticles (Figure 5b).

The effect of the concentration of the reactants on the mi-
crostructures was also examined. Figure 6 shows typical
SEM images of another two samples obtained with different
reactant concentrations; the conditions were otherwise iden-
tical to those used to prepare sample 1. When the concentra-
tion was decreased to one third, we obtained products that
consisted mainly of irregular 1D microstructures (Fig-
ure 6a). When the concentration was increased by up to

Chem. Asian J. 2007, 2, 1137-1141
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Figure 4. XRD patterns of a)the microstructures of sample1,
b) [Ru(bpy);]Cl, and c) [K;Fe(CN)q].

threefold, the resulting microstructures consisted mainly of
small irregular microparticles; at the same time, a few large
irregular microparticles were also observed in the same
preparation (Figure 6b).

To test the ECL behavior of the [Ru(bpy);]**-containing
microstructures prepared, we acquired the cyclic voltammo-
gram (CV), ECL intensity—potential curve, and ECL intensi-
ty—time curve of the microstructures of sample 1 coated on
an ITO-glass electrode. Figure 7a shows the CV acquired at
a scan rate of 50 mVs~! in 50 mm phosphate buffer solution
(pH 9.2). A pair of redox waves appeared at around 1.1 V
(vs. Ag/AgCl), which is attributed to the one-electron redox

www.chemasianj.org 1139





FULL PAPERS

S. Dong, E. Wang et al.

Figure 5. SEM images of the precipitate obtained with a)2:9 and b) 2:1
[Fe(CN)¢J> /[Ru(bpy);]** molar ratios under otherwise identical condi-
tions used for the preparation of sample 1.

reaction of [Ru(bpy);]**."®! Another pair of redox waves
that appeared at 0.1-0.4 V is attributed to the redox reaction
of [Fe(CN)¢*.""! Figure 7b shows the corresponding ECL
intensity—potential curve. The onset of luminescence oc-
curred at 0.9-1.0 V, which is consistent with the oxidation of
[Ru(bpy)s]**,"*! and then the ECL intensity rose steeply.
Figure 7c¢ shows the corresponding ECL intensity—time
curve in phosphate buffer solution (pH 9.2) under continu-
ous potential scanning for five cycles. The relative standard
deviation was 0.8%. Interestingly, although no tripropyl-
amine (TPA) was introduced into the solution, the ECL in-
tensity was high (up to 1500 a.u.), and the ECL intensity of
the first cycle was out of the measurement range of the
ECL analyzer. Because [Ru(bpy);]** is the only component
that exhibits ECL in the microstructures, we can suggest
that the ECL signals observed resulted from the [Ru-
(bpy);]** components in the microstructures on the elec-
trode surface. These observations suggest that the resulting
[Ru(bpy);]*T-containing microstructures exhibit excellent
ECL behavior and, therefore, hold great promise for solid-
state ECL detection in capillary electrophoresis (CE) or CE
microchips. Notably, the precipitates of the other samples
also showed quite good ECL behavior.

[Fe(CN)¢]*~ is a redox-active anion and was used by
Kelley and co-workers to construct a DNA detector with ex-

1140 www.chemasianj.org
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Figure 6. SEM images of the precipitate obtained at a)one third and
b) threefold concentration of reactants under otherwise identical condi-
tions used for the preparation of sample 1.

cellent sensitivity and reproducibility because it can signifi-
cantly amplify the electrochemical signal generated by [Ru-
(NH,)¢]**.") Shankaran and Narayanan prepared a copper
hexacyanoferrate (CuHCF) precipitate, an ion conductor
with redox-active sites, by mixing aqueous solutions of Cu-
(NO;), and K,[Fe(CN)¢].'" We recently found that a mix-
ture of [PtClg]*~ and [Ru(bpy);]** can also yield microstruc-
tures with good ECL.'" However, unlike [Fe(CN)q*",
[PtCl)* is not redox-active and is very expensive. When the
supramolecular [Fe(CN)¢]* —[Ru(bpy);]** ion conductor was
used for ECL detection, we could suggest that the
[Fe(CN)4]*~ components contained in the microstructures
provide effective redox-active sites that not only facilitate
electron transfer between the [Ru(bpy);]** components in
the microstructures and the electrode,'® but also significant-
ly amplify the electrochemical and ECL signals generated
by [Ru(bpy);]**.®! On the other hand, the amount of the
[Ru(bpy);]** component is larger than that of the
[Fe(CN)g]*~ component (the [Ru(bpy);]**/[Fe(CN)¢]>~ stoi-
chiometry is about 3:2). As a result, the couple of peaks at
1.1V was two times larger than that at 0.2V, the corre-
sponding ECL intensity was high (up to 1500 a.u.), and the
ECL intensity of the first cycle even exceeded the measure-
ment range of the ECL analyzer in the absence of tripropyl-
amine.

Chem. Asian J. 2007, 2, 11371141
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Figure 7. a) CV of the microstructures of sample 1 coated on an ITO elec-
trode at a scan rate of 50 mVs.”' b) ECL intensity—potential curve of the
microstructures of sample 1 coated on an ITO electrode in 50 mm phos-
phate buffer solution (pH 9.2). ¢) ECL intensity—time curve of the micro-
structures of sample 1 coated on an ITO electrode in 50 mm phosphate
buffer solution (pH 9.2) with continuous cycling for 5 cycles.

Conclusions

[Ru(bpy),]**-containing microstructures have been prepared
by electrostatic assembly of [Ru(bpy);]** and [Fe(CN)¢]>~ in
aqueous solution at room temperature. It was found that
that both the molar ratio and concentration of reactants
have a strong influence on the formation of such microstruc-
tures. The electrochemical data indicate that these micro-
structures exhibit excellent ECL behavior and, thus, provide
us with a new type of material for solid-state ECL detection
in capillary electrophoresis or CE microchips.

Chem. Asian J. 2007, 2, 1137-1141
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Experimental Section

[Ru(bpy);]CL,-:6H,0O and [K;Fe(CN)4] were purchased from Aldrich and
Beijing Chem. Co., respectively. All reagents were used as received with-
out further purification. The water used was purified through a Millipore
system. Sample 1 was prepared as follows: In a typical experiment, aque-
ous [K;Fe(CN)¢] (120 uL, 0.30Mm) was introduced into aqueous [Ru-
(bpy);]CL, (10 mL, 0.0054 M) ([Fe(CN)¢]*/[Ru(bpy);]** molar ratio=2:3)
under vigorous stirring at room temperature. Several minutes later, a
large amount of precipitate appeared. The resulting precipitate was col-
lected by centrifugation, washed several times with water, and then sus-
pended in water. The suspension was used for further characterization.

For characterization by SEM, the suspension (20 pL) was placed on an
ITO-coated glass slide and air-dried at room temperature. SEM measure-
ments were made on a XL30 ESEM FEG scanning electron microscope
at an accelerating voltage of 20 kV. UV/Vis spectra were collected on a
CARY 500 Scan UV/Vis/near-IR spectrophotometer. The electrode for
electrochemical and ECL analysis was constructed by placing the suspen-
sion (10 uL) on an ITO-coated glass electrode and air-dried at room tem-
perature. A Model 800 electrochemical analyzer (CHI Instruments Co.,
Austin, TX) was used to perform cyclic voltammetry. ECL signals were
monitored by an MCFL-A multifunctional chemiluminescent and biolu-
minescent analytical system (Remax Electronic Co., Ltd.) with the volt-
age of the photomultiplier tube set at 800 V.
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exo-Selective Asymmetric Diels—Alder Reaction Catalyzed by Diamine Salts
as Organocatalysts

Taichi Kano, Youhei Tanaka, and Keiji Maruoka**!

Abstract: An organocatalyst formed
from a binaphthyl-substituted diamine
and trifluoromethanesulfonic acid ex-
hibited unprecedented levels of exo se-
lectivity in the Diels—Alder reaction of

talyst for an asymmetric variant of this
reaction, in which the desired cycload-

Keywords: asymmetric catalysis -

ducts were formed with high diastereo-
and enantioselectivities. The highest
diastereoselectivity observed was great-
er than 20:1 in favor of the exo cyclo-
adduct in the asymmetric Diels—Alder

1 aldehvd - ) diastereoselectivity Diels—-Alder ) ¢ ldehvde with .
oc,B—uns.aturate alde y.es w1t. cyc.o- o enantioselectivity reactlop of crotonaldehyde with cyclo-
pentadiene. A novel axially chiral dia- : pentadiene.

organocatalysis

mine was also designed as an organoca-

Introduction

The Diels—Alder reaction remains one of the most powerful
tools in synthetic organic chemistry. Its broad application in
the regio- and stereochemically defined synthesis of a wide
variety of natural products has led to the development of a
number of enantioselective and diastereoselective Diels—
Alder reactions.!! In these stercoselective processes, the
enantioselectivity is controlled by chiral reagents or cata-
lysts, whereas the degree of diastereoselectivity depends
mainly on the structure of the substrates. For example, the
Diels—Alder reaction of cyclopentadiene with a,f-unsaturat-
ed carbonyl compounds, such as acrolein, methyl vinyl
ketone, and methyl acrylate, is known to give predominantly
the endo cycloadducts. This endo selectivity is considered to
be a general attribute of the Diels—Alder family of reactions.
In contrast, exo selectivity, in particular the catalyst-control-
led exo-selective Diels—Alder reaction, is not enabled readi-
ly by the deliberate modification of existing methodologies,
especially with simple o,B-unsaturated aldehydes and ke-
tones.>¥! Owing to the current importance and rapid devel-
opment of organocatalytic reactions in practical organic syn-
thesis, we have been interested in the possibility of devel-
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oping a hitherto difficult exo-selective asymmetric Diels—
Alder reaction by using a chiral organocatalyst."” Herein
we describe such a cycloaddition reaction catalyzed by
chiral diamine salts with binaphthyl-based substituents.

Results and Discussion
Optimization

To find an appropriate amine-salt catalyst for an exo-selec-
tive Diels—Alder reaction, we first examined the chemical
behavior of N-methylaniline derivatives because of the ease
of preparation and potential for further structural modifica-
tion of these secondary amines. Furthermore, the presence
of both electron-donating (methyl) and electron-withdraw-
ing (phenyl) substituents on the nitrogen atom is expected
to accelerate the formation and hydrolysis, respectively, of
the intermediate iminium salt.?»®® Thus, the Diels—Alder
reaction of cinnamaldehyde with cyclopentadiene was car-
ried out in the presence of catalytic amounts of the secon-
dary amine (12 mol%) and trifluoromethanesulfonic acid
(10mol%) in dichloromethane at room temperature
(Table 1). With N-methylaniline as the catalyst, the desired
exo adduct was obtained as the major product (exo/endo=
22:1) in 75% yield (Table1, entry1). In contrast, the
parent compound aniline showed no catalytic activity
(Table 1, entry 2), and the use of the aliphatic secondary
amine N-methylbenzylamine led to the cycloadducts in only
20% yield with slightly higher exo selectivity (Table 1,
entry 3). These findings prompted us to investigate the sub-
stituent effects of other secondary amines with an N-alkyl
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Table 1. Survey of catalysts for the exo-selective Diels—Alder reaction.l”!

NHMe I I NHMe
NHMe O‘ NHMe
=H 3

2 R Me

12 mol% amine
J/CHO @ 10 mol% TOH
R
Ph “CH.Cl, RT

Entry Amine t [h] Yield® [%] exolendo!
1 PhNHMe 20 75 2.2:1
2 PhNH, 20 0 -

3 PhCH,NHMe 20 20 2.6:1
4 2-MePhNHMe 10 30 2.8:1
5 2-tBuPhNHMe 10 15 2.1:1
6 2,6-Me,PhNHMe 10 18 2.4:1
7 PhNHCH,CH,NHPh 16 47 2311
8 1 10 86 5.8:1
9 2 23 83 8.0:1
10 3 20 99 9.2:1

[a] Reaction conditions: cinnamaldehyde (1 equiv), cyclopentadiene
(3 equiv), amine (12 mol %), TtOH (10 mol %), CH,Cl,, room tempera-
ture. [b] Yield of the isolated cycloadducts. [c] The isomer ratio was de-
termined by "H NMR spectroscopy. Tf = trifluoromethanesulfonyl.

aniline core. Although neither the introduction of ortho sub-
stituents on the aromatic ring of N-methylaniline nor the
use of N,N'-diphenylethylenediamine affected the diastereo-
selectivity significantly (Table 1, entries 4-7), improved se-
lectivity was observed with the biphenyldiamine 1 (Table 1,
entry 8). Furthermore, the axially chiral diamines 2 and 3
exhibited even higher exo selectivity (Table 1, entries 9 and
10). The high reactivity of the less nucleophilic diamine 3
equaled that of reported organocatalysts, such as highly nu-
cleophilic cyclic amines with a five-membered ring and hy-
drazine derivatives.*>%%4

We then tested the generality of our system by treating a
variety of o,fB-unsaturated aldehydes with cyclopentadiene
in the presence of diamine 3 and trifluoromethanesulfonic
acid (Table 2). In the case of acrolein and f-alkyl-substituted
acroleins, the Diels—Alder reaction proceeded smoothly to
give the corresponding cycloadducts in good to excellent
yield (>80%) with high exo selectivity (exo/endo>6.1:1;
Table 2, entries 2-5). When a less reactive aldehyde with a
furyl substituent was used, the exo cycloadduct was obtained
predominantly, albeit in only moderate yield (Table 2,

Abstract in Japanese:

CFTFNERERTDYT I RIMEA R L, IHIBIRE Diels-Alder K
ISR Lz, AR A AV p-RafM7 AT E Ry raRvd ook
OFGETIE, ThE TRV ET X VBERE TR NGRS B o, £,
FRETF LT LRGN Ko T, =% YV RIREYRTFE Diels-Alder KIS
EREhiz,
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Table 2. exo-Selective Diels—Alder reaction.?!

12 mol% 3
CHO 10 mol% TfOH ﬂb/CHO A?/R
IO [y L
R CH,Cl,
R CHO
Entry R T [°C] t [h] Yield® [%] exolendo!
1 Ph RT 20 99 9.2:1
2 H —40 30 80 9.4:1
3 Me —20 20 99 11.8:1
4 nPr 0 18 83 6.1:1
5 iPr 0 18 80 7.9:1
6 2-furyl RT 96 67 7.6:1
7 CO,Et —40 20 93 9.2:1

[a] Reaction conditions: aldehyde (1 equiv), cyclopentadiene (3 equiv), 3
(12 mol %), TEOH (10 mol %), CH,Cl,. [b] Yield of the isolated cycload-
ducts. [c] The isomer ratio was determined by "H NMR spectroscopy.

entry 6). On the other hand, the reaction of an aldehyde
with an electron-withdrawing ethoxycarbonyl group pro-
ceeded to completion to give the desired cycloadduct in ex-
cellent yield with high exo selectivity (Table 2, entry 7).

With this information, we set out to design enantiomeri-
cally pure binaphthyldiamine catalysts for an exo-selective
asymmetric Diels—Alder reaction. The use of enantiopure
(R)-3 in the Diels—Alder reaction of cinnamaldehyde with
cyclopentadiene resulted in the formation of the cycloadduct
with low enantioselectivity (Table 3, entry 1). We prepared a
series of octahydrobinaphthyldiamine catalysts as novel
chiral diamines (Scheme 1). Thus, the axially chiral diamine
(R)-4®! was converted into the N,N'-dialkyl diamines (R)-5—
7 in two steps: ethoxycarbonylation or acylation and subse-
quent reduction. The careful bromination of (R)-5 with NBS
in THF yielded (R)-8, which was treated with phenylboronic
acid or 4-tert-butylphenylboronic acid under Suzuki-
Miyaura coupling conditions to furnish (R)-9 and (R)-10, re-
spectively.

Table 3. Survey of catalysts for the exo-selective asymmetric Diels—Alder

reaction.!?
12 mol%
chiral diamine
CHO 10 mol% TFOH CHO Ph
£ B A
CH,CI,, RT
Ph e Ph CHO
Entry Chiral t [h] Yield™ [%] ee!¥ [%] (config.)!
diamine (exolendo) exo endo
1 (R)-3 20 99 (9.2:1) 9 (R) 15 (R)
2 (R)-5 23 61 (82:1) 38 (S) 27 (R)
3 (R)-6 27 25 (7.3:1) 14 (S) 39 (R)
4 (R)-7 27 34 (33:1) 7 (R) # (R)
5 (R)-9 36 90 (5.6:1) 53 (R) 39 (R)
6 (R)-10 20 87 (6.5:1) 72 (R) 68 (R)

[a] Reaction conditions: cinnamaldehyde (1 equiv), cyclopentadiene
(3 equiv), chiral diamine (12 mol %), TEFOH (10 mol %), room tempera-
ture. [b] Yield of the isolated cycloadducts. [c] The isomer ratio was de-
termined by 'H NMR spectroscopy. [d] The ee values were determined by
GC analysis on a chiral phase by using a capillary column. [e] The abso-
lute configuration at the 2-position was determined by comparison of the
sign of optical rotation with reported values.
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l l NH, aorborc d l l NHR

—_—

oo OO
(R)-4 (R)-5:R = Me
(R)-6: R = Et
(R)-T:R = Bn
oed 99d
e NHMe f NHMe
— —

l l NHMe l ! NHMe
Br Ar

(R)-8 (R)-9: Ar=Ph
(R)-10: Ar = 4-tBUCcH,

Scheme 1. Synthesis of axially chiral diamines. Reaction conditions:
a) CICO,Et, pyridine, benzene; b) AcCl, pyridine, benzene; ¢) PhCOC],
pyridine, benzene; d) LiAlH,, THF ((R)-5: 84%; (R)-6: 78 %; (R)-T:
98%); e) NBS, THF (83%); f) PhB(OH), or 4-tBuC(H,B(OH),, Pd-
(OAc),, PPh;, Ba(OH),-8H,0, DME/H,O ((R)-9: 70%; (R)-10: 88%).
Bn=benzyl, DME =1,2-dimethoxyethane, NBS = N-bromosuccinimide.

With these new axially chiral diamines (R)-5-7, (R)-9, and
(R)-10, we carried out the exo-selective asymmetric Diels—
Alder reaction of cinnamaldehyde with cyclopentadiene
(Table 3). Although the octahydrobinaphthyldiamine (R)-5
exhibited lower reactivity than the parent binaphthyldi-
amine (R)-3, moderate enantioselectivity was observed
(Table 3, entry 2). However, the replacement of the methyl
groups in (R)-5 with larger alkyl groups (Et, Bn) resulted in
a decrease in both yield and stereoselectivity (Table 3, en-
tries 3 and 4). In contrast, the introduction of phenyl groups
at the 3- and 3'-positions of the octahydrobinaphthyl moiety
enhanced the enantioselectivity (Table 3, entry 5), and the
sterically more congested diamine (R)-10 showed particular-
ly good levels of exo selectivity and enantioselectivity
(Table 3, entry 6).

The reaction conditions were then optimized with the
(R)-10-TfOH salt as the catalyst (Table 4). We screened a
variety of solvents and found that a,a,a-trifluorotoluene,
which is known to be a useful alternative to CH,CL,” gave
the best results in terms of the reaction rate and stereoselec-
tivity (Table 4, entry 7). Furthermore, the lowering of the re-
action temperature to 0°C improved both the exo selectivity
and the enantioselectivity of the reaction (Table 4, entry 8).

We next investigated the effect of the Brgnsted acid co-
catalyst on the reaction (Table 5). Of several Brgnsted acids
examined, p-toluenesulfonic acid showed the highest exo se-
lectivity and enantioselectivity (Table 5, entry 2). Reactions
in which other Brgnsted acids were used gave the cycload-
duct with comparable stereoselectivities (Table 5, entries 4—
6). Finally, a reaction with p-toluenesulfonic acid at a lower
temperature (—20°C) was found to give the desired exo cy-
cloadduct with excellent exo selectivity and enantioselectivi-
ty, although a longer reaction time was required (Table 5,
entry 3).
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Table 4. Effect of the solvent on the exo-selective asymmetric Diels—

Alder reaction.?
Jeryes

12 mol% (

J/CHO @ 10 mol% TfOH
+
Ph solvent RT

Entry Solvent t [h] Yield® [%] ee!V [%]
(exolendo)! exo endo

1 CH,Cl, 20 87 (6.5:1) 72 68

2 MeOH 20 97 (6.5:1) 75 64

3 DMF 20 56 (5.1:1) 60 45

4 THF 20 80 (7.1:1) 72 68

5 hexane 20 93 (4.6:1) 74 74

6 toluene 14 93 (6.4:1) 78 76
PhCF, 9 89 (8.6:1) 79 7

glel PhCF; 50 80 (9.5:1) 86 79

[a] Reaction conditions: cinnamaldehyde (1 equiv), cyclopentadiene
(3equiv), (R)-10 (12mol%), TfOH (10 mol%), room temperature.
[b] Yield of the isolated cycloadducts. [c] The isomer ratio was deter-
mined by 'H NMR spectroscopy. [d] The ee values were determined by
GC analysis on a chiral phase by using a capillary column. [e] The reac-
tion was performed at 0°C. DMF = N,N-dimethylformamide.

Table 5. Effect of the acid cocatalyst on the exo-selective asymmetric
Diels-Alder reaction.

12 mol% (R)-10
10 mol% acid R-CHO R_Ph
IO bpee
PhCFs, 0 R R
Ph

CHO
Entry Acid Yield®™ [%] eelV [%]
(exolendo)"! exo endo
1 TfOH 80 (9.5:1) 86 79
2 p-TsOH-H,O 93 (11.1:1) 87 86
30 p-TsOH-H,O 80 (12.8:1) 92 91
4 (+)-camphorsulfonic acid 57 (10.0:1) 83 80
5 HCIO, 97 (8.9:1) 86 80
6 3 4-dinitrobenzoic acid 30 (6.7:1) 79 69

[a] Reaction conditions: cinnamaldehyde (1 equiv), cyclopentadiene
(3 equiv), (R)-10 (12mol%), acid (10 mol%), o,a,0-trifluorotoluene,
0°C, 50-60 h. [b] Yield of the isolated cycloadducts. [c] The isomer ratio
was determined by 'H NMR spectroscopy. [d] The ee values were deter-
mined by GC analysis on a chiral phase by using a capillary column.
[e] The reaction was performed at —20°C for 160 h. More cyclopenta-
diene (2 equiv) was added after 48 h and again after 96 h. Ts=toluene-
sulfonyl.

We then applied our system to various o,B-unsaturated al-
dehydes. In most cases, under the appropriate reaction con-
ditions, the corresponding cycloadducts were obtained with
good to excellent exo and enantioselectivity (Table 6, en-
tries 2-6 and 8). Although the use of acrolein and 2-nitrocin-
namaldehyde as dienophiles resulted in a significant de-
crease in diastereoselectivity, the exo cycloadducts were still
dominant (Table 6, entries 1 and 7). Unfortunately, however,
this reaction system was found to be suitable only for a com-
bination of a,B-unsaturated aldehydes with cyclopentadiene.
For example, the reactions of a,f-unsaturated aldehydes
with 1,3-cyclohexadiene and 1,3-pentadiene gave only traces
of the corresponding cycloadducts.
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Table 6. exo-Selective asymmetric Diels-Alder reaction.®)

12 mol% (R)-10
CHO R
Iy St e,
R

10 mol% p-TsOH-H,O

PhCF3 —20°C
CHO

Entry R t[h]  Yield" [%] eel¥ [%] (config.)
(exolendo)*! exo endo

1 H 45 93 (1.9:1) 86 68

2 Me 160 72 (>20:1) 88 (S) -

3t CO,Et 144 90 (5.5:1) 83 56

4lel Ph 160 80 (12.8:1) 92 (R) 91 (R)

5lhl 4-CIC4H, 96 99 (7.8:1) 92 96

6 4-NO,C.H, 40 99 (7.4:1) 95 98

el 2-NO,CH, 144 98 (1.3:1) 87 81

gled 4-iPrCH, 144 84 (6.3:1) 82 73

[a] Reaction conditions: aldehyde (1 equiv), cyclopentadiene (3 equiv),
(R)-10 (12mol%), p-TsOH-H,0 (10mol%), o,a,o-trifluorotoluene,
—20°C. [b] Yield of the isolated cycloadducts. [c] The isomer ratio was
determined by 'H NMR spectroscopy. [d] The ee values were determined
by GC or HPLC on a chiral phase. [e] The absolute configuration at the
2-position was determined by comparison of the sign of optical rotation
with reported values. [f] The reaction was performed at —60°C in tolu-
ene. [g] More cyclopentadiene (2 equiv) was added after 48 h and again
after 96 h. [h] More cyclopentadiene (2 equiv) was added after 48 h.
[i] The reaction was performed at 0°C.

Mechanism

To elucidate the origin of the rate acceleration and unprece-
dented high exo selectivity observed in the biaryldiamine-
salt-catalyzed Diels—Alder reaction, we prepared the bi-
naphthyl-substituted amines 11 and 12 with a methoxy
group and an ethyl group, respectively, in place of one of
the methylamino groups in 3, and used them as catalysts for
the reaction between cinnamaldehyde and cyclopentadiene
(Scheme 2). Both reactions proceeded slowly to give pre-
dominantly the exo cycloadduct, albeit in low yield. Thus,
the presence of two methylamino groups in 3 was found to
be essential for rate accelera-
tion. These marked differences
in reactivity were attributed to
the rate of formation of an imi-
nium intermediate on the basis
of NMR spectroscopic studies.
Whereas no change was ob-
served in the chemical shift of
the aldehyde hydrogen atom in
an equimolar mixture of 11,

7

N N
N ®

; N/H

TfOH, and cinnamaldehyde .

even after 24 h, a substantial @Q NQ}:|
N

amount of cinnamaldehyde was Tio~ \Me

consumed immediately when 3 A
was used instead of 11.

On the basis of these obser-
vations and the catalytic cycle
proposed by MacMillan and co-
workers for reactions with imi-
nium intermediates,” we pro-
pose the following mechanism
for the exo-selective Diels—
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Me§

K. Maruoka et al.
I I NHMe
o

l l NHMe l NHMe
o O
3 11

12 mol% 3, 11, or 12
CHO 10 mol% TfOH CHO Ph
JRter L Vegy
oh CH,Cl,, RT, 20 h
Ph CHO

3: 99% (exolendo = 9.2:1)
11: 12% (exolendo = 6.6:1)
12: 13% (exolendo = 6.6:1)

Scheme 2. Comparison of the catalytic activity of 3 with that of 11 and
12, which contain just one methylamino group.

Alder reaction (Scheme 3): Initially, the free methylamino
group in the diamine-TfOH catalyst A reacts with the a,f3-
unsaturated aldehyde with the aid of the other methylamino
group protonated by TfOH to form the iminium intermedi-
ate D and the protonated aminal E. The more reactive imi-
nium intermediate D reacts with cyclopentadiene to give the
exo adduct F under the influence of the sterically hindered
binaphthyl moiety, as the binaphthyl-substituted amines 11
and 12, which cannot form an aminal-type intermediate,
also provided the exo adduct as the major isomer. The re-
sulting iminium intermediate F is hydrolyzed to give the exo
cycloadduct and regenerate the diamine-TfOH catalyst A.
The observed stereoselectivity in the asymmetric reaction
with (R)-10 can be explained by two possible transition-
state models, TS1 and TS2 (Scheme 4). In both cases, one
face of the iminium intermediate is blocked by the 4-tert-bu-
tylphenyl substituent, and the other face is open for the ap-

R

./: JQOH
+Nr\ ’

O
_Hzo}r

+Me /Me
KRG, — Sl
A N oL
Tio~ Me
Me
D E

F

Scheme 3. Plausible mechanism for the exo-selective Diels—Alder reaction.

Chem. Asian J. 2007, 2, 1161 -1165





exo-Selective Asymmetric Diels—Alder Reaction

TS1 Ts2

Scheme 4. Possible transition-state models for the exo-selective asymmet-
ric Diels-Alder reaction.

proach of cyclopentadiene in accordance with the experi-
mental results.

Conclusions

In summary, we have developed an exo-selective Diels—
Alder reaction of o,f-unsaturated aldehydes with cyclopen-
tadiene under the catalysis of diamine salts. With binaph-
thyl-based diamines, unprecedented levels of exo selectivity
were observed. Furthermore, an exo-selective asymmetric
Diels—Alder reaction was developed with a specially de-
signed axially chiral diamine.

Experimental Section

Typical procedure for the Diels—Alder reaction with 3: Acrolein (17 pL,
0.25 mmol) was added to a solution of the diamine 3 (9.4 mg, 0.03 mmol)
and TfOH (2.2 puL, 0.025 mmol) in dichloromethane (1 mL) at —40°C.
The reaction mixture was stirred for 1-2 min, then cyclopentadiene
(62 uL, 0.75 mmol) was added. Following the complete consumption of
the starting material, the reaction mixture was purified directly by flash
column chromatography on silica gel (pentane/ether =20:1) to afford the
desired Diels—Alder adduct (80 %; exo/endo =9.4:1).

Typical procedure for the asymmetric Diels—Alder reaction: (E)-cinna-
maldehyde (32 pL, 0.25 mmol) was added to a solution of the diamine
(R)-10 (17.4 mg, 0.03 mmol) and p-TsOH-H,O (4.8 mg, 0.025 mmol) in
a,a,0-trifluorotoluene (1 mL) at —20°C. The reaction mixture was stirred
for 1-2 min, then cyclopentadiene (62 pL, 0.75 mmol) was added. After
48 and 96 h, more cyclopentadiene (41 pL, 0.5 mmol) was added. Follow-
ing the complete consumption of the starting material, the reaction mix-
ture was purified directly by flash column chromatography on silica gel
(hexane/ethyl acetate=10:1) to afford the desired Diels—Alder adduct
(80%; exolendo=12.8:1; exo isomer: 92 % ee, endo isomer: 91 % ee).
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Structural Identification of DNA Adducts Derived from
3-Nitrobenzanthrone, a Potent Carcinogen Present in the Atmosphere

Takeji Takamura-Enya,*?! Masanobu Kawanishi,"” Takashi Yagi," and

Abstract: 3-Nitrobenzanthrone is a
powerful bacterial mutagen and carci-
nogen to mammals. To obtain precise
information on DNA-adduct formation
by 3-nitrobenzanthrone, a number of
DNA adducts, including N-(2'-deoxy-
guanosin-8-yl)-3-aminobenzanthrone

(13a),  2-(2’-deoxyguanosin-N-yl)-3-
aminobenzanthrone  (14a), N-(2'-
deoxyadenosin-8-yl)-3-aminobenzan-

throne (15a), 2-(2’-deoxyadenosin-N°-
yl)-3-aminobenzanthrone (16a), and

Yoshiharu Hisamatsu'®!

their N-acetylated counterparts 13b,
14b, 15b, and 16b were synthesized by
palladium-catalyzed aryl amination of
the corresponding nucleoside and bro-
mobenzanthrone derivatives. Among
these DNA adducts, DNA adducts 13a,
13b, 14a, 14b, and 16a were identified

Keywords: aryl amination - DNA
adducts - DNA damage - nitrobenz-
anthrone - palladium

in the reaction mixture of nucleosides
(2'-deoxyguanosine, 2'-deoxyadenosine,
or DNA) with N-acetoxy-3-aminobenz-
anthrone or N-acetyl-N-acetoxy-3-ami-
nobenzanthrone, both of which are rec-
ognized as activated metabolites of 3-
nitrobenzanthrone. The formation of
these multiple DNA adducts may help
explain the potent mutacarcinogenicity
of 3-nitrobenzanthrone.

Introduction

3-Nitrobenzanthrone (2) was initially reported by our group
to be a powerful bacterial mutagen present in diesel exhaust
particles and airborne particulate matter.!. Owing to its
potent mutagenicity, which has been shown to be equal to
that of dinitropyrenes, the presence of 2 in the natural envi-
ronment has raised worldwide concern, and a considerable
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number of investigations into its environmental concentra-
tion, DNA-adduct formation, biological influence, and the
mechanisms by which it is formed from the parent com-
pound benzanthrone (1), have been reported.’! In the at-
mosphere, 2 has been detected at levels of 0-9.8 pgm™.['
Compound 2 has also been found in soil samples in Japan."l
Environmental nitration to form 2, as well as the 2-nitro
isomer 3, from 1 has also been suggested.” From biological
studies, 2 was found to form DNA adducts and induce DNA
damage when applied to certain cell lines.®! Nitrooxy poly-
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cyclic aromatic hydrocarbon (PAH) 2 was reported to
induce lung cancer by oral administration.”!

As with many nitroarenes, 2 requires metabolic activation
to induce mutagenicity, in which the initial event is believed
to be covalent bond formation with nucleobases in cellular
DNA.B! Generally, nitroarenes are reductively activated to
form hydroxyamines, followed by O-esterification or N,O-
diesterification by cellular enzymes such as the acetyl- and
sulfotransferases (Scheme 1).1”! The resulting O-acetyl- or O-
sulfonylhydroxyamines spontaneously undergo heterolytic
N—O fission to form highly reactive nitrenium ions, which
attack DNA molecules to form the corresponding DNA ad-
ducts.”! Schmeiser, Phillips, and co-workers reported that 2
is reductively activated by cytochrome P450 systems with
NADPH (nicotinamide adenine dinucleotide phosphate, re-
duced form) as a cofactor.®™@ A considerable number of
DNA adducts was also found in cells and rat livers treated
with 2,511

In our previous work on DNA adducts formed from 2, we
found that N-acetyl-N-acetoxy-3-aminobenzanthrone (9),
which is a putative ultimate form of 2, generated a unique
adduct with 2’-deoxyguanosine (dG), that is, N-acetyl-2-(2'-
deoxyguanosin-8-yl)-3-aminobenzanthrone (12b), in which
the C2 atom of N-acetyl-3-aminobenzanthrone is covalently
bound to the C8 atom of dG (Scheme 2).5 To the best of
our knowledge, this unusual type of DNA adduct, which in-
volves C—C bond formation, has so far been described in
only one report, which deals with a DNA adduct of Phe-P-1,
one of the heterocyclic amines formed in the course of
cooking certain foods.'! A diphosphate derivative of the
adduct 12b was also detected in a cancer cell line, HepG2,
when it was treated with 2.1 The authors also showed the
presence of a 2'-deoxyadenosine (dA) adduct from 9 with a
calf thymus DNA system.® This dA adduct from 9 was also
detected in cellular DNA from HepG2 cells treated with 2,
along with two other unidentified major DNA adducts.
The chemical structure of this dA adduct was recently iden-
tified as (9'-(2”-deoxyribofuranosyl))purino[6’,1":2,3]imidazo-
[5,4-p]-(1,11b-dihydro-(N-acetyl-3-amino))benzanthrone
(17).") The same study also showed that N-acetyl-N'-(2'-de-

Abstract in Japanese:

RIJBEPORBAHEATHD 3-= a7 ha U/ (NBAD
DNA {HIEDREEREE RS LTz, Pd W7 I /ERIE%R
ERT 252 LK D, N-(2'-deoxyguanosin-8-yl)-3-aminobenzanthrone
(13). 2-(2'-deoxyguanosin-N>-yl)-3-aminobenzanthrone (14a), N-(2'-de-
oxyadenosin-8-yl)-3-aminobenzanthrone (15a). 2-(2'-deoxyadenosin-N°®-
yl)-3-aminobenzanthrone (16a) 3L UEN LD &7 & F ALK 13b,
14b, 15b, 16b % & L7, % Sz DNA fHIED 5 1 13a,13b,
14a, 14b. 16a, 16b /% NBA ORMBIEMER L EMORIELVED Z
EBHERD, 2D LD I D DOMINES NBA DR ICEFE L
TWaEEXLND,
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Scheme 1. Pathways of activation and DNA-adduct formation of nitro-
arenes in vivo. Compound 2 is shown as a representative.

oxyguanosin-8-yl)-3-aminobenzanthrone (13b) was
duced from the reaction of dG with 9.

Independent studies by Arlt etal. showed that other
DNA adducts different from 12b, 13b, and 17 were mainly
produced by DNA from rats treated with 2, although the
chemical structures of these DNA adducts are unknown at
present.'”! Some of these unknown DNA adducts are con-
sidered to be from another ultimate form of 2, such as N-
acetoxy-3-aminobenzanthrone (10).0°!

From a number of studies of the DNA adducts derived
from nitroarenes, certain common structures have been elu-
cidated.”® Nitrenium ions, which result from the cellular
activation of nitroarenes, are believed to attack initially the
N7 atom of the purine ring of dG or dA, which then rear-
range to the C8 adduct of dG (the dG-C8 adduct) or dA
(the dA—C8 adduct).!! Additionally, the most-cationic ring
carbon atoms, resonance-stabilized from the initial nitreni-

pro-
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Scheme 2. Strucuture of DNA adducts derived from 2.

um ion intermediates, can attack N2 of dG (the dG-N2
adduct) or N6 of dA (the dA-N6 adduct) (Scheme 1). In the
case of the DNA adducts of 2 and dG, four general types of
DNA adducts can be found. From the reaction of dG with
10, one of the putative ultimate mutagens of nitrobenzan-
throne 2, the formation of N-(2'-deoxyguanosin-8-yl)-3-ami-
nobenzanthrone (13a) and 2-(2'-deoxyguanosin-N*-yl)-3-
aminobenzanthrone (14a) is deduced. When the ultimate
mutagen 9 is used as the putative ultimate form, it gives
acetylated dG adducts, that is, 13b and N-acetyl-2-(2'-deoxy-
guanosin-N>-yl)-3-aminobenzanthrone (14b). In a similar
manner, dA with 9 or 10 gives four DNA adducts: N-(2'-de-
oxyadenosin-8-yl)-3-aminobenzanthrone (15a), 2-(2'-deoxy-
adenosin-N®-yl)-3-aminobenzanthrone (16a), and their ace-
tylated forms N-acetyl-N'-(2'-deoxyadenosin-8-yl)-3-amino-
benzanthrone (15b) and N-acetyl-2-(2'-deoxyadenosin-N°-
yl)-3-aminobenzanthrone (16b).

Studies that endeavored to carry out the structural iden-
tification of DNA adducts with nitroarenes were performed
with reactions between dG/dA/DNA and the putative ulti-
mate forms of the mutagens.**!>"*l These reactions are
known to be useful as analogues of DNA-adduct formation
in vivo to determine the product information of DNA ad-
ducts or the reactivity of nitreniun ions.'®! However, in
terms of identifying the chemical structures of DNA ad-
ducts, approaches with the nitrenium ion are not efficient
because many laborious repetitions of HPLC isolation and
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fractionation are required for spectroscopic analysis.!">'®!

Recent progress in aryl amination reactions now makes it
possible to prepare general-type DNA adducts by independ-
ent chemical synthesis.[”] Herein, we describe a defined syn-
thetic methodology to yield authentic specimens of general-
type DNA adducts derived from 2, as mentioned above.
With these authentic samples, some were identifiable from
the in vitro reaction of 9 or 10 with dG, dA, and DNA.

Results and Discussion

Synthesis of General-Type DNA Adducts Derived from
3-Nitrobenzanthrone

The synthetic schemes of the DNA adducts derived from 2
are illustrated in Schemes 3-7. In our previous study, for the
synthesis of DNA adducts by palladium-catalyzed aryl ami-
nation, xantphos (9,9-dimethyl-4,5-bis(diphenylphosphanyl)-
xanthene) was found to be an effective phosphine ligand to
yield the desired coupling compounds.'7¢ In this study,
therefore, xantphos was used throughout all the aryl amina-
tion reactions.

The preparation of compound 19a and its subsequent de-
protection product 13a has already been reported.'¢! Com-
pound 18 was found to couple efficiently with bromo deriva-
tives 4 under the conditions 10 % Pd’, xantphos, and potassi-
um fert-butoxide in toluene at 80°C (Scheme 3). Acetylation
of 19a was performed with acetic anhydride along with cata-
lytic amounts of 4-dimethylaminopyridine (4-DMAP) to
give 19b, which was subsequently deprotected to give au-
thentic samples of 13b almost quantitatively. Compound
13b was recently isolated and identified from the reaction
mixture from N-acetoxy derivatives 9 with dG."?! The re-
ported NMR spectrum of the isolated compound was the
same as that of our synthetic compound 13b. In a similar
manner, we were also able to prepare authentic samples of
the dA—C8 adducts 15a and 15b from coupling of 3-amino-

Bn
\
e}
DMTr\ N=
a) HN—<\ / N
— NN AN
CY
|
o o) R

TBDMSO OTBDMS TBDMSO OTBDMS

18 R
b)r 19a:R=H
— 19b: R = Ac

c)

—> 13a,13b

Scheme 3. Preparation of 13. a) [Pd,dba;] (10 mol %), xantphos, Cs,COs,
4. b) (CH;CO),0, 4-DMAP, pyridine. c)1)CICH,COOH, CH;OH/
CH,Cl,; 2) Pd black, H,, THF; 3) TEA-3HF, THF. Bn=benzyl, dba=di-
benzylideneacetone, DMTr = dimethoxytrityl, TBDMS =tert-butyldimeth-
ylsilyl.
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benzanthrone (5) with the N°-dimethoxytritylated 8-bromo-
adenosine derivative 20 (Scheme 4). The coupling reaction
was completed within 2 h at 80°C to yield 21a, which was

DwTr, owTr, ‘

R
o} o}
TBDMSO OTBDMS TBDMSO OTBDMS

20 21a:R=H
b [
21b: R =Ac

c)

— 15a, 16b

Scheme 4. Preparation of 15. a) [Pd,dbas] (10 mol %), xantphos, Cs,COs,
5. b) (CH;CO),0, 4-DMAP, pyridine. c) 1) CClCOOH, CH,OH/CH,Cl,;
2) TEA-3HF, THF.

converted into 15a by treatment with triethylamine-trihy-
drogenfluoride (TEA-3HF). Acetylation of 21a to 21b fol-
lowed by subsequent deprotection gave the desired 15b in
high yields (Scheme 4).

For the N*-type dG adduct 14 as well as the N°-type dA
adduct 16, the bromo derivative 8 was used as the starting
material for the coupling partner. Although 8 had not been
obtained previously, we prepared it by a series of nitrations
of 1, followed by reduction, bromination, deamination, and
further nitration of the resulting 2-bromobenzanthrone (7)
(Scheme 5). Attempts to oxidize amino derivative 6 to the
desired compound 8 with m-chloroperbenzoic acid were not
successful; they resulted in the formation of complex reac-
tion products as shown by TLC analysis. The positional se-
lectivity of the nitration of 1 is considered to be unchanged
by the presence of a bromo group at the 2-position of 1.

Br
NH, NH,
- o'
—_—
9] o]
5 6

Scheme 5. Preparation of 8. a) NBS, DMF, —20°C. b) NaNO,, H,SO,
then Cu,0. ¢) HNO;, C¢HsNO,. DMF = N,N-dimethyl formamide, NBS =
N-bromosuccinimide.
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After nitration of 7 in nitrobenzene, compound 8 was easily
recovered by filtration, and recrystallization in acetic acid
gave the pure specimen. The coupling reactions of 8 with
the nucleoside derivatives of 22 were complete within 4 h at
100°C, but the yield varied from 45 to 63 %. We initially at-
tempted to use a benzyl group for O° protection of dG in
place of a nitrophenylethyl (NPE) group as illustrated. Cou-
pling yields (~=80%) were found to be somewhat higher
than those with an NPE protective group. Catalytic hydroge-
nation was expected to deprotect the benzyl group and
reduce the nitro group simultaneously to give the desired
compound 24a. However, this expectation was not realized
because further reduction of the carbonyl group at O’ of the
benzanthrone moiety was significant. We were not able to
control the hydrogenation reaction to remove the O° benzyl
group selectively. The NPE group, however, was removed
by treatment with 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU)
without affecting other functional groups. Subsequent reduc-
tion of the nitro group to the amine, therefore, required a
selective nitro-reduction system. Generally, the reduction of
2 to aminobenzanthrone 5 is performed by Pd/C with hydra-
zine hydrate at 70°C in DMF. However, this procedure
turned out to produce only decomposed products. Finally,
we found [Fe;(CO)y,] to be quite effective for the selective
reduction of the nitro group in the presence of the carbonyl
group of the benzanthrone moiety.'®! Treatment of 23b with
a stoichiometric amount of [Fe;(CO);,] in methanol/toluene
under reflux conditions gave only one desired product 24a,
which was easily purified by short-column chromatography
on silica gel (Scheme 6). DNA adduct 14a was obtained by
removal of the silyl group.

This procedure was applied to the synthesis of 16a. The
coupling reaction of 2'-deoxyadenosine derivative 25 and
bromoarene 8 yielded 26, and subsequent selective nitro re-
duction with [Fe;(CO),,] gave 27a (Scheme 7). The silyl pro-
tective groups of 27a were removed by TEA-3HF to give
16a. The acetylated derivatives 14b and 16b were obtained
by general acetylation and removal of the silyl protective
groups of 24a and 27 a, respectively.

Analysis of the Reaction Products of Ultimate Mutagen 10
with dG, dA, and DNA

In this study, two types of metabolic ultimate forms of nitro-
benzanthrone (NBA) were prepared to elucidate both the
reactivity to nucleobases and the structures of the DNA ad-
ducts produced. The synthesis of 9 has already been report-
ed. The other ultimate mutagen, 10, was synthesized from
11 by the reported method with a slight modification.!!
Compound 10 was too unstable to be isolated from the reac-
tion mixture; therefore, a polymer-bound base (TBD-meth-
ylpolystyrene; TBD =1,5,7-triazabicyclo[4.4.0]dec-5-ene)
was used, which could be easily removed from the reaction.
With this method, 2 mg of 11 in THF was converted into the
N-acetoxy form 10 within just a few minutes at room tem-
perature. After addition of methanol to destroy excess pyru-
vonitrile, the polymer base was filtered off. TLC analysis
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showed the formation of only
one product, which was imme-
diately used for the reaction

o-R with dG and DNA.
N= From LC-MS analysis of the
/ ':‘ reaction mixture of dG with 10
N) at 37°C in THF/water (1:1) buf-

fered at pH 7.5, we found the
0 presence of three peaks of
parent ions of m/z 511 ([M+

OTBDMS 1]*) corresponding to the dG
23a:R" = NPE adducts derived from 10. From
23b:R'=H the retention volume of HPLC

and the UV/Vis spectrum of
the corresponding peaks with
ml/z 511, 12a, 13a, and 14a
were found to be formed in 9,
14a, 14b 10, and 2% yields, respectively

(Figure 1). The preparation of
12 a has previously been report-
ed, but the formation of this
compound in the reaction of
dG and the ultimate form of 2
is noted for the first time in this
report.

In the reaction of dA with 10,
LC-MS analysis showed that
only one dA adduct, 16a,
formed in the reaction mixture
(Figure 2). Possible dA adduct
15a was not detected by the present methodology. Further-
more, we could not find corresponding peaks of 15a with
the LC-MS technique; however, it would be possible to

13a
12a K

b) 12a | 13a

14a

a)  14a

Are\

0 20 40

. /' min

Figure 1. HPLC profiles of the reaction mixture of 10 with dG and DNA.
a) Authentic samples, b) reaction mixture of dG with 10, c) enzymatic
hydrolysates from the reaction mixture of DNA with 10.
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Figure 2. HPLC profiles of the reaction mixture of 10 with dA.
a) Authentic samples, b) reaction mixture of dA with 10.

detect 15a by using a much more sensitive detection
method such as **P postlabeling. Other nucleobases such as
dC and T did not give any new peaks corresponding to ad-
ducts when incubated with 10.

Calf thymus DNA was also treated with 10, and enzymatic
hydrolysates were then further applied to HPLC. These four
DNA adducts, 12a, 13a, 14a, and 16a, were also confirmed
to be included in the reaction mixture by HPLC (Figure 1c).
Interestingly, the product ratio for the reaction mixture of
dG alone and that of DNA was different. The ratio 12a/13a/
14a for dG was approximately 1:1:0.2, but became 0.1:1:1 in
the reaction with DNA.

Analysis of the Reaction Products of Ultimate Mutagen 9
with dG, dA, and DNA

We previously reported that compound 9 reacts with dG to
form the unusual adduct 12b. In a subsequent study by Os-
borne and co-workers, compound 13b from dG and 17 from
dA were found to be produced from 9 with dG/dA.*" With
authentic specimens in hand, we reinvestigated the reaction
mixture of dG and 9. The freshly prepared ultimate muta-
gen 9 was treated with dG at 37°C overnight. On an HPLC
chromatogram, we found the known peak of 12b and the
peak of 13b, the retention times and UV patterns of which
were identical to those of authentic samples (Figure 3).
DNA adduct 14b was further identified in the same reaction
mixture. LC-MS analysis showed that these three peaks cor-
respond to a parent ion of m/z 553 ([M+1]"). Notably, the
glycosidic bond of 13b is very labile to acid treatment or
protonation under ESI, and MS analysis revealed a very
small peak of the parent ion [M+H]*, which makes the
identification of the dG adduct by a LC-MS difficult. The
sensitivity of 13b to H* probably comes from enhancement
of the nucleophilicity of the N7 atom of dG by the addition
of an electron-donating amine group to C8. Furthermore,
the introduction of an acetyl group to the amine group may
result in the loss of one resonance-stabilization pathway by
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Figure 3. HPLC profile of the reaction mixture of 9 with dG and DNA.
a) Authentic samples, b) reaction mixture of dG with 9, ¢) enzymatic hy-

drolysates from the reaction mixture of DNA with 9. An unidentified
DNA adduct is marked “adduct X”.

which the amine group at the 8-position is converted into an
imino group after protonation of N7. Compound 13b was
also isolated from the same reaction system by another re-
search group, and its NMR spectrum is the same as that of
our synthetic compound. Moreover, an additional unknown
peak of the parent ion of m/z 553 was found (adduct X in
Figure 3), although its UV absorption peak on HPLC was
the smallest among the peaks of the adducts identified. This
compound is probably an adduct at the O° positon of dG or
a hydrazine-type adduct at the N? position of dG, recently
identified as a novel dG adduct from 4-aminobiphenyl
(ABP).2

In the hydrolysates of calf thymus DNA treated with 9,
dG adducts of 12b, 13b, and 14b were also detected. Again,
the product ratio of these three adducts was different be-
tween the reaction mixture of dG alone and that of DNA;
the formation ratio of the N? adduct increased, whereas the
ratio of the C—C adduct of 12b decreased. (Figure 3c)

In the reaction mixture of dA and 9, a compound with a
parent ion of m/z 537 was confirmed by LC-MS analysis,
but the HPLC retention time and UV spectrum of this
adduct were different from those of the putative dA adducts
of 15b and 16b (Figure 4). Instead of general-type adducts,
HPLC showed one UV peak corresponding to the new type
of dA adduct 17. This adduct 17 was also present in enzy-
matic hydrolysates of calf thymus DNA with 9.5 However,
in the same hydrolysates, 15b and 16b were not detected, al-
though dA-N°® adduct formation was confirmed in the reac-
tion of 10 with dA or calf thymus DNA. In the case of the
dA adduct from 9, the N-acetyl group turned out to be es-
sential for forming this unique adduct 17.
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Figure 4. HPLC profile of the reaction mixture of 9 with dA. a) Reaction
mixture of dA with 9 (UV monitoring at 260 nm), b) LC-MS analysis
(selected-ion monitoring) of m/z 537, corresponding to a molecular ion
of a putative dA-NBA adduct.

2'-Deoxyadenosine adduct 17 was newly identified in
recent years."” dA adducts of similar structural type from
nitroarenes have not been reported before. Novak and co-
workers reported the formation of the unique benzene—
imine-type adduct from the reaction of the ultimate form of
ABP and adenosine (A).'**! They used N-tert-butyloxy-4-
aminobiphenyl as an ultimate form of ABP and found that
benzene—imine adduct 28 formed from A even though an
N-acetyl group was not attached to the ultimate mutagen. It
is possible that this benzene—imine-type dA adduct 29 is the
real structure of the dA adduct from 9 instead of the five-
membered-ring adduct 17, although the five-membered-ring
structure is more likely than the benzene—imine adduct to
form on the basis of structural stability. However, Osborne
and co-workers deduced the five-membered-ring structure
based on NOESY correlation and computational modeling.
Moreover, based on our 2D NMR studies (NOESY,
HMQC, HMBC) of 17 in dimethyl sulfoxide (DMSO), we
cannot at present exclude the possibility of the formation of
this benzene—imine structure 29 (Scheme 8) as the dA
adduct from 9. We did not observe cross-correlation peaks
between the carbon atom at the 1-position of benzanthrone
and the proton at the 2-position of dA by HMBC studies,
which are expected to show a long-range correlation peak of
these carbon and proton atoms in the five-membered-ring
structure.

.
aves av™
N Ac N Ac
HN)IN\> HN N\
AN, K MY
NT N N~ N

\

R dR
28 29

Scheme 8. Benzene—imine-type DNA adduct reported by Novak and
co-workers!!*" (left) and possible alternative structure of 17 (right).
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The formation ratios of the three dG adducts 12a/b, 13a/
b, and 14a/b in the reaction mixture from dG are clearly dif-
ferent from those from DNA, and a strong preference for
dG-N? adduct formation in the reaction of calf thymus
DNA with ultimate mutagens was revealed. This phenomen-
on is also reported in the case of DNA adducts from N-
acetyl-3-aminofluorene.’”) At first glance, this is curious be-
cause the C8 atom of dG is located in the major groove of
double-stranded DNA and is thus accessible by ultimate
mutagens; the N? position is in the minor groove and is thus
not likely to be easily accessed.

From extensive studies carried out by Novak and Kadlu-
bar and their co-workers,!' the mechanism for the forma-
tion of dG-C8 adducts is now shown to be initiated by the
attack of the N7 atom of the purine ring on the N atom of
nitrenium ions, followed by 1,2-migration and deprotona-
tion. They showed the high selectivity of N7 in basic purine
for the N atom of the nitrenium ions, and that the initial
product of N7 attack on the ortho or para carbon atom of
the aromatic ring proximal to the nitrenium N atom may be
prohibited by steric congestion. In our case, the general-type
dG-C8 adducts 13a and 13b, as well as the C—C-bond-type
dG-C8 adducts 12a and 12b, are formed with nearly equal
efficiency from a dG monomer and the corresponding nitre-
nium ions. These adduct formations are explained by the
same mechanism of initial attack on N7, whether on the N
atom of nitrenium ions or the C atom ortho to the nitrenium
group. The steric effects with respect to the N7 atom, there-
fore, would not significantly contribute to the high selectivi-
ty of N7 on the N atom of the nitrenium ions. The possibility
of initial attack of N7 on the N atom of nitrenium ions to
form C—C-bond-type dG—C8 adducts by path A in Scheme 9
may be excluded, because this mechanism is not able to ac-
count for the drastic changes of the formation ratio 12/13
that appeared in the reaction of DNA and dG from 9 or 10.
Indeed, in the case of DNA, the C—C-bond-type dG-C8
adduct 12 was formed at only about one-tenth the efficiency
of general-type dG-C8 adduct 13. It is likely that with
DNA, the basicity of N7 of the purine nucleoside as well as
N? is different from that of the original monomer nucleoside
due to the effect of the stacking of other bases, which could
lead to a drastic change in the product formation ratio. If
the basicity of N7 decreases, the rate constant of the trap-
ping of N7 decreases, while other types of DNA adducts
(e.g., dG-N?, dA-N°®, or dA-imino adducts) predominantly
form. Certain steric effects including intercalation may also
be interpreted to be related to this preference of N*-adduct
formation, although more precisely detailed mechanistic
studies will be needed to clarify this point.

The DNA adduct formation of 2 in vivo has been exten-
sively studied, not only by our laboratory, but also by Arlt
and co-workers.” In a study of the treatment of 2 on
HepG?2 cells in vivo, we found 12b and 17 by a **P postlabel-
ing method followed by HPLC fractionation, as well as two
unidentified major adduct spots.[® Arlt et al. also found the
formation of several DNA adducts in cell or rats treated
with 2 and concluded that the formation of 12b is not very
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Scheme 9. Mechanism of DNA-adduct formation of nitrobenzanthrone 2.

significant, and that other DNA adducts contributed to the
formation of DNA adducts derived from 2. From a
number of studies of the metabolites of nitroarenes in cells,
nitro reduction followed by O-acetylation is the main path-
way, and N,O-diacetylation may be a minor one. It is proba-
ble that it is the DNA adducts from 10 that mainly contrib-
ute to the formation of DNA adducts in vivo. The quantifi-
cation of DNA-adduct formation in cells treated with 2 has
been undertaken and is now a subject of active investiga-
tion.

Conclusions

We described here multiple-DNA-adduct formation by the
reaction of DNA and ultimate metabolites of 2. The struc-
tures of these adducts were confirmed definitively by inde-
pendent chemical synthesis through a palladium-catalyzed
aryl amination reaction. After this study was completed, col-
laborative studies with Phillips and co-workers showed that
diphosphate derivatives of DNA adducts 13a, 14a, and 16a
were really produced in the DNA of rats treated with 3-ni-
trobenzanthrone.? This finding indicates that formation of
compound 10 is predominant in vivo, and subsequent adduct
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formation by 3-nitrobenzanthrone mainly contributes to car-
cinogenesis.?”!

Experimental Section

Materials and Methods

All solvents were of organic-synthesis grade and used without further pu-
rification. HPLC was performed with a Shimadzu LCI10Avp system
equipped with a Shimazdu PDA10Avp photodiode array detector. All
HPLC eluents used were of HPLC grade. NMR spectroscopy was per-
formed on a JEOL JNM-400 spectrometer and J values are given in Hz.
EI MS, FAB MS, and HRMS were performed on a JEOL JMS-a700
mass spectrometer. ESI MS was performed on a Waters ZQ2000 mass
spectrometer. 3-Hydroxyaminobenzanthrone (11), 9, 12b, and its deacet-
ylation product, 2-(2'-deoxyguanosin-8-yl)-3-aminobenzanthrone (12a),
were synthesized by the method previously reported.

Synthetic Procedure

Coupling procedure: Amine (0.1 mmol), bromoarene (0.1 mmol),
[Pd,dba;] (0.05 mmol), xantphos (0.02 mmol), and Cs,CO;5(0.2 mmol)
were dissolved in toluene (1 mL) and stirred for 2 h at the temperature
indicated. After confirmation of the consumption of starting material by
TLC, the solvent was evaporated and the desired coupling compounds
were purified by column chromatography.

Detritylation procedure 1: Trichloroacetic acid (3%, 5mL) in CH,Cl,
was added to a solution of the N-4,4’-dimethoxytritylated nucleoside
(0.1 mmol) in MeOH/CH,Cl,. After confirmation of the disappearance of
the starting material, the reaction mixture was added to a buffer solution
of ammonium formate (pH 6.8). The organic layer was extracted with
brine, dried over sodium sulfate, and evaporated. The residues were sub-
jected to chromatography on silica gel.

Detritylation procedure 2: Same as detritylation procedure 1 except for
the use of monochloroacetic acid (5%) instead of trichloroacetic acid for
cleaving the 4,4’-dimethoxytrityl group.

Deprotection procedure 1: The benzyl group at the O° position of the dG
adduct was removed by catalytic hydrogenation with Pd black/H,. Typi-
cally, the O°-benzylated dG derivative (0.1 mmol) was dissolved in THF.
Pd black (20-30 mg) was added to the solution, which was stirred until
the initial spot on TLC under a balloon filled with H, gas disappeared.
After the reaction was complete, the catalyst was removed by filtration
and washed with THF. The filtrate was used for a further deprotection
procedure without any purification.

Deprotection procedure 2: The nitrophenylethyl group of 23 was re-
moved by treatment with DBU. Typically, the protected adducts
(0.5 mmol) were dissolved in acetonitrile/DMF (9:1), DBU (100 puL) was
added, and the mixture was stirred overnight. The reaction mixture was
then extracted with chloroform three times. The organic layer was then
extracted with brine, dried over sodium sulfate, and evaporated. The resi-
due was subjected to silica-gel column chromatography.

Deprotection procedure 3: The silyl protective groups of the ribose
moiety of the DNA adducts were removed by a TEA-3HF. The silylated
DNA adducts (=0.1 mmol) were dissolved in THF, and TEA-3HF
(100 uL) was added. After reaction overnight, the reaction mixture was
evaporated and the resulting residue was subjected to octadecyl silica gel
(ODS) column chromatography.

Acetylation procedure 1: Acetylation of the amine moiety of C8 of 19a,
21a, and 24a was performed by the method of Gillet and Scharer.'”!
Acetic anhydride (5 equiv), triethylamine (5 equiv), and 4’-dimethylami-
nopyridine (0.5 equiv) was added to a solution of pyridine (1 mL). After
confirmation of disappearance of the initial spot on TLC, methanol was
added to the reaction mixture, which was then evaporated and subjected
to chromatography on silica gel.

Acetylation procedure 2: Acetylation of dA-N° adduct derivative 27a
was performed with acetic anhydride (5equiv) and triethylamine
(5 equiv) in dichloromethane. The reaction mixture was then extracted
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with aqueous Na,CO; and then brine. The organic layer was dried over
Na,SO, and then evaporated. The residues were subjected to chromatog-
raphy on silica gel.

Nitro-reduction procedure: Reduction of the nitro group of 23b and 26
to the amine group was performed with [Fe;(CO);,] in methanol/toluene
under reflux conditions as previously indicated.!®!

8: N-bromosuccinimide (1 mmol) was added with stirring to a solution of
3-aminobenzanthrone (5; 1 mmol) in DMF at —20°C. After confirmation
of the disappearance of the initial TLC spot, water was added, and the
resulting reddish-orange precipitate was collected and lyophilized to give
2-bromo-3-aminobenzanthrone (6; 320 mg) almost quantitatively.
'"HNMR ([D¢]DMSO): 6=8.84 (d, J=8.8 Hz, 1H), 8.70 (s, 1H), 8.64
(dd, J=17.6, 0.8 Hz, 1H), 8.45 (d, /=8.0 Hz, 1H), 8.26 (dd, /=8.0, 0.8 Hz,
1H), 7.82 (t, J=8.0 Hz, 1H), 7.74 (dt, J=8.0, 0.1 Hz, 1H), 747 (t, J=
7.9 Hz, 1H), 6.88 ppm (s, 2H); "C NMR ([Dg]DMSO): 6 =181.6, 147.9,
134.3, 133.1, 130.5, 130.4, 130.3, 130.2, 130.2, 127.7, 127.6, 127.3, 126.0,
125.2, 125.2, 124.0, 112.2 ppm; HRMS (EI): m/z caled for C,;H;(BrNO:
322.9945 [M]*; found: 322.9969, 324.9928 (1:1). The resulting 6 was dis-
solved in sulphuric acid, and nitrosyl sulphate (10 equiv), which was
freshly prepared from sodium nitrite in sulphuric acid, was added at 0°C.
After 1 h, this solution was added dropwise to acetic acid at a tempera-
ture not in excess of 20°C. Copper(I) oxide (10 equiv with respect to
starting material) was then added, and the mixture was stirred at room
temperature for 3 h. The reaction mixture was poured into iced water
and extracted with ethyl acetate three times. The combined organic layer
was then treated with aqueous sodium bicarbonate until evolution of
CO, gas ceased, then further extracted with brine, dried over sodium sul-
fate, and evaporated. The resulting residue was subjected to chromatog-
raphy on silica gel with hexane/ethyl acetate (5:1) as an eluent to give 2-
bromobenzanthrone (7; 150 mg, 50%). 'H NMR ([D¢]DMSO): 6 =8.54
(dd, J=17.6, 1.6 Hz, 1H), 8.33 (dd, /=7.6, 1.6 Hz, 1H), 8.23 (d, J=1.6 Hz,
1H) 8.05 (dd, J=8.0, 0.4 Hz, 1H), 7.93 (d, J=1.6 Hz, 1H), 7.92 (dd, J=
6.4, 0.8 Hz, 1H), 7.65-7.60 (m, 2H), 7.46 ppm (dt, /J=8.0 1.2 Hz, 1H);
C NMR ([Dg]DMSO): 6=182.9, 134.6, 133.8, 133.4, 131.4, 131.0, 129.7,
128.9, 128.7, 128.3, 127.5, 127.0, 126.2, 123.0, 120.7 ppm; HRMS (EI): m/z
caled for C;;H,BrO: 307.9836 [M]*; found: 307.9840, 309.9857 (1:1). Bro-
mobenzanthrone 7 thus obtained was dissolved in nitrobenzene. Concen-
trated nitric acid (d=1.5, 5equiv) was added to this solution, and a
brownish-yellow solid separated from the solution. The solid materials
were collected, washed with methanol, and recrystallized from acetic acid
to give 2-bromo-3-nitrobenzanthrone (8; 110 mg, 65%). 'HNMR
([Dg]DMSO): 6=9.02 (s, 1H), 8.69 (d, /=8.0Hz, 1H), 8.66 (d, J=
7.2 Hz, 1H), 829 (d, J=7.6 Hz, 1H), 8.12 (d, J=8.0 Hz, 1H), 8.04 (t, /=
72Hz, 1H), 7.88 (dt, J=7.6Hz, 1H), 7.72ppm (t, J=7.6 Hz, 1H);
BC NMR ([Dg]DMSO): 6 =181.6, 147.9, 134.3, 133.1, 130.5, 130.4, 1303,
130.2, 130.2, 127.7, 127.6, 127.3, 126.0, 125.2, 1252 124.0, 112.2 ppm;
HRMS (EI): m/z caled for C,;HgBrNO;: 352.9688 [M]*; found: 352.9796.
23a:  2-(3,5-Bis-O-tert-butyldimethylsilyl-O°-nitrophenylethyl-2'-deoxy-
guanosin-N’-yl)-3-nitrobenzanthrone (23a; 57 mg, 63%) was obtained
from 3',5'-bis-O-tert-butyldimethylsilyl-O°-nitrophenylethyl-2'-deoxygua-
nosine (22) and 8 by the coupling procedure at a reaction temperature of
100°C. '"HNMR (CDCL): 6=9.79 (s, 1H), 9.12 (s, 1H), 8.68 (d, /=
7.6 Hz, 1H), 8.51 (d, /=8.8 Hz, 1H), 8.39 (d, /=87, 1.1 Hz, 1H), 8.28 (d,
J=8.1Hz, 1H), 8.13 (s, 1H), 8.10 (dt, /=9.0, 2.0 Hz, 2H), 7.86 (t, J=
7.2 Hz, 1H), 7.72-7.60 (m, 1H), 7.59 (t, J=7.6Hz, 1H), 743 (d, J=
8.8 Hz, 1H), 6.47 (t,J=6.5Hz, 1H), 4.82 (t, J=6.8 Hz, 2H), 4.56 (s, 1H),
4.03 (s, 1H), 3.82 (ddd, J=19.0, 11.3, 3.4 Hz, 2H), 3.22 (t, J=6.4 Hz,
1H), 2.62-2.50 (m, 1H), 2.44-2.42 (m, 1H), 0.92 (s, 9H), 0.81 (s, 9H),
0.08 (s, 3H) 0.07 (s, 3H), 0.04 (s, 3H), —0.01 ppm (s, 3H); *C NMR
([Dg]DMSO): 6=183.0, 160.5, 153.9, 152.6, 146.7, 145.4, 139.1, 134.8,
134.5, 133.9, 131.3, 131.2, 129.8, 129.7, 129.3, 128.9, 128.4, 128.3, 128.1,
126.1, 124.0, 123.7, 123.6, 119.0, 118.9, 117.7, 88.1, 83.8, 72.0, 66.8, 62.9,
415, 351, 26.0, 25.7, 185, 18.0, —4.5, —4.7, —5.2, —5.4 ppm; HRMS
(FAB; NBA): m/z caled for Cu,HsoN,O,Si,: 918.3678 [M +H]*; found:
918.3585.
2-(3',5'-Bis-O-tert-butyldimethylsilyl-O°-benzyl-2'-deoxyguanosin-N>-yl)-
3-nitrobenzanthrone: This compound (73 mg, 85%) was obtained from
3',5'-bis-O-tert-butyldimethylsilyl-O°-benzyl-2'-deoxyguanosine and 8 by
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the coupling procedure at a reaction temperature of 100°C. 'H NMR
(CDCL): 6=9.75 (s, 1H), 9.11 (s, 1H), 8.56 (d, J=7.2 Hz, 1H), 841 (d,
J=8.0Hz, 1H), 8.38 (d, /=72 Hz, 1H), 8.24 (d, /=8.0 Hz, 1H), 8.06 (s,
1H), 7.77 (t, J=8.0 Hz, 1H), 7.63 (t, J=7.2 Hz, 1H), 7.52 (t, J=7.6 Hz,
1H), 7.42 (d, J=72 Hz, 2H), 7.29-7.22 (m, 3H), 6.41 (t, J=6.4 Hz, 1H),
5.57 (s, 2H), 4.50 (t, /=2.8 Hz, 1H), 3.96 (s, 1H), 3.72 (m, 2H), 2.56-2.52
(m, 1H), 2.45-2.40 (m, 1H), 0.82 (s, 9H), 0.76 (s, 9H), 0.10 (s, 6 H) 0.09
(s, 3H), 0.07 ppm (s, 3H); *C NMR ([D,]DMSO): 6 =183.0, 160.8, 153.9,
152.6, 135.7, 134.6, 134.1, 133.8, 131.3, 131.2, 129.9, 129.3, 128.9, 1284,
128.3, 128.2, 128.1, 126.1, 123.9, 123.8, 118.9, 117.9, 88.0, 83.8, 71.9, 68.9,
62.9, 41.5, 26.0, 25.7, 185, 18.0, —4.5, —4.7, —5.2, —5.4 ppm; HRMS
(FAB; NBA): m/z caled for C,HssNO,Si,: 859.3671 [M+H]*; found:
859.4843.

26: 2-(3',5'-Bis-O-tert-butyldimethylsilyl-2'-deoxyadenosin-N°-yl)-3-nitro-
benzanthrone (26; 54 mg, 72 %) was obtained from 3',5'-bis-O-tert-butyl-
dimethylsilyl-2’-deoxyadenosine (25) and 8 by the coupling procedure at
a reaction temperature of 100°C. "H NMR (CDCl,): 6=9.96 (s, 1H), 8.65
(s, 1H), 859 (d, /=8.0Hz, 1H), 8.42 (dd, J=8.5, 0.8 Hz, 2H), 8.30 (s,
1H), 8.27 (d, J=3.2 Hz, 1H), 7.84-7.70 (m, 2H), 7.61 (t, J=7.5 Hz, 1H),
6.51 (t, J=6.3 Hz, 1H), 4.67-4.65 (m, 1H), 4.05 (dd, J=7.0, 3.2 Hz, 1H),
3.89 (dd, /=113, 42 Hz, 1H) 3.79 (dd, J=11.3, 3.1 Hz, 1H), 2.73-2.60
(m, 1H), 2.52-2.40 (m, 1H), 0.92 (s, 18H), 0.11 ppm (s, 12H); *C NMR
([D]DMSO): 6=182.9 157.2, 152.0, 150.8, 150.0, 140.8, 140.7, 136.2,
135.3, 134.3, 133.8, 132.9, 131.6, 131.1, 130.0, 129.9, 129.4, 129.3, 128.9,
128.7, 128.1, 128.0, 127.9, 126.1, 125.9, 124.3, 123.8, 121.9, 119.2, 88.0,
84.6, 71.9, 62.7, 60.1, 41.3, 26.0, 25.8, 185, 18.0, —4.6, —4.7, —52
—5.3 ppm; HRMS (FAB; NBA): m/z calcd for C;H,yN¢O¢Si,: 753.3252
[M+H]*; found: 753.3317.

21a: N-[3,5-Bis-O-tert-butyldimethylsilyl-N°~-4,4'-dimethoxytrityl-2'-de-
oxyadenosin-8-yl]-3-aminobenzanthrone (21a; 87 mg, 85%) was obtained
from 3',5'-bis-O-tert-butyldimethylsilyl-N°~-4,4'-dimethoxytrityl-8-bromo-
2'-deoxyadenosine (20) and 5 by the coupling procedure at a reaction
temperature of 80°C. '"HNMR (CDCl;): §=8.67 (d, J=7.2 Hz, 1H), 8.6
(brs, 1H), 8.36-8.34 (m, 2H), 8.23 (d, /=82 Hz, 1H), 8.17 (d, /=82 Hz,
1H), 7.82 (s, 1H), 7.67 (t, J=7.8 Hz, 1H), 7.60 (d, J=7.6 Hz, 1H), 7.38
(t, J=7.7Hz, 1H), 7.22-7.06 (m, 14H), 6.63 (d, J=8.7 Hz, 4H), 6.42 (s,
1H), 6.34 (dd, J=17.6, 5.5 Hz, 1H), 4.49-4.45 (m, 1H), 4.08 (q, J=2.7 Hz,
1H), 3.81 (dd, J=11.5, 2.9 Hz, 1H) 3.70 (dd, J=11.5, 3.0 Hz, 1H), 3.63
(s, 6H), 3.00-2.92 (m, 1H), 2.35-2.31 (m, 1H), 0.81 (s, 12H), 0.45 (s,
12H), 0.01 (s, 3H), 0.00 (s, 3H), —0.33 (s, 3H), —0.47 ppm (s, 3H);
BC NMR ([D¢]DMSO): 6=183.8, 157.9, 151.5, 149.6, 148.3, 148.0, 145.7,
137.8, 137.2, 136.3, 133.3, 130,2, 130.1, 129.8, 128.9, 128.8, 128.5, 127.9,
127.7, 127.6, 127.4, 126.5, 126.3, 126.1, 125.4, 122.7, 121.9, 118.4, 118.3,
112.9, 88.4, 85.7, 72.3, 70.3, 62.9, 55.1, 39.9, 29.7, 25.8, 25.6, 18.2, 18.0,
142, —4.44, —4.66, —5.62, —5.64 ppm; HRMS (FAB): m/z caled for
CooHgoNOgSi,: 1025.4817 [M +H]*; found: 1025.7704.
N-[3',5'-Bis-O-tert-butyldimethylsilyl-2'-deoxyadenosin-8-yl]-3-amino-
benzanthrone: This compound (50 mg, 80 %) was obtained from 21a with
detritylation procedure 1. 'H NMR (CDCL): 6=38.61 (d, J=7.2, 1H), 8.6
(brs, 1H), 8.36-8.34 (m, 2H), 8.20-8.14 (m, 2H), 8.1-8.0 (m, 3H), 7.6-
749 (m, 1H), 7.35 (t, J=7.6 Hz, 1H), 7.14-7.12 (m, 3H), 7.01 (d, /=
6.8 Hz, 1H), 6.67 (dd, /=8.0, 2.0 Hz, 1H), 6.34 (s, 1 H), 5.46 (s, 2H), 4.45
(brs, 1H), 4.01 (s, 1H), 3.81 (d, J=2.0 Hz, 1H), 3.64 (d, /=2.0 Hz, 1H),
3.00-2.85 (m, 1H), 2.39-2.31 (m, 1H), 0.79 (s, 9H), 0.42 (s, 9H), 0.02 (s,
3H), 0.01 (s, 3H), —0.38 (s, 3H), —0.49 ppm (s, 3H); "C NMR (CDCl,):
0=183.8, 158.4, 152.4, 150.0, 149.2, 148.0, 147.2, 139.4, 136.9, 136.0, 133.3,
130.1, 129.8, 129.0, 128.8, 128.5, 128.0, 127.8, 127.7, 127.6, 127.5, 126.4,
126.2, 126.1, 125.4, 124.9, 122.7, 121.9, 118.4, 112.9, 88.3, 85.5, 81.3, 72.3,
62.9, 55.1, 39.9, 31.9, 29.7, 25.8, 25.6, 18.2, 18.0, 14.2, —4.44, —4.66, —5.62,
—5.64 ppm; HRMS (FAB; NBA): m/z calcd for C3HsN¢O,Si,: 723.3511
[M+H]*; found: 723.3436.

15a: N-(2'-Deoxyadenosin-8-yl)-3-aminobenzanthrone (15a) was ob-
tained from N-[3',5-bis-O-tert-butyldimethylsilyl-2’-deoxyadenosin-8-yl]-
3-aminobenzanthrone by deprotection procedure 3 in almost quantitative
yield (33 mg). '"H NMR ([D4]DMSO): §=9.49 (s, L H, NH of BA), 8.73—-
8.63 (m, 4H, 4-H, 6-H, 11-H, 8-H of BA), 8.56 (d, /=7.8 Hz, 1H, 1-H of
BA), 833 (d, J=8.0Hz, 1H, 2-H of BA), 8.03 (s, 1H, 2-H of A), 7.94-
7.81 (m, 3H, 8-H, 5-H, 10-H of BA), 7.58 (t, J=7.2 Hz, 1H, 9-H of BA),
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6.84 (s, 2H, NH, of A), 6.56 (brs, 1H, 1'-H of dR), 5.73 (s, 1H, 5-OH of
dR), 5.32 (s, 1H, 3'-OH of dR), 4.46 (s, 1H, 3-H of dR), 3.97 (s, 1H, 4-
H of dR), 3.77-3.72 (m, 2H, 5-H of dR), 3.62 (brs, 1H, 5-H of dR),
3.05-3.00 (m, 1H, 2"-H of dR), 2.27-220 ppm (m, 1H, 2-H of dR);
BCNMR (CDCL): 6=182.5, 153.5, 150.1, 1485, 147.4, 139.9, 135.8,
133.8, 130.5, 129.6, 129.3, 127.7, 127.1, 126.3, 126.1, 126.0, 123.4, 120.8,
118.7, 116.5, 87.7, 84.0, 71.3, 61.7 ppm; HRMS (FAB): m/z caled for
CyHy;NO,: 495.1780 [M +H]*; found: 495.1686.

15b: Compound 21a was acetylated by acetylation procedure 1. The re-
sulting compound 21b was purified by column chromatography and fur-
ther treated with detritylation procedure 2 followed by deprotection pro-
cedure 3 to give N-(2'-deoxyadenosin-8-yl)-3-acetylaminobenzanthrone
(15b; 30 mg, 35% from 21a). 'H NMR (CD;0D): § =8.75-8.50 (m, 3H),
8.28-8.23 (m, 2H), 8.14 (s, 1H), 8.01-7.60 (m, 3H), 7.47 (t, J=7.3 Hz,
1H), 6.57 (brs, 1H), 4.69 (brs, 1H), 424 (brs, 1H), 3.94 (brs, 1H), 3.81
(brs, 1H), 3.25-3.00(m, 1H), 2.52-2.30 (m, 1H), 220 ppm (s, 3H);
BCNMR (CD;OD): 6=184.6, 157.3, 153.3, 149.7, 145.7, 139.3, 136.5,
135.0, 132.2, 131.7, 131.2, 130.0, 129.8, 129.4, 128.6, 125.7, 124.9, 90.7,
88.1, 73.8, 64.4, 39.8 ppm; HRMS (FAB): m/z caled for CyH,sN¢Os:
537.1886 [M +H]*; found 537.3231.

16a: Compound 26 was treated with the nitro-reduction procedure, and
the product was purified by column chromatography to give 2-(3',5'-bis-
O-tert-butyldimethylsilyl-2'-deoxyadenosin-N°-yl)-3-aminobenzanthrone
(27a; 51 mg, 76%). '"H NMR (CDCl;): 6=8.72 (d, J=7.2 Hz, 1H), 8.45-
8.36 (m, 3H), 8.28-8.26 (m, 1H), 8.19 (d, /=8.8 Hz, 1H), 8.10-8.02 (m,
2H), 7.93 (s, 1H), 7.69-7.38 (m, 2H), 6.47 (dt, J=6.4, 2.7 Hz, 1H), 4.63—
4.60 (m, 1H), 4.03 (q, /=3.3 Hz, 1H), 3.89 (dt, /=112, 41 Hz, 1H), 3.78
(dt, J=114, 2.7 Hz, 1H), 2.72-2.60 (m, 1H), 2.50-2.43 (m, 1H), 0.91 (s,
9H), 0.90 (s, 9H), 0.10 (s, 6H), 0.09 ppm (s, 1 H); *C NMR (CDCL,): 6=
183.6, 141.8, 140.9, 139.5, 139.4, 136.4, 135.2, 133.0, 131.7, 130.8, 129.7,
129.6, 128.7, 128.5, 128.2, 127.9, 127.8, 127.7, 127.4, 127.3, 127.2, 126.5,
126.0, 125.3, 125.2, 123.5, 123.2, 122.7, 122.1, 120.3, 118.5, 117.1, 116.6,
116.2, 87.9, 84.5, 71.9, 71.7, 62.8, 41.5, 41.3, 26.1, 25.8, 18.5, 18.1, —4.4,
—4.5, =51, —-52ppm; HRMS (FAB; NBA): m/z caled for
CyH5NgO,Si,: 723.3511 [M +H]*; found: 723.2997. Compound 27a was
further treated with deprotection procedure 3, and after being left over-
night the reaction mixture was then purified by ODS column chromatog-
raphy to give N-(2’-deoxyadenosin-N’-yl)-3-aminobenzanthrone (16a;
30 mg, 82%). "H NMR ([D¢]DMSO): 6=9.38 (s, 1 H, NH of A6), 8.80 (d,
J=83Hz, 1H, 4-H of BA), 8.65 (d, J=7.3 Hz, 1H, 6-H of BA), 8.48 (s,
1H, 1-H of BA), 8.42 (s, 1H, 8-H of BA), 8.26 (d, J=8.5Hz, 1H, 11-H of
BA), 8.24 (d, J=8.3 Hz, 1H, 8-H of BA), 8.19 (s, 1H, 2-H of BA), 7.79
(t, J=8.0 Hz, 1H, 5-H of BA), 7.67 (t, J=6.4 Hz, 1H, 10-H of BA), 7.42
(t, J=8.0Hz, 1H, 9-H of BA), 6.56 (s, 2H, NH, of BA3), 6.39 (t, J=
6.0Hz, 1H, 1"-H of dR), 5.36 (s, 1H, 5-OH of dR), 5.23 (t, /=6.4 Hz,
1H, 3-OH of dR), 4.41-4.38 (m, 1H, 3-H of dR), 3.86 (dd, J=6.6,
3.9 Hz, 4-H of dR), 3.63-3.57 (m, 1H, 5-H of dR), 3.52-3.46 (m, 1H, 5'-
H of dR), 2.76-2.69 (m, 1H, 2"-H of dR), 2.26 ppm (ddd, /=13.1, 5.9,
2.6 Hz, 1H, 2"-H of dR); "CNMR (CDCL): 6=182.5 (C=0O of BA),
1542 (AS), 152.1 (A2), 1492 (A4), 1445 (BA3), 140.0 (AS8), 136.8
(BAlla), 133.4 (BA10), 130.3 (BA4), 129.2 (BA6), 128.4 (BA7a), 128.3
(BA1), 127.6 (BA6a), 126.8 (BAS8) 126.5 (BAllc), 125.8 (BA9), 124.4
(BAS), 122.9 (BA3a), 122.5 (BAll), 1204 (A6), 1183 (BA2), 1123
(BA11b), 83.0 (dR4'), 84.1 (dR1’), 71.0 (dR3'), 61.9 (dR5’), ~40.0 ppm
(dR2’; overlapping with DMSO); HRMS (FAB; NBA): m/z calcd for
CyHy;NO,: 4951780 [M +H]™*; found 495.1758.

16b: Compound 27a was treated with acetylation procedure 2 followed
by column chromatography to give N-[3',5'-bis-O-tert-butyldimethylsilyl-
2'-deoxyadenosin-N°-yl]-3-acetylaminobenzanthrone (27b; 33 mg, 61%).
HRMS (FAB): m/z caled for C,Hy;NqOsSi,: 765.3616 [M+H]*; found:
765.3782. Compound 27b was further treated with deprotection proce-
dure 3. The reaction mixture was evaporated and subjected to chroma-
tography with ODS to give N-(2'-deoxyadenosin-N’-yl)-3-acetylamino-
benzanthrone (16b; 23 mg) quantitatively. '"H NMR ([Dg]DMSO): 6=
9.94 (s, 1H), 9.09 (s, 1H), 8.55 (dd, /=72, 1.1 Hz, 1H), 8.50 (s, 1H), 8.43
(d, J=8.5Hz, 1H), 8.36 (dd, /=7.8, 1.5 Hz, 1H), 8.20 (d, /=8.3 Hz, 2H),
8.09 (s, 1H), 7.90 (t, J=7.2Hz, 1H), 7.77 (t, J=7.9 Hz, 1H), 7.66 (t, J=
7.9 Hz, 1H), 7.32-7.25 (m, 1H), 6.41 (t, J=7.0 Hz, 1H), 532 (s, 1H), 5.13
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(s, 1H), 4.43 (s, 1H), 3.89 (s, 1H), 3.65-3.50 (m, 2H), 2.81-2.74 (m, 1H),
250 (s, 3H), 230ppm (ddd, J=13.0, 65, 3.0Hz 1H); CNMR
([D¢]DMSO): 6=182.4, 169.7, 153.9, 151.8, 149.3, 140.6, 135.1, 134.0,
133.5, 131.5, 130.8, 130.0, 128.6, 128.1, 127.7, 127.3, 127.0, 126.8, 125.1,
124.4, 123.4, 122.1, 120.2, 87.9, 83.9, 70.9, 61.8, 13.5 ppm; HRMS (FBA;
NBA): m/z caled for C,yH,sN¢Os: 537.1886 [M +H]*; found: 537.1910.

14a: Compound 23a was treated according to deprotection procedure 2.
The reaction mixture was purified by column chromatography to give (2-
(3',5"-bis-O-tert-butyldimethylsilyl-2'-deoxyguanosin-N>-yl)-3-nitrobenzan-
throne (23b; 54 mg, 75%). '"H NMR (CDCl;): 6 =13.41 (s, 1 H), 12.46 (s,
1H), 8.17 (d, J=4.0 Hz, 1H), 8.09 (s, 1H), 7.91 (d, /=4.8 Hz, 1H), 7.72
(s, 1H), 7.44-6.94 (m, SH), 6.65 (s, 2H), 6.57 (brs, 1H), 5.02 (s, 1H), 3.98
(s, 1H), 3.27 (brs, 2H), 2.89-2.85 (m, 1H), 2.37-2.31 (m, 1H), 0.64 (s,
9H), 0.12 (s, 9H), —0.04 (s, 3H), —0.16 (s, 3H), —0.97 (s, 3H),
—1.26 ppm (s, 3H). The resulting 23b was further treated according to
the nitro-reduction procedure to give 2-(3',5'-bis-O-tert-butyldimethylsi-
lyl-2'-deoxyguanosin-N>-yl)-3-aminobenzanthrone (24a; 33 mg, 65%).
'HNMR (CDCly): 6=8.76-8.37 (m, 3H), 8.00-7.77 (m, 4H), 6.13 (s,
1H), 4.44 (s, 1H), 3.95 (s, 2H), 3.71 (br s, 1 H), 2.58-2.27 (m, 2H), 0.91 (s,
18H), 0.80 (s, 12H), —0.24 (s, 9H), —033 ppm (s, 3H). Compound 24a
was immediately treated with deprotection procedure 3 to give 2-(2'-de-
oxyguanosin-N?-yl)-3-aminobenzanthrone (14a; 23 mg, 54%). '"H NMR
([D¢]DMSO): 6=8.81 (d, J=7.7 Hz, 1H, 4-H of BA), 8.72 (s, 1H, 8-H of
G), 8.64 (dd, /=73, 1.0 Hz, 1H, 6-H of BA), 8.36 (d, /=79 Hz, 1H, 8-H
of BA), 827 (dd, /=79, 1.3 Hz, 1H, 11-H of BA), 7.97 (s, 1H, 1-H of
BA), 7.79 (t, J=7.8 Hz, 1H, 5-H of BA), 7.75-7.70 (m, 1H, 9-H of BA),
7.44 (t,J=7.4 Hz, 1H, 10-H of BA), 6.71 (s, 2H, NH, of BA), 6.00 (t, /=
6.1 Hz, 1H, 1"-H of dR), 5.05 (s, 1H, 3'-OH of dR), 4.69 (t, J=4.9 Hz,
1H, 5'-OH of dR), 4.09 (s, 1H, 3-H of dR), 3.65 (td, /=4.7, 2.8 Hz, 1H,
4'-H of dR), 3.36-3.30 (m, 1H, 5-H of dR), 2.58-2.51 (m, 1H, 2"-H of
dR), 2.09ppm (dq, /=132, 3.1Hz, 1H, 2-H of dR); “CNMR
([Dg]DMSO): 6 =182.4 (C=0 of BA), 156.6 (G6), 151.4 (G2), 150.1 (G4),
1433 (G8), 136.8 (BA3), 135.7 (BAlla), 133.3 (BA10), 130.1 (BA4),
129.0 (BA®6), 128.5 (BA7a), 127.6 (BA6a), 126.9 (BA1), 126.8 (BAS),
126.2 (BAllc), 125.7 (BA9) 124.3 (BAS), 122.9 (BA1l), 122.4 (BA3a),
117.7 (BA2), 117.1 (G5), 112.6 (BAllb), 87.6 (dR1’), 82.6 (dR4'), 70.7
(dR3’), 61.6, (dRS') 55.9 ppm (dR2); HRMS (FAB): m/z caled for
C,;H,3N(Os: 511.1729 [M +H]*; found: 511.1767.

14b: Compound 24a was acetylated with acetylation procedure 1 to give
24b, followed by deprotection procedure 3 to give 2-(2'-deoxyguanosin-
N?-yl)-3-acetylaminobenzanthrone ~ (14b; 18mg, 52%). 'HNMR
([D]DMSO): 6=10.1 (s, 1H), 9.84 (s, 1H), 8.54 (dd, J=7.4, 1.1 Hz, 1H),
8.49 (d, J=79Hz, 1H), 844 (s, 1H), 8.35-8.33 (m, 2H), 8.13 (s, 1H),
7.96 (t, J=7.0 Hz, 1H), 7.90 (t, J=7.8 Hz, 1H), 7.66 (d, J=7.3 Hz, 1H),
6.32 (t, /J=6.8 Hz, 1H), 5.27 (d, J=3.6 Hz, 1H), 4.86 (s, 1H), 4.28 (s, 1 H)
3.86 (dt, /=72, 24Hz, 1H), 2.72-2.4 (m, 1H), 2.31 (s, 3H), 2.28-
226 ppm (m, 1H); "C NMR ([D¢]DMSO): 6 =182.4, 170.1, 156.6, 149.4,
149.3, 136.1, 135.3, 134.4, 134.3, 133.9, 130.4, 130.2, 130.1, 128.6, 127.7,
127.6, 127.3, 124.0, 123.9, 123.5, 120.7, 87.9, 82.8, 70.7, 61.6, 22.5 ppm;
HRMS (FAB): m/z caled for CyH,sN¢O4: 553.1836 [M+H]™; found:
553.2184.

13b:" Compound 19a was prepared by the reported procedure.'”¢!
Compound 19a was treated according to acetylation procedure 1, detrity-
lation procedure 2, then deprotection procedure 1. The resulting filtrate
was further treated with deprotection procedure 3. After the solvent was
evaporated, the resulting residue was subjected to ODS column chroma-
tography to give N-(2'-deoxyguanosin-8-yl)-3-acetylaminobenzanthrone
(13b; 25 mg, 45%). '"HNMR ([D,]DMSO): 6=10.77 (s, 1H), 8.80-8.50
(m, 4H), 8.31 (t, J=7.4Hz, 1H), 8.20-7.60 (m, 4H), 6.60-6.25 (m, 3H),
5.30 (s, 1H), 4.69 (brs, 1H), 4.49 (brs, 1H), 3.98 (brs, 1H), 3.75-3.58 (m,
2H), 3.15-3.00 (m, 1H), 2.25 (s, 3H), 2.0-1.95 ppm (m, 1H); *C NMR
([Dg]DMSO): 6=182.8, 171.9, 171.2, 156.3, 155.8, 153.4, 153.1, 150.3,
150.1, 140.2, 138.6, 138.4, 134.9, 134.0, 131.8, 131.4, 129.9, 129.6, 129.0,
128.1, 127.9, 88.2, 73.8, 64.4, 39.8 ppm; HRMS (FAB): m/z caled for
CyoH,5NOg: 553.1835 [M +H]*; found: 553.1959.

13a:1'""!! N-(2’-Deoxyguanosin-8-yl)-3-aminobenzanthrone (13a) was ob-
tained by the same procedure previously reported.'’? 'HNMR
([DJDMSO, 600 MHz): 6=10.61 (s, 1 H, N1H of dG), 9.11 (s, 1 H, NH of
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BA), 8.69 (d, /J=7.6 Hz, 2H, 1-H, 4-H of BA), 8.66 (d, /=8.3 Hz, 1H, 4-
H of BA), 853 (d, /=83 Hz, 1H, 11-H of BA), 8.32 (d, /=88 Hz, 1H,
8-H of BA), 7.90 (t, J=7.7Hz, 1H, 5-H of BA), 7.83 (t, J=7.7Hz, 1H,
10-H of BA), 7.73 (d, J=7.7 Hz, 1H, 2-H of BA), 7.57 (t, J=7.7 Hz, 1H,
9-H of BA), 6.37 (s, 2H, NH, of G), 6.32 (t, J=6.6 Hz, 1H, 1"-H of dR),
5.33 (s, 1H, 3-H of dR), 5.25 (d, J=3.8 Hz, 1H, 5-H of dR), 4.38 (brs,
1H, 3-H of dR), 3.89 (brs, 1H, 4-H of dR), 3.79-3.69 (m, 1H, 5-H of
dR), 3.62-3.58 (m, 1H, 5"-H of dR), 2.88-2.80 (m, 1 H, 2’-H of dR), 2.19—
2.10 ppm (m, 1H, 2-H of dR); MS (FAB): m/z=511.3 [M+H]*.
Reaction of 10 with 2’-deoxyribonucleosides: TBD-methyl-polystyrene
(Novabiochem; 10 mg) was added to a solution of hydroxyamine deriva-
tive 10 (2 mg) in THF (200 pL), followed by pyruvonitrile (2.4 pL). After
10 min reaction at room temperature, MeOH (10 pL) was added, and the
mixture was filtered. The filtrate was added to a solution of dA, dG, or
DNA (1%, 200 pL) and incubated at 37°C for 4 h. The reaction mixture
was extracted with ethyl acetate. In the case of dA or dG, the aqueous
layer was subjected to HPLC. (HPLC condition A for dG: a column of
Cosmosil C-18 ARII (Nacalai tesque, 4.6x250 mm?) was used at a flow
rate of 1.0 mLmin~' with 24.6 % acetonitrile in 20 mm triethylamine ace-
tate buffer at pH 7. HPLC condition B for dA: a column of Cosmosil C-
18 ARII (Nacalai tesque, 4.6x250 mm) was used at a flow rate of
1.0 mLmin~" with a linear gradient of 15—40% acetonitrile in 20 mm
triethylamine acetate buffer at pH 7 for 45 min. Monitoring was done
under UV light of wavelength 320 nm. In the case of DNA, the DNA
was recovered by ethanol precipitation and digested with nuclease mix
and bacterial alkaline phosphatase as indicated in the literature.*

Reaction of 9 with 2’-deoxyribonucleotides: Compound 9 was added to a
solution of 2'-deoxynucleotide (1%, 0.5 mL) and incubated for 12 h at
37°C, followed by extraction and HPLC as with the reaction of 10 with
nucleobases. The following compounds were isolated by the reported
procedure. 512!

14b: 2-(2-Deoxyguanosin-8-yl)-3-acetylaminobenzanthrone (~6%);
"HNMR ([D¢]DMSO): §=10.82 (brs, N1H of G), 8.89 (d, J=8.6 Hz,
1H, 6-H of BA), 8.71 (d, /=7.4 Hz, 1H, 4-H of BA), 8.57 (s, 1H, 1-H of
BA), 837 (d, J=8.1 Hz, 1 H, 11-H of BA), 8.30 (d, J=8.1 Hz, 1H, 8-H of
BA), 7.86 (t, J=8.1 Hz, 1H, 5-H of BA), 7.74 (dt, J=8.1, 7.4 Hz, 1H, 10-
H of BA), 7.47 (t, J=7.4 Hz, 1H, 9-H of BA), 7.31 (s, 2H, NH, of BA),
6.45 (s, 2H, NH, of G), 6.01 (t, J=6.8 Hz, 1H, 1’-H of dR), 5.04 (d, /=
4.4 Hz, 1H, 5-OH of dR), 5.09-4.98 (m, 1H, 3-OH of dR), 4.30 (ddd,
J=82,3.6,2.7Hz, 1H, 3-H of dR), 3.74 (dd, /=4.9, 3.6 Hz, 1 H, 4-H of
dR), 3.59 (ddd, J=11.5, 5.1, 44 Hz, 1H, 5-H of dR), 3.56 (ddd, J=11.5,
4.9, 44 Hz, 1H, 5"-H of dR), 3.11-2.80 (br m, 1H, 2-H of dR), 2.07 ppm
(dddd, /=19.1, 6.8, 6.5, 2.7 Hz, 1H, H-2" (dR); MS (ESI): m/z=510.9
[M+1]*.

17:21 (9'-(2"-Deoxyribofuranosyl) )purino[6',1':2,3]imidazo[5,4-p]-(1,11b-
dihydro-(N-acetyl-3-amino))benzanthrone (17; ~5 %) was obtained as a
mixture of enantiomers by the same procedure previously reported.!'”
"H NMR ([D¢]DMSO): §=9.54 (s, NH(amide)), 8.68 (s, 1 H, A2), 8.20 (s,
1H, A8), 8.14 (d, J=6.8 Hz, 1H, 8-H of BA), 8.12 (d, /=7.1 Hz, 1H, 6-H
of BA), 7.79 (d, J=7.3 Hz, 1H, 4-H of BA) 7.71 (d, J=7.1 Hz, 1H, 11-H
of BA), 7.70 (t, J=7.6 Hz, 1H, 9-H of BA), 7.64 (t, J=7.7Hz, 1H, 5-H
of BA), 7.58 (t, J=7.0 Hz, 1H, BA10), 6.56 (brs, 1H, 1-H of BA), 6.35
(brs, 1H, 2-H of BA), 6.29 (brs, 1H, 1'-H of dR), 442 (s, 3-H of dR),
3.91 (s, 4-H of dR), 3.59 (dd, /=26.5, 9.1 Hz, 1H, 5-H of dR), 2.63-2.60
(m, 1H, 2"-H of dR), 2.35-2.28 (m, 1H, 2’-H of dR), 2.13 ppm (s, 3H,
CH,;); MS (ESI): m/z=537 [M+1]*.
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Synthesis of Optically Active P-Chiral and Optically Inactive

Oligophosphines

Yasuhiro Morisaki, Yuko Ouchi, Kensuke Naka, and Yoshiki Chujo**

Abstract: A series of optically active P-
chiral oligophosphines  (S,R,R,S)-2,
(S,R,S,S,R,S)-3, (S,R.S,R,R,S,R,S)-4, and
(S,R,S,R,S,R,R,S,R,S,R,S)-5 with four,
six, eight, and 12 chiral phosphorus
atoms, respectively, were successfully
synthesized by a step-by-step oxidative-
coupling reaction from (S,S)-1. The cor-
responding optically inactive oligo-
phosphines 1'-5" were also prepared.
Their properties were characterized by

(5,9)-1 and tetraphosphine (S,R,R,S)-2
behaved as small molecules, octaphos-
phine (S,R,S,R,R,S,R,S)-4 and dodeca-
phosphine  (S,R,S,R,S,R,R,S,R,S,R,S)-5
exhibited the features of a polymer.
Furthermore, DSC and XRD analyses
showed that hexaphosphine
(S,R,S,S,R,S)-3 is an intermediate be-

Keywords: amorphous materials -
chiral polymers - oligomers -

tween a small molecule and a polymer.
Comparison of optically active oligo-
phosphines 1-5 with the corresponding
optically inactive oligophosphines 1'-§
revealed that the optically active phos-
phines have higher crystallinity than
the optically inactive counterparts. It is
considered that the properties of oligo-
phosphines depend on the enantiomer-
ic purity as well as the oligomer chain
length.

DSC, XRD, and optical-rotation analy-
ses. While optically active bisphosphine

Introduction

Over the past three decades, optically active polymers, espe-
cially helical polymers, have been extensively studied owing
to their characteristic properties such as molecular recogni-
tion, chiral amplification, chiral transcription, and conforma-
tion storage. Most naturally occurring polymers, for exam-
ple, DNA and protein, are composed of chiral carbon
atoms,! and their chiral structures are closely associated
with highly sophisticated functions such as replication and
repair. Artificial chiral polymers are generally prepared by
polymerization of chiral monomers? or asymmetric poly-
merization of optically inactive monomers by using chiral
reagents.””) Helical induction and chiral amplification of opti-
cally inactive polymers by chiral additives are also well-ac-
knowledged.” For both naturally occurring and artificial
chiral polymers, their chirality is mainly derived form chiral
carbon atoms or chiral axes.

[a] Dr. Y. Morisaki, Y. Ouchi, Dr. K. Naka, Prof. Dr. Y. Chujo
Department of Polymer Chemistry
Graduate School of Engineering
Kyoto University
Katsura, Nishikyo-ku, Kyoto 615-8510 (Japan)
Fax: (481)75-383-2607
E-mail: chujo@chujo.synchem.kyoto-u.ac.jp
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oligophosphines - phosphorus

The synthesis of optically active polymers that contain
heteroatoms as chiral centers has rarely been reported to
date in spite of remarkable progress in the synthetic strategy
of chiral polymers.”! Recently, we focused on the chiral
phosphorus atom for constructing optically active poly-
mers,*” because of its potential ability to coordinate to
transition metals and the application of the polymers as
chiral ligands and metal sensors.”’! In our previous work, we
produced optically active polymers® and oligomers” that
contain a chiral bisphosphine unit by using (S,S)-1,2-bis-
(boranato(tert-butyl)methylphosphanyl)ethane ((S,5)-1) as
the key monomer. (S,S)-1 was produced by Imamoto et al.”’!
as the chiral ligand for asymmetric hydrogenation reactions.
Chiral bisphosphine (S,5)-1 can be easily accessed with high
enantiomeric excess (>99%) from trichlorophosphine. Tri-
alkylphosphines such as (S,5)-1 are rarely known to race-
mize even at considerably high temperatures.'”)

We previously prepared a series of optically active oligo-
phosphines  (S,R,R,5)-21  (SR,S,S.R.S)-3,  and
(S.R,S,R,R,S,R,S)-4"" (Scheme 1), which have four, six, and
eight chiral phosphorus atoms, respectively. In the present
work, we synthesized optically active dodecaphosphine
(S,R,S,R,S,R,R,S,R,S,R,S)-5, which has 12 chiral phosphorus
atoms, and the optically inactive oligophosphines 1'-5" that
correspond to each chiral oligophosphine. The synthetic pro-
cedures and the properties of all the optically active oligo-

Chem. Asian J. 2007, 2, 1166-1173
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Scheme 1. The optically active oligophosphines 2-4 we prepared
previously.”!

phosphines 1-5 and optically inactive oligophosphines 1'-5'
are summarized and discussed in detail.

Results and Discussion
Synthesis of the Optically Active Oligophosphines

Optically active  oligophosphines  (S,R,R,S)-2"  and
(S,R,S,S,R,5)-3" which contain four and six phosphorus
atoms, respectively, were synthesized by an oxidative cou-
pling reaction of (§,5)-1 (Scheme 2). The yield of (S,R,R,S)-
2 and (S,R,S,S,R,S)-3 depended on the amount of sec-BuLi.
To obtain (S,R,S,S,R,S)-3 in the highest yield of 14%,
1.2 equivalents of sec-BuLi with respect to the methyl group
were required for mono- and dilithiation of the methyl
groups of (S,5)-1. Optically active octaphosphine
(S,R,S,\R,R,S,R,S)-4 (29% yield) and dodecaphosphine
(S,R,S,R,S,R,R,S,R,S,R,S)-5 (8% yield) were also prepared
by the same method from (S,R,R,S)-2 by using 5 equivalents
of sec-BuLi (Scheme 3). In both cases, (—)-sparteine was
used for the activation of BuLi, although the reactions did

Abstract in Japanese:
REYVVET R 220HT 5 (551 ZEEOHIIKGIETH ZE
2L, AEY CVRTEERER T 2 REEEA Y SRR T
(S,R,R,S)-2. (S,R.S,S,R.S)-3. (S,R,S,R,R,S,R,S)-4. (S,R,S,R,S,R,R,S,R,S,
RS)-S DERL, HEECREII Liz, (5.5)-1. (SRRS)-2 BMEZTF. (S,
RS.SRS)-3 W7 ENT 7 AMESF. (S,RSRR.SR.S)-4, (S,RS.RSR,
RS,RSRS)-S BRY =w—& LTOWEZEZRTZEEXPESLMNT LT,
BIRERK LI EREE A IRAT 00 1-5 Ltk % besg
L. HEME CHEPBERREBICES 2 2RELBRIT L,
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Scheme 2. Synthesis of optically active tetraphosphine (S,R,R,S)-2 and
hexaphosphine (S,R,S,S,R,S)-3.

not involve an asymmetric reaction. Each reaction yielded
the intramolecular coupling compound, that is, cyclic bis-
phosphine™ from (S,5)-1 and cyclic tetraphosphine’® from
(S,R,R,S)-2. These optically active phosphines 2-5 were
easily separated by SiO, column chromatography or recy-
cling high-performance liquid chromatography (HPLC). All
chiral oligophosphines were characterized by 'H, “C, and
3P NMR spectroscopy as well as mass spectrometry. They
were air- and moisture-stable owing to coordination of BH;
to the phosphorus atoms, which prevented their oxidation.!

Synthesis of the Optically Inactive Oligophosphines

First, we synthesized optically inactive bisphosphine 1’ from
tert-butyldimethylphosphineborane without (—)-sparteine,
and 1’ was obtained in 38% vyield as a mixture of rac-1
((S5)-1 and (R,R)-1) and meso-1 ((S,R)-1=(R,S)-1)
(Scheme 4). Optically inactive tetraphosphine 2’ and hexa-
phosphine 3’ were prepared from bisphosphine 1’ in 30 and
3% vyield, respectively (Scheme 5).

Both 2’ and 3’ are a mixture of rac- and meso-oligophos-
phines; however, simple SiO, column chromatography easily
separated each oligophosphine (2@ R;=0.67 in CH,Cl,,
100%; 3": R;=0.58 in CH,Cl,, 100 % ). Optically inactive oc-
taphosphine 4 and dodecaphosphine 5§ were also synthe-
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Scheme 3. Synthesis of optically active octaphosphine (S,R,S,R,R,S,R,S)-4 and dodecaphosphine (S,R,S,R,S,R,R,S,R,S,R,S)-5.
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Scheme 4. Synthesis of optically inactive bisphosphine 1'. E R: S: R: R SL R))-S

3.3% < (SRS.SRR)3

sized by the same procedure with 5 equivalents of sec-BuLi

in 20 and 9% yield, respectively (Scheme 6). Scheme 5. Synthesis of optically inactive tetraphosphine 2’ and hexaphos-
phine 3'.
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Scheme 6. Synthesis of optically inactive octaphosphine 4" and dodecaphosphine 5'.
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DSC Analysis of the Optically Active and Inactive
Oligophosphines

Differential scanning calorimetry (DSC) analysis of the oli-
gophosphines revealed their behavior in the solid state
under heating. Although we have already shown the DSC
curves of optically active oligophosphines
(S.R,S,S,R,S)-3, and (S,R,S,R.R,S,R,S)-4 in previous work,”!
we summarize and discuss again their DSC results along
with optically active dodecaphosphine (S,R,S,R,S,R,R,S,R,
S,R,S)-5 and the corresponding optically inactive oligophos-

phines 2"-5'.

DSC  thermograms  are
shown in Figure 1: Figure 1 A—
D for optically active oligo-
phosphines 2-5 and Fig-
ure 1 E-H for optically inactive
oligophosphines 2'—5'.113]

As shown in Figure 1 A, op-
tically active tetraphosphine
(S,R,R,S)-2 behaved as a
simple small molecule with the
only melting point (7,) at
204-205°C without a glass-
transition temperature (7).
Incidentally, it is reported that
bisphosphine (S,5)-1 has its
only T,, at 169-171°C.!

In Figure 1B, hexaphosphine
(S,R,S,S,R,S)-3 exhibited two
different solid states. In the
first cycle, (S,R,S,S,R,S)-3 had
its only 7, at 194°C. In the
second cycle, it showed a T, of
59°C, a recrystallization point
(T.) of 154°C, and a T, of
192°C. When the sample was
allowed to cool to ambient
temperature after recrystalliza-
tion and before melting in the
third cycle, (S,R,S,S,R,S)-3 ex-
hibited its only 7, at 191°C
again, without T, and T, in the
fourth cycle. Optically active
hexaphosphine (S,R,S,S,R,S)-3
behaved as a crystalline solid;
however, once melted, it be-
haved as an amorphous solid.
This result indicates that
(S,R,S,S,R,S)-3 is an amor-
phous small molecule, a so-
called molecular glass.' XRD
analysis also supports this in-
terpretation (see below).

In Figure 1C, optically
active octaphosphine
(S,R,S,R,R,S,R,S)-4 exhibited a

Chem. Asian J. 2007, 2, 1166-1173
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typical T, at 53°C and T; at 138°C in the first scan, and it
showed a T, at 76°C in the second scan. The rise in T,

seems to be attributed to a decrease in mobility of

(S,R,R,S)-2,

(A
o
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Figure 1. DSC  thermograms of optically

(S,R,S,R,R,S,R,S)-4 due to local crystallization.

In Figure 1D, dodecaphosphine (S,R,S,R,S,R,R,S,R,S,R,S)-
5 also exhibited its T, at 78°C and T, at 146°C in the first
scan; after that, a T, at the higher temperature of 105°C
was observed. Optically active oligophosphines 4 and 5 be-
haved like polymers. However, we cannot conclude that oli-
gophosphines 4 and 5 are polymers on the basis of Fig-
ure 1C and D. On the other hand, the distinct changes in
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phosphines ~ A) (S,R,R.5)-2, B) (S,RS,S,R.S)-3,

C) (S,R,S,R,R,S,R,S)-4, and D) (S,R,S,R,S,R,R,S,R,S,R,S)-5, and optically inactive phophines E) 2, F) 3, G) 4,

and H) 5.
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crystallinity on elongating the
oligomer main chain suggest
that optically active oligophos-
phines 4 and 5 have become
polymer-like.

Figure 1E-H shows the
DSC thermograms of optically
inactive oligophosphines 2-§'.
The thermograms display the

same trend as those of the op- (B)

Y. Chujo et al.

(F)

tically active phosphines 2-5.
Furthermore, each optically in-
active oligophosphine exhibit-
ed a more amorphous property
compared to the corresponding
optically active oligophosphine
with the same oligomer chain

N

(H)

length. For example, whereas
(S,R,R,S)-2 exhibited only a T,
without a 7, (Figure 1 A), opti-
cally inactive tetraphosphine 2’
displayed a T, (Figure 1E). In

)

Il 1 | 1 1 1 1 1 L 1 J

the second cycles of 4’ and &',
the small T, peaks were ob-
served at around 80 and
100°C, respectively (Figure 1G
and H). Each optically inactive
oligophosphine is a mixture of
enantiomers and diastereomers
dissimilar to the optically pure
oligophosphine. Therefore, the
crystallinity of the optically active oligophosphine seems to
be better than that of the optically inactive counterpart. The
properties of the oligophosphines in the solid state are af-
fected by the enantiomeric purity as well as the oligomer
chain length.

26 /°
Figure 2. XRD profiles

XRD analysis of the Optically Active and Inactive
Oligophosphines

Changes in the solid state of optically active oligophos-
phines 2-5 and optically inactive oligophosphines 2'-5’ can
be seen by the XRD patterns in Figure 2A and B, respec-
tively. The longer the chain length of the oligophosphines,
the lower their crystallinity, which is consistent with the re-
sults of the DSC analysis. The XRD pattern of each optical-
ly inactive oligophosphine is broader (Figure 2B) than that
of the corresponding optically active oligophosphine (Fig-
ure 2A), thus indicating that optically inactive oligophos-
phines 2'-5" are more amorphous than optically active oligo-
phosphines 2-5.

On the other hand, the XRD pattern of optically active
hexaphosphine (S,R,S,S,R,S)-3 depends on its solid state
(Figure 2A). The pristine sample of (S,R,S,S,R,S)-3 pro-
duced a relatively high-resolution diffraction pattern, where-
as the sample after solidification of the melt showed a gave
peak. DSC and XRD analyses of (S,R,S,S,R,S)-3 thus sug-

1170
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of optically
C) (S,R.S,S,R.S)-3 (after solidification of melt), D) (S.R,S,R,R.S,R,S)-4, and E) (S,R,S,R,S,R.R,S,R,S,R,S)-5, and
optically inactive phosphines F) 2', G) 3, H) 4, and 1) §'.
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active phosphines

gest that it is intermediate between a small molecule and a
polymer.[>1¢]

Measurement of Optical Rotation

To investigate the behavior of the optically active oligophos-
phines 2-5 in solution, measurement of their optical rota-
tions was carried out, and the results are shown in Table 1.
It was previously reported that the specific rotation [a]3
(c=1.0M in CHCI;) of optically active bisphosphine (S,S)-1
was —9.1 (run 1).”) The specific rotations [a]3 (c=1.0M in
CHCL;) of (S,R,R,S)-2 and [a]Z (¢=0.5M in CHCl;) of
(S,R,S,S,R,S)-3 were —3.4 and —1.8 (runs2 and 3), respec-
tively. In our system, the specific rotation [a], of the oligo-
phosphine should reach zero as the number of chiral phos-
phorus atoms increases, because long oligophosphines seem
like syndiotactic polymers. However, the specific rotations

Table 1. Specific rotations of optically active oligophosphines 1-5.

Run Oligophosphine [a]Z (CHCLy)

1 (5.5)1 —9.1 (c=1.0m)
2 (S.R.R.S)-2 —34 (c=1.0m)
3 (S.R.SS.R.S)-3 ~18 (c=05w)
4 (S.R.S.R.R.S,R,S)-4 +52 (c=1.0m)
5 (S.RS.R.SRR.S.RS.R.S)-5 +47 (c=0.5m)

[a] [a]5

Chem. Asian J. 2007, 2, 1166-1173
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of (S,R,S,R,R,S.R,S)-4 and (S,R,S,R,S,R,R,S,R,S,R,S)-5 exhib-
ited positive values (runs 4 and 5). This result indicates that
chiral phosphorus atoms rotate the plane of polarized
light counterclockwise, whereas the higher-ordered structure
in the present system rotates it clockwise. Furthermore,
it also suggests that optically active oligophophines
(S,R,S,R,R,S,R,S)-4 and (S,R,S,R,S,R,R,S,R,S,R,S)-5 show the
features of a polymer in solution as well as in the solid state
(see above).

Conclusions

Optically active and inactive oligophosphines were success-
fully synthesized by a step-by-step oxidative coupling reac-
tion. According to DSC and XRD measurements, we found
that these oligophosphines changed gradually from crystal-
line to amorphous as the oligomer chain length increased.
Optically active bisphosphine (S,5)-1 and tetraphosphine
(S,R,R,S)-2 behaved like a small molecule, hexaphosphine
(S,R,S,S,R,S)-3 acted as an amorphous small molecule, and
octaphosphine (S,R,S,R,R,S,R,S)-4 and dodecaphosphine
(S,R,S,R,S,R,R,S,R,S,R,S)-5 behaved like a polymer. Com-
parison of the optically active oligophosphine with the cor-
responding optically inactive oligophosphine revealed that
the latter exhibits more amorphous behavior because of the
mixture of racemates and diastereomers. It is considered
that the properties of oligophosphines depend on the enan-
tiomeric purity as well as the oligomer chain length.

Experimental Section
General

'H (270 or 400 MHz) and “C (67.5 or 100 MHz) NMR spectra were re-
corded on a JEOL EX270 or EX400 spectrometer, and samples were an-
alyzed in CDCl; with Me,Si as an internal standard. *'P (109.3 or
161.9 MHz) NMR spectra were also recorded on a JEOL EX270 or
EX400 spectrometer, and samples were analyzed in CDCl; with H;PO,
as an external standard. The following abbreviations are used: s=singlet,
d=doublet, q=quartet, br=broad. DSC thermograms were recorded on
a Seiko DSC200 instrument with approximately 10-mg samples at a heat-
ing rate of 10°Cmin ' under nitrogen atmosphere. The sample was pre-
heated to 110°C and allowed to cool to 0°C. The midpoint of the T,
peak in the thermogram was adopted as the value of the glass-transition
temperature. XRD data were obtained on a Rigaku MiniFlex diffractom-
eter with Cuy, radiation in the range 3 <260 <45° at intervals of 0.01° at a
scanning rate of 0.25°min"". Optical rotations were measured on a Ru-
dolph Research Analytical AUTOPOL IV instrument with CHCI; as a
solvent. Low- and high-resolution mass spectra were obtained on a
JEOL JMS-SX102A spectrometer. MALDI-TOF mass spectra were ob-
tained on a PerSeptive Biosystems Voyager DE-STR spectrometer. Ana-
lytical thin-layer chromatography (TLC) was performed with silica gel 60
Merck F,s, plates. Column chromatography was performed with Wakogel
C-300 silica gel. Recycling preparative HPLC (Japan Analytical Industry
Co. Ltd., Model 918R) was performed with JAIGEL-1H and 2H columns
(GPC) and CHCI; as an eluent. Elemental analysis was performed at the
Microanalytical Center of Kyoto University.

Materials

THF was distilled from sodium benzophenone ketyl under nitrogen. (—)-
Sparteine was distilled from KOH wunder nitrogen. tert-Butyl-
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(dimethyl)phosphineborane and (S,5)-1 were prepared as described
in the literature.”) Optically active oligophosphines (S,R,R,S)-2,7
(S,R.S.S,R,S)-3,™ and (S,R.S,R,R,S,R,S)-47") and optically inactive oligo-
phosphines 1’, 2/, and 3’ were synthesized as described in our previous re-
port;[ﬂ“] however, we summarize again their synthetic procedures herein.
The other materials were purchased and used without further purifica-
tion. All reactions were performed under nitrogen atmosphere with stan-
dard Schlenk techniques.

Syntheses

(S,R,R,S)-2 and (S,R,S,S,R,S)-3: A solution of (—)-sparteine (0.67 mL,
2.9 mmol) in THF (15 mL) was cooled to —78°C under N, atmosphere.
sec-BuLi (1.0M in cyclohexane/n-hexane=95:5, 2.9 mL, 2.9 mmol) was
added to this solution with stirring by a syringe. After 15 min, a solution
of (8,5)-1 (0.64 g, 2.4 mmol) in THF (5.0 mL) was added dropwise, and
the mixture was stirred at —78°C for 3 h. Dry CuCl, (0.49 g, 3.7 mmol)
was added in one portion with vigorous stirring, and the reaction mixture
was allowed to warm slowly to room temperature. After 15 h, the reac-
tion mixture was quenched by the addition of 28% aqueous NH;
(5.0 mL) and extracted with CH,Cl, (3x50 mL). The combined extracts
were washed with aqueous NH; (5% ), HCI (2m), and brine. The organic
layer was dried over MgSO,. After the solvent was removed under re-
duced pressure, the residue was purified by column chromatography on
silica gel with hexane/CH,Cl, (3:1-0:10 v/v) to give (S,R,R,S)-2 (0.16 g,
0.31 mmol, 26%) and (S,R,S,S,R,S)-3 (87 mg, 0.11 mmol, 14 %) as color-
less solids. (S,R,R,S)-2: R;=0.67 (CH,Cl,, 100%); m.p.: 207-208°C
(DSC); [a]p=-3.4 (c=1.0M, CHCL); 'H NMR (270 MHz, CDCL): 6=
0.40 (brq, Jyp=98.8 Hz, 12H, BH;), 1.17 (d, Jup,=13.6 Hz, 18H, PC-
(CH,)3), 120 (d, Jyup=13.6 Hz, 18H, PC(CH,);), 1.24 (d, Jyp=10Hz,
6H, PCH;), 1.57-1.83 (m, 6H, PCH,), 1.83-2.11 ppm (m, 6H, PCH,);
BCNMR (67.5 MHz, CDCl;): 6=5.4 (d, Jcp=35.2 Hz, PCH,), 14.7 (d,
Jep=292Hz, PCH,), 14.8 (d, Jcp=29.1Hz, PCH,), 16.0 (d, Jep=
30.4 Hz, tBuCH;PCH,), 25.0 ((CH;);CCH,P), 25.7 (CH,PC(CHs;);CH,),
27.6 (d, Jcp=32.8Hz, (CH;);CCH,;P), 29.0ppm (d, Jcp=31.5Hz,
CH,PC(CH;);CH,); *P{'H}NMR (1093 MHz, CDCL): 06=315,
39.9 ppm; HRMS (FAB): m/z caled for C,yHgsP,B,: 521.4409 [M—H]*;
found: 521.4392; elemental analysis: calcd (%) for C,,HePBy: C 55.23,
H 12.74; found: C 55.38, H 12.10. (S,R,S,S,R,S)-3: R;=0.58 (CH,Cl,,
100%); m.p.: 191-194°C; [a]5=-1.8 (c=0.5m, CHCL); 'HNMR
(400 MHz, CDCl;): 6=0.00-0.87 (m, 18 H, BH;), 1.17 (d, Jyp=13.6 Hz,
18H, PC(CH,)3), 1.19 (d, Jyp=13.6 Hz, 18H, PC(CHs);), 1.20 (d, Jyp=
13.2Hz, 18H, PC(CH;);), 1.25 (d, Jyp=9.6Hz, 6H, PCH;), 1.68-
2.18 ppm (m, 20H, PCH,); "CNMR (100 MHz, CDCly): 6=5.45 (d,
Jep=33.9 Hz, PCH;) 14.6 (d, Jc»=29.0 Hz, PCH,), 14.7 (d, Jc»=29.8 Hz,
PCH,), 14.8 (d, Jcp=28.1 Hz, PCH,), 14.9 (d, Jc»=29.8 Hz, PCH,), 15.9
(d, Jep=30.6 Hz, BuCH;PCH,), 25.2 ((CH;);CCH,P), 25.6 (CH,PC-
(CH;);CH,), 257 (CH,PC(CH;);CH,), 27.7 (d, Jcp=33.1Hz,
(CH;);CCH,P), 29.0 (d, Jop=31.5Hz, CH,PC(CH;);CH,), 29.1 ppm (d,
Jep=30.6 Hz, CH,PC(CH;);CH,); *'P{'H} NMR (109.3 MHz, CDCl,):
0=30.4, 39.2, 403 ppm; HRMS (FAB): m/z caled for Ci;HoB4Ps:
781.6574 [M—H]*; found: 781.6560.

(S,R,S,R,R,S,R,S)-4 and (S,R,S,R,S.R,R.S,R,S,R,S)-5: A solution of (—)-
sparteine (0.46 mL, 2.0 mmol) in THF (15mL) was cooled to —78°C
under nitrogen atmosphere. sec-BuLi (0.97m in cyclohexane/n-hexane =
95:5, 2.1 mL, 2.0 mmol) was added to this solution with stirring by a sy-
ringe. After 15 min, a solution of (S,R,R,S)-2 (0.21 g. 0.40 mmol) in THF
(5.0 mL) was added dropwise, and the mixture was stirred at —78°C for
3 h. Dry CuCl, (0.16 g, 1.2 mmol) was added in one portion with vigorous
stirring, and the reaction mixture was allowed to warm slowly to room
temperature. After 15 h, the reaction was quenched by the addition of
aqueous ammonia (28 %, 5.0 mL), and the mixture was extracted with
CH,Cl, (3x50mL). The combined extracts were washed with aqueous
NH; (5%), HCl (2m), and brine. The organic layer was dried over
MgSO,. After the solvent was removed under reduced pressure, the resi-
due was purified by HPLC with CHCI, as an eluent to give 12-phospha-
crown-4 tetraborane (21 mg, 0.060 mmol, 15%), (S,R,S,R,R,S,R,S)-4
(59 mg, 0.12mmol, 29%), and (S,R,S,RS.R,RSR,S,R,S)-5 (17 mg,
0.011 mmol, 8%) as colorless solids. (S,R,S,R,R,S,R,S)-4: [a]5=+52 (c=
1.0m, CHCl3); "H NMR (270 MHz, CDCl,): 6 =0.01-0.90 (m, 24 H, BH,),
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1.10-1.34 (m, 72H, PC(CH,);), 1.25 (s, 6H, PCHj3), 1.55-2.30 ppm (m,
28H, PCH,); "CNMR (67.5 MHz, CDCl;): =113 (PCHj;), 14.0-15.7
(PCH,), 25.6 (PC(CH,);), 29.7ppm (PC(CH,);); °*'P{'H} NMR
(109.3 MHz, CDCl;): 6=30.1, 34.9, 39.2 ppm; LRMS (ESI): m/z calcd for
CysH,30PsBs: 1041.8 [M—CH;—H]*; found: 1025.8; MS (MALDI-TOF,;
dithranol as a matrix and sodium trifluoroacetate as a cationizing agent):
mlz caled for CuH;3PsBg: 1041.8 [M+Na]*; found: 1063.0.
(S.,R.S,R,S,R,RS,RS,RS)-5: [a]y=+4+47 (c=05m, CHCL); 'HNMR
(CDCl;, 400 MHz): 6=0.05-0.90 (m, 36H, BH;), 1.04-1.32 (m, 108H,
PCH, and PC(CH,);), 1.50-2.35 ppm (m, 44H, PCH,); “C NMR (CDCl,,
100 MHz): 6=5.1 (PCHj;), 14.6 (PCH,), 25.6 (PC(CH,);), 28.9 ppm (PC-
(CH3)5); *'PNMR (CDCl;, 161.9 MHz): §=29.3, 34.2, 35.6, 39.6 ppm;
LRMS (ESI): m/z caled for C,,H,0,P,By,: 1561 [M—H]*; found: 1560.

1": A portion of Et,0 (28 mL) was cooled to —78°C under N, atmos-
phere. sec-BuLi (1.0M in cyclohexane/n-hexane=95:5, 19.0 mL,
19.0 mmol) was then added with stirring by a syringe. After 15 min, a so-
lution of fert-butyldimethylphosphine (1.5 g, 11.2 mmol) in Et,O (11 mL)
was added dropwise, and the mixture was stirred at —78°C for 3 h. Dry
CuCl, (2.3 g, 17 mmol) was added in one portion with vigorous stirring,
and the mixture was allowed to warm slowly to room temperature. After
15 h, the reaction was quenched by the addition of aqueous NH; (28 %,
15mL), and the mixture was extracted with CH,Cl, (3x40 mL). The
combined extracts were washed with aqueous ammonia (5% ), HCl (2m),
and brine, and then dried over MgSO, After evaporation of solvent, the
residue was purified by column chromatography on silica gel (hexane/
CH,Cl,=1:1 v/v) to give 1’ (560 mg, 2.1 mmol, 38 %) as a colorless solid.
R;=0.78 (CH,Cl,, 100%); 'HNMR (400 MHz, CDCl;): 6=0.39 (q,
Jus=94.7Hz, 6H, BH;), 1.16 (d, Jy»=13.7 Hz, 9H, PC(CHs);), 1.18 (d,
Jup=14.0 Hz, 9H, PC(CH,);), 1.23 (d, Jyp=9.8 Hz, 6H, PCHj;), 1.52—
1.70 (m, PCH,, 2H), 1.85-1.21 ppm (m, PCH,, 2H); "C NMR (100 MHz,
CDClLy): 6=4.78 (d, Jcp=33.9 Hz, PCH3), 5.79 (d, J-p,=34.8 Hz, PCHs;)
14.9 (d, Jcp=29.8 Hz, PCH,), 16.1 (d, Jcp=30.6 Hz, PCH,), 25.1 (PC-
(CH,)s), 25.2 (PC(CHs,)3), 27.6 (d, Jep=234.0 Hz, PC(CHs;);), 27.8 ppm (d,
Jep=34.0Hz, PC(CH,);); *P{'HJNMR (1619 MHz, CDCL): 6=
29.9 ppm.

2" and 3" A portion of THF (12 mL) was cooled to —78°C under N, at-
mosphere. sec-BuLi (0.99M in cyclohexane/n-hexane=95:5, 2.6 mL,
2.6 mmol) was then added with stirring by a syringe. After 15 min, a solu-
tion of 1’ (0.56 g, 2.1 mmol) in THF (3 mL) was added dropwise, and the
mixture was stirred at —78°C for 3 h. Dry CuCl, (0.43 g, 3.2 mmol) was
added in one portion with vigorous stirring, and the mixture was allowed
to warm slowly to room temperature. After 15h, the reaction was
quenched by the addition of aqueous NH; (28 %, 3.0 mL), and the mix-
ture was extracted with CH,Cl, (3x10 mL). The combined extracts were
washed with aqueous NH; (5%), HCl (2m), and brine, and then dried
over MgSO, After evaporation of solvent, the residue was purified by
column chromatography on silica gel (hexane/CH,Cl,=3:1-1:2 v/v) to
give 2' (166 mg, 0.32 mmol, 30 %) and 3’ (15 mg, 0.020 mmol, 3%) as col-
orless solids. 2': R;=0.67 (CH,Cl,, 100%); m.p.: 145°C (DSC); '"H NMR
(400 MHz, CDCl;): 6 =-0.15-0.89 (m, 12H, BH;), 1.14 (d, Jyp=14.0 Hz,
18H, PC(CHs;),), 1.17 (d, Jyp=12.4 Hz, 18 H, PC(CH,);), 1.21 (d, Jyp=
9.7 Hz, 6 H, PCH;), 1.55-2.08 ppm (m, 12H, PCH,); *C NMR (100 MHz,
CDCly): 0=4.6-5.8 (m, PCHj;), 13.8-16.4 (m, PCH,), 25.1-25.2 (m, PC-
(CH3);), 25.5-25.7 (m, PC(CH,);), 27.4-27.8 (m, PC(CH;);), 28.8-
292 ppm (m, PC(CH,);); *P{'H} NMR (161.9 MHz, CDCly): 6=304,
39.0 ppm. 3: R;=0.58 (CH,Cl,, 100%); '"H NMR (400 MHz, CDCL,): 6 =
0.00-0.90 (m, 18 H, BH;), 1.17 (d, Jyp=13.2 Hz, 27H, PC(CHs;);), 1.20 (d,
Jup=12.8 Hz, 27H, PC(CHs;);), 1.24 (d, Jyp=9.2 Hz, 6H, PCHj;), 1.55-
214 ppm (m, 20H, PCH,); "CNMR (CDCl;): 6=4.7-5.6 (m, PCHj),
13.7-15.8 (m, PCH,), 25.0-25.2 (m, PC(CH,;);), 25.4-25.6 (m, PC(CHs);),
27.4-27.8 (m, PC(CH,);), 28.6-29.2 ppm (m, PC(CH,);); *'P{"H} NMR
(161.9 MHz, CDCl;): 6 =30.8, 39.4 ppm.

4’ and 5": A portion of THF (12 mL) was cooled to —78°C under nitrogen
atmosphere. sec-BuLi (1.01M in cyclohexane/n-hexane =95:5, 0.55 mL,
0.55 mmol) was then added with stirring by a syringe. After 15 min, a so-
lution of 2’ (0.058 g. 0.11 mmol) in THF (3 mL) was added dropwise, and
the mixture was stirred at —78°C for 3 h. Dry CuCl, (0.09 g, 0.67 mmol)
was added in one portion with vigorous stirring, and the mixture was al-
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lowed to warm slowly to room temperature. After 15 h, the reaction was
quenched by the addition of aqueous ammonia (28 %, 3.0 mL), and the
mixture was extracted with CH,Cl, (3x10 mL). The combined extracts
were washed with aqueous ammonia (5%), HCl (2m), and brine, and
then dried over MgSO,. After evaporation of the solvent, the residue was
purified by HPLC with CHCl; as an eluent to give 4’ (12 mg, 0.011 mmol,
20%) and 5 (5mg, 3.0 umol, 9%) as colorless solids. 4: 'HNMR
(CDCl;): d=-0.05-0.90 (m, 24H, BH;), 1.10-1.42 (m, 78H, PCH; and
PC(CH,);), 1.58-230ppm (m, PCH, 28H); “CNMR (CDCl,,
100 MHz): 6 =4.6-5.8 (m, PCHs;), 14.1-15.0 (m, PCH,), 24.8-26.1 (m, PC-
(CH,),), 28.7-29.2 ppm (m, PC(CH,);); *'P{'H} NMR (CDClL): 6=30.6,
34.8,39.7, 42.3 ppm. 5: '"H NMR (CDCl,): 6 = —0.10-0.80 (m, 36 H, BH,),
1.02-1.35 (m, 114H, PCH; and C(CH,);), 1.53-2.25 ppm (m, PCH,,
44H); B*CNMR (CDCl,, 100 MHz): 6 =4.6-5.8 (m, PCHj;), 14.2-14.9 (m,
PCH,), 24.6-26.0 (m, PC(CH,);), 28.8-29.1 ppm (m, PC(CHj));
3P{'H} NMR (CDCl;): 6=30.3, 35.0, 39.8 ppm.
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Abstract: Catalytic enantio- and diaste-
reoselective nitroaldol reactions were
explored by using designed guanidine—
thiourea bifunctional organocatalysts
under mild and operationally simple bi-

straightforward syntheses of cytoxa-
zone and 4-epi-cytoxazone were ach-
ieved. These catalytic nitroaldol reac-
tions require KI as an additive for
highly asymmetric induction; it oper-

ates by inhibiting the retro mode of the
reaction. On the basis of studies of
structure and catalytic-activity relation-
ships, a plausible guanidine-thiourea
cooperative mechanism and a transi-

phasic conditions. These catalytic asym-
metric reactions have a broad substrate
generality with respect to the variety of
aldehydes and nitroalkanes. Based on
this  catalytic  nitroaldol  process,

Introduction

Catalytic asymmetric synthesis provides potentially atom-
economical! and environmentally benign processes to gen-
erate optically active compounds from prochiral substrates.”!
The development of asymmetric bifunctional catalysts,
which can activate both nucleophilic and electrophilic sub-
strates, has received much attention, because the synergistic
effect of the two active sites in the bifunctional catalyst is
believed to activate the reaction substrates and to control
the relative positions of the reacting components. Since the
general design concept of bifunctional catalysts was pro-
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tion state of the catalytic reactions are
proposed. Drastic substituent effects
on the catalytic properties of this cata-
lyst may lead to the development of
new chiral surfactants.

posed by Shibasaki and co-workers,”! various metal-based
bifunctional catalysts have been explored.”! By tuning the
combination of metals and/or chiral ligands, these catalysts
can be applied to a wide range of asymmetric reactions. On
the other hand, metal-free bifunctional organocatalysts,
which have two active sites linked by a covalent bond
through a chiral backbone, have recently been developed.”!
Their inertness to moisture and oxygen makes the reaction
simple and practical. Despite rapid progress in this field,
most bifunctional organocatalysts have “privileged” struc-
tures, such as proline,”! cinchona alkaloid,”® 1,1'-bi-2,2'-
naphthol (BINOL),” and tartaric acid.!”! The rational struc-
ture development of organocatalysts remains a challenging
issue.

During our studies to develop new classes of organocata-
lysts,!! we focused on specific molecular recognition involv-
ing guanidine!? and thiourea™'® functional groups. These
selective molecular recognitions,[”] that is, guanidinium
cation/nucleophilic anions and thiourea group/carbonyl com-
pounds, led us to develop a new class of asymmetric hetero-
bifunctional organocatalysts that contain both guanidine and
thiourea groups. Our concept for the design of these cata-
lysts is shown in Scheme 1. We hypothesized that 1) catalysts
that bear guanidinium and thiourea functional groups linked
by a suitable chiral spacer might simultaneously activate a
nucleophile and an electrophile in asymmetric proximity,
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Long alkyl chain Me
In
Chiral spacer +NH X
* N/U\ /ﬁll

. -
H

Chiral surfactant

Nucleophile activation
(phosphate, enolate, nitronate)

Electrophile activation

(carbonyl compounds, imine)

Scheme 1. Concept for the design of guanidine-thiourea heterobifunc-
tional organocatalysts.

and 2) the introduction of a long alkyl chain on the guanidi-
nium group of the catalyst might regulate self-aggregation
of the catalyst in water-containing biphasic systems to form
a chiral surfactant, thereby controlling the reactivity and se-
lectivity of the catalytic reaction.

To evaluate this concept, we investigated catalytic asym-
metric nitroaldol reactions by utilizing a guanidine-thiourea
heterobifunctional organocatalyst. The nitroaldol reaction is
a fundamental carbon-carbon bond-forming reaction that
proceeds under mild basic conditions."®!"! Despite the versa-
tility of the substrates and ease of transformation into syn-
thetically useful chiral building blocks, only a few highly se-
lective asymmetric versions of this reaction with organocata-
lysts have been reported.”™ Furthermore, only one suc-
cessful approach for a highly diastereo- and enantioselective
nitroaldol reaction with prochiral nitroalkanes has been re-
ported.”?!! Herein we present details of our guanidine—thio-
urea heterobifunctional organocatalyst for a series of asym-
metric nitroaldol reactions. The mechanism of the bifunc-
tional catalytic reaction and the synthetic utility of this cata-
lyst for stereoselective synthesis of biologically active com-
pounds are also described.

Abstract in Japanese:

TT 2PN FA T LT ~T a2 ERERMEE AT, TATE
Fe=baTAh 2T TOMEBENRE= a7 F—ARIE
AR L, ARGIEEVWEE —BMEEZFEL TR, =FrF4g
RIS, 7 AT bA- = F o FARRORIE, U725 VAR
RO ERRTHI LN TER, ez b7 F—A G
K OBFEDET 2 MFH T D72diz, K/ b ZHAREHF, KI
DEMBLETH -T2, £, 7=V FORET AL
., FINAN—Y— O UNVER, ZHRBRERRICBIT
fEORCES. Bb, AERGHOMECFSLTWHZLER
ML, BICMENAET= b7 F—URIGEFER L, R0
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Results and Discussion

Asymmetric Nitroaldol Reactions with Prochiral
Aldehydes: Development of a Practical Process Free from
the Retro-Nitroaldol Reaction™!

On the basis of our concept, we designed and synthesized
C,-symmetric guanidine—thiourea catalysts 1 (Scheme 2) as a

_R' R?
. S S ~
Ar H N N Al
Tk HAR(S T
Ar = 3,5-(CF3),-CgH3
(S,9)-1

Scheme 2. Structure of guanidine-thiourea bifunctional organocatalyst
(8,9)-1.

new class of bifunctional organocatalysts."'!l These catalysts
can be easily synthesized from optically active amino acids,
one of the cheapest and most plentiful chiral sources, to give
various chiral spacers (R?), and the substituents on the gua-
nidine group (R, R?) can be easily modified as required.

In the catalytic asymmetric Henry reaction, retroreaction
should be suppressed to obtain high asymmetric induc-
tion.”* Considering the highly hydrophobic nature of 1 with
a long alkyl chain in R', we planned to use 1 under biphasic
conditions® to inhibit the retro-nitroaldol reaction.”*! We
anticipated that if the C—C bond-forming process takes
place at the interfacial layer through the expected dual-acti-
vation mode, the nitroaldol product should be transferred to
the organic layer after hydrolysis of the initially formed ni-
troalcohol-catalyst complex, thus resulting in inhibition of
the retro mode of the reaction. Based on this hypothesis, the
enantioselective nitroaldol reaction of 2a was examined in
the presence of 1 (5 mol%) under toluene/aqueous potassi-
um hydroxide biphasic conditions at 0°C (Table 1). Our ini-
tial catalyst screening revealed that 1a, which has an octa-
decyl substituent at R! and a benzyl group at R* as a chiral
spacer, was the most effective catalyst in terms of both reac-
tivity and enantioselectivity (Table 1, entry 1).2)

To clarify the occurrence of the retro-nitroaldol process
under these reaction conditions, time-course studies were
done with the catalyst 1a (Table 2). As shown in Table 2,
entry 1, the enantiomeric excess of the nitroaldol product
4aa gradually decreased under the biphasic conditions as
the reaction time was prolonged, which indicates that the
retro-nitroaldol process occurred. After various conditions,
such as the organic solvent used, the ratio of organic solvent
to water, and the amount of KOH and additives used, were
screened, we found that the addition of inorganic salts was
effective for inhibiting the retro-mode reaction and for im-
proving the enantioselectivity. Addition of a harder counter-
anion did not give good results, although it was reported to
improve the selectivity in the case of chiral quaternary am-
monium catalysts (Table 2, entries 2 and 3).*¥ On the other
hand, the addition of a softer anionic species improved the
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Table 1. Enantioselective nitroaldol reaction with (S,S)-1al*!

_R' R?
ATYTE NN Y Y A
s g H H p g Ar = 3,5-(CF3),-CgH3
o) (S,S)-1 (5 mol%)

OH

O)NNoz

MeNO, (3a) (3.0 equiv)

KOH (50 mol%)
toluene / H,O = 0.2:1

O*H

2a 0°C, 24h 4aa
Entry Cat. R R? R’ Yield  ee Config.1¥
(%] [%]"
1 1a CgH;;, H Bn 91 43 R
2 1b CgHy, H Bn 34 8 R
3 1c C,H, H Bn 37 33 R
4 1d C,H, CHy, Bn 24 18 S
5 le CgH;; H Me 80 14 R
6 1f CgHy;;, H iPr 89 36 R
7 1g CgH;;, H Bu 55 9 S
[a] Reactions were carried out on the 0.1-mmol scale in 0.2 mL toluene

and 1.0 mL H,O. [b] Yield of isolated product. [c] Determined by chiral
HPLC analysis. [d] The absolute stereochemistry of 4aa was determined
based on the retention time reported by Trost and Yeh®! and Evans
et al.”™ Bn=benzyl.

Table 2. Time-course studies in the presence of various inorganic salts (screening conditions).

K. Nagasawa et al.

Table 3. Optimization of catalytic enantioselective nitroaldol reaction of
2a with 3a.!

o (S,.5)-1a (X mol%) OH

O)kH . MeNo, KI (50 mol%) O)RVNOZ
KOH
2a 3a toluene / H,O 4aa
(10 equiv) 0°C, 24h
Entry Cat. Toluene/H,O KOH Yield ee
[mol %] [mol%] [%]™ (%]

1 10 0:1 50 99 32
2 10 0.2:1 50 99 52
3 10 0.5:1 50 99 67
4 10 1:1 50 99 69
5 10 2:1 50 99 68
6 10 12 50 99 52
7 10 1:1 30 99 87
8 10 1:1 10 94 90
9 10 1:1 5 91 92
10 5 1:1 5 99 95
1 3 1:1 5 80 89

[a] All reactions were carried out on the 0.1-mmol scale in 1.0 mL H,O.
[b] Yield of isolated product. [c] Determined by chiral HPLC analysis.

ee) was obtained with a tolu-
ene/H,O ratio of 1:1 (Table 3,

1a(Smol%) entry4).  Decreasing  the
o MeNO, (3a) (3.0 equiv) OH .
. "additive" (50 mol%) S NO, amount of KOH improved the
KOH (50 mol%) ee 3?)fillues (Table 3, entries 7-
2a toluene / H,0 = 0.2:1 4aa 9).5%311 We found that the se-
0°c lectivity was improved to as
Time lh 3h 12h 24h much as 95% ee when 5 mol %
Entry Additive Yield ee Yield ee Yield ee Yield ee of KOH was used as a base
(%] [%] [%] [%] (%] [%] [%] [%] (Table 3, entry 10). As shown
1 - 52 52 71 50 90 47 91 43 in Table 3, entry 11, the reac-
2 KBF, 55 61 60 59 75 47 77 47 . .
tion also proceeded with as
3 NaBF, 60 53 63 48 67 4 64 ¥ P 1% of 1 )
4 KBr 58 7 62 70 63 63 76 57 little as 3mol% of 1a to give
5 NaBr 57 70 60 68 65 60 65 60 4aa in good yield and with
6 Lil 60 72 62 70 65 68 65 66 good ee.
7 Nal 46 7 57 76 64 68 64 67 Next, to gain insight into the
8 KI 66 75 74 75 88 74 88 74

inhibition mechanism of the

initial enantioselection (Table 2, entries 4-7, 1 h). We were
delighted to find that KI inhibited the retro-mode reaction,
and the nitroaldol product 4aa was obtained in 88 % yield
and with 74 % ee after 24 h without loss of the initial enan-
tiomeric excess (Table 2, entry 8). The catalyst 1a, when its
counteranion was changed to iodide,®! also catalyzed the re-
action to give 4aa in 85% yield and with 72% ee. This
result indicates that the chloride counteranion of 1a may be
changed to iodide in situ under these reaction conditions in
the presence of KI.

As suitable conditions for suppressing the retro-nitroaldol
reaction were established, we next focused on improving the
enantiomeric excess of the nitroaldol product 4aa (Table 3).
The toluene/H,O ratio affected the enantioselectivity of 4aa
(Table 3, entries 1-6), and the best result (99 % yield, 69 %
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retro-nitroaldol reaction in this

catalytic system, enantioen-

riched (R)-4aa (92% ee) was
subjected to various reaction conditions.’” Nitromethane
(3a) and KI were found to be indispensable for inhibiting
the retro-nitroaldol reaction in the presence of (S,5)-1la
(Table 4). As shown in Table 4, entry 1, in the absence of
catalyst, the ee value did not change even under basic condi-
tions with 30 mol % KOH as an external base. The observa-
tion that the ee value was decreased only when (§,5)-1a was
added in the absence of 3a indicates that interactions of
(S,S)-1a and (R)-nitroalcohol 4aa promote the retro-mode
reaction at the interfacial layer between toluene and basic
aqueous solution (Table 4, entries 1-3). The retro reaction
process was suppressed by the addition of 3a (Table 4,
entry 5 vs. 3).2) Moreover, it was inhibited almost complete-
ly in the presence of 3a and KI (Table 4, entries 6 and 7).
Thus, we speculate that KI and nitronate, generated in situ,
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Table 4. Retro-nitroaldol reaction of 4aa.l?)
OH

NO, KOH (X mol%) )
R ee detection

toluene / H,0O = 1:1

4aa 0°C,24h
Entry Cat. Additive MeNO, KOH Starting Recovered
(5mol%) (50 mol%) 3a [mol%] 4aa:ee  4aa: ee
[equiv] [%] [%]
1 - - - 30 92 92
2 (R,R)-1a - - 30 92 88
3 (8,5)-1a - - 30 92 47
4 (8,5)-1a - 5 30 92 60
5 (5,8)-1a - 10 30 92 80
6 (8,5)-1a  KI 10 30 92 92
7 (8,5)-1a  KI 10 5 92 91

[a] All reactions were carried out on the 0.1-mmol scale in 1.0 mL
toluene and 1.0 mL H,O.

cooperatively cause 4aa to dissociate from the catalyst,
thereby achieving kinetic stereocontrol under these biphasic
reaction conditions.

With the optimized conditions in hand, the scope of the
la-catalyzed enantioselective nitroaldol reaction was ex-
plored by using a variety of aldehydes and nitroalkanes
(Table 5). For convenience, all reactions were performed

Table 5. Catalytic asymmetric nitroaldol reaction of various aldehydes 2 and nitroalkanes 3.1
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with 10 mol % of 1a. In the case of the cyclic aldehyde, the
corresponding nitroalcohol 4ba was obtained in good yield
with good ee (Table 5, entry 1). Linear aliphatic aldehydes
also served as substrates (Table 5, entries 2-5). a-Branched
aldehydes afforded the nitroaldol products with high stereo-
selectivity (Table 5, entries 2—4), although the unbranched
aldehyde gave only moderate ee (Table 5, entry 5).%! These
results stimulated us to apply 1a to catalytic diastereo- and
enantioselective nitroaldol reactions with prochiral nitroal-
kanes to examine the generality and synthetic utility of the
substrate. Since Shibasaki and co-workers first reported cat-
alytic direct diastereo- and enantioselective nitroaldol reac-
tions in 1995, no alternative methodology has been avail-
able to control 1) the retro-mode reaction, 2) epimerization
at the a position of the nitro group, and 3) the facial selec-
tivity of prochiral nitroalkanes,*” until our method was de-
veloped.'"™ Thus, our reaction system was applied to the di-
astereo- and enantioselective nitroaldol reaction with pro-
chiral nitroalkanes (Table 5, entries 6-21). In all cases exam-
ined, the syn-nitroaldol products 5 were obtained with high
diastereo- and enantioselectivity.*! Cyclic, a-branched, and
B-branched aldehydes afforded the corresponding syn ad-
ducts with excellent diastereoselectivity and high enantiose-
lectivity (Table 5, entries 6-9; syn/anti 93:7-99:1, 91-99 %
ee). Unbranched and hetero-
atom-substituted aldehydes
also served as substrates and

MeNO, (3a) (3 equiv) OH
55012 (10 mo%) ) NO, gave comparable results
,o)-1a mol7o R'"r . .
JOJ\ toluene / H,0 = 1:1 4 (Table 5, entries 10-13; syn/
R H KOH, KI (50 mol%) anti 86:14-90:10, 83-98 % ee).
2a-j o oH R? ?i/RZ Other alkyl-substituted nitroal-
R?CH,NO, (3b-g) R1J\|/ R' : kanes were also applicable in
(3 equiv) syn'N502 anti'N602 la-catalyzed nitroaldol reac-
' tions (Table 5, entries 14-21).
Entry Aldehyde Nitroalkane KOH ¢ Product Yield ee syn/ani*®  Notably, the reactions of 2a
2 3 [mol%] [h] [%]" [%] with 3c-g gave excellent dia-
1 ¢-CsHoCHO (2b) 3a 40 S5 4ba 76 82 - stereo- and enantioselectivities
2?1 (CH;);CHO (2¢) 3a 5 45 4ca 85 88 - (Table 5, entries 14-17; syn/
3 (CH;),CHCHO (2d) 3a 10 19 4da 88 83 - anti > 99:1’ 90-95 % ee)'[Sé]
4 Et,CHCHO (2e) 3a 10 36 4ea 70 88 - Th ial rol f th
5  PhCH,CH,CHO (2f)  3a 5 18 4fa 79 55 - _Ihe crucial roles of the gua-
6l 2a EtNO, (3b) 8 24 5ab 77 93 99:1 nidine and thiourea functional
7 2d 3b 8 24 5db 50 90 973 groups in la for dual activa-
8 2e 3b 20 24 Seb 52 91 99:1 tion of substrates are evident
9kl (CH,),CHCH,CHO (2g) 3b 5 24 5gb 58 99 97:3 from a comparison of the reac-
100 2f 3b 10 24 5fb 76 83 90:10 o P :
11 CH,CH,CH,CHO (2h)  3b 20 24 Shb 91 84 873 tivity of 1a and its structural
12 TBSOCH,CHO (2i) 3b 6 48 S5ib 63 98 86:14 variants 7 and 8 under the op-
13?; TBSOCH,CH,CHO (2j) 3b 8 24 5jb 50 92 90:10 timized conditions (Scheme 3).
14 2a }’l—PI‘NOz (3C) 5 40 Sac 61 95 99:1 Replacement Of the guanidini'
15 2a TBSOCH,CH,NO, (3d) 7 48 5Sad 63 90 99:1 . ith hi
16 2a TIPSOCH,CH,NO, (3f) 6 48 saf 60 90  99:1 um moiety with a thiourea
17 2a PhCH,NO, (3g) 7 48 Sag 67 95 991 group (7) to prevent activation
18 2h 3¢ 5 48 She 63 85 99:1 of nitronate or removal of the
19 2h 3d 3 48 Shd 51 87 937 thiourea group (8) to block ac-
20 2h 3 3 24 Shf o8 87 92:8 tivation of aldehyde drasticall
21 2h 3¢ 10 24 Shg 70 87 919 y y

[a] All reactions were carried out on the 0.1-mmol scale in toluene/H,0=1:1 (both 1.0 mL). [b] Yield of isolat-
ed product. [c] Determined by chiral HPLC analysis. [d] The relative stereochemistry was determined from
the '"H NMR chemical shifts. [e] Determined by chiral HPLC analysis. [e] 10 equivalents of 3 was used. TBS =

tert-butyldimethylsilyl, TIPS = triisopropylsilyl.
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suppressed the catalytic activi-
ty. These results strongly sup-
port the role of cooperative ef-
fects of the guanidine and thio-
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_ CigHyr TS
+
. NZaN ~
S
N 1a n Ar = 3,5-(CF3),-CoHg
99% yield, 95% ee
oY ’ _ CuHy
S Cl *NH
H H H H H H
Ar/N\n/N\;/\N)kN N\WN\Ar Boc/N\:/\NJ\N N\Boc
: H H H H H
S Bn Bn S Bn 8 Bn
0% yield 1% yield, 6% ee
TS-I
Scheme 3. Structures of 1a, 7, and 8. Reaction of 2a with 3a was carried CWBHS?\NH
out in the presence of 1a, 7, and 8 under the conditions for Table 3, ;,5\ )\\ n
entry 10. Boc = tert-butoxycarbonyl. N |}|/ " Ph
H H NaorS -
5.+.0 H i OH |
. . . . o NS peNsarh L CR?
urea functional groups in 1a in the asymmetric catalytic ni- L PRY Y ;
troaldol reaction. 1\R>20< : NO,
We assumed that chemoselective coordination of the cata- R Lo..anfila
lysts and the substrates’”! would lead to a stereodiscrimina-
tion process. The transition state proposed in Scheme 4 pro- CigHar TS
vides an explanation for the stereoselectivity of the reaction g )N\H
. T . X+
catalyzed by 1a. In this model, the guanidinium cation and \N N~ _Ph
thiourea group selectively coordinate to nitronate and the H o H NagrS  roeeeeees .
carbonyl group of the aldehyde, respectively, and substitu- C)\’Qfo H N : OH , :
: 1 : 2 S oH® CAr: AR
ents in bf)th a_ldehyde (R) ansl nltroall'iane (R*) favor an il g __________:,R1/\|/ i
anti relationship to avoid steric repulsion (TS-I: anti,anti Fg’@ ' NO, !
conformation). Thus, the nitroaldol reactions of prochiral al- H i anti6b

dehydes proceed in a highly enantio- and syn-selective
manner. The observation that the ee values of the products
with prochiral nitroalkanes are much higher than those with
nitromethane (3a, R?=H) (e.g., Table 5, entry 6 vs. 11) is
consistent with this proposed transition state (TS-I) of the
reaction, in which the facial selectivity of aldehydes is con-
sidered to be strictly controlled by the R* group in prochiral
nitroalkanes.

We applied this efficient catalytic process to the asymmet-
ric synthesis of 4-epi-cytoxazone (9a) and cytoxazone (9b),

Scheme 4. Plausible transition-state model of enantioselective nitroaldol
reaction in the presence of la. TS-I: antianti conformation; TS-II:
gauche-anti conformation; TS-III: gauche-anti conformation.

a type-2 cytokine-selective modulator (Scheme 5).*7 Nitro-
aldol reaction of 2i with 3h in the presence of 1a afforded
the corresponding nitroaldol Sih with high diastereo- and
enantioselectivity ((R,R)-1a: syn/anti 90:10, 95% ee; (S.S)-
1a: syn/anti 88:12, 96 % ee). 4-epi-Cytoxazone (9a) was con-

(e}
O i X
a TBSO_y4sAr b O)I\NH c Q , NH
— = H I < 48,
(RRK1a_ NO, TBso\/sR_kA HO— 75"
syn/anf]/ =90:10 (45,5R)-5ih 10a " 9a
A 95% ee dr. > 991
( T r>99 OMe
NOQ
0 O
3h OH OH
(3.0 equiv) d TBSO\)sNF Ar e TBSO\/;\FAr _f. )k 9, o_)k\NH
> < 4R?
(S.S)11a NO, NHCbz TBsoﬂ HO 5%
syn/anté =8812 (4R 55)-5ih 1 10b 9%
96 % ee d.r. >99:1 (natural)
Ar = 4-MeO-CgH, OMe

[e]s = -66 (¢ = 0.6 M, MeOH)
lit.:®" [a]p = -71 (¢ = 0.1 M, MeOH)

Scheme 5. Synthesis of 4-epi-cytoxazone (9a) and cytoxazone (9b). Reagents and conditions: a) 2j, (R,R)-1a (10 mol %), toluene/H,0=1:1, 0°C, 76 %.
b) 1) NiCl,, NaBH,, MeOH, 0°C; 2) CDI, CH;CN, 80°C. c) HF-py, CH;CN, 0°C, 43% (3 steps). d) 2j, (S,5)-1a (10 mol %), toluene/H,0=1:1, 0°C,
78%. e) 1) NiCl,, NaBH,, MeOH, 0°C; 2) CbzCl, K,CO;, CHCIly/H,0O, room temperature, 83% (2 steps); 3) DMP, CH,Cl,, 0°C; 4) NaBH,, EtOH,
—78°C, 85% (2 steps), 93% ee, dr.=96:4. f) 1) H,, Pd/C (1 atm); 2) CDI, CH;CN, 80°C, 84% (2 steps); 3) recrystallization from hexane/methanol,
70%, 96% ee, d.r.>99:1. g) HF-py, CH;CN, 0°C, 93%. Cbz=Dbenzyloxycarbonyl, CDI=N,N-carbonyldiimidazole, DMP =Dess-Martin periodinane,
py =pyridine.

1154 www.chemasianj.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2007, 2, 1150-1160





Organocatalytic Asymmetric Nitroaldol Reaction

cisely synthesized by reduction of (4S,5R)-5ih with NiCl,/
NaBH,, followed by cyclization with CDI*® and deprotec-
tion of the TBS ether with HF/pyridine.'™" (—)-Cytoxazone
(9b) was similarly synthesized from (4R,5S)-5ih. After con-
version of the nitro group of (4R,5S)-5ih to Cbz carbamate,
the stereochemistry of the alcohol at C5 was inverted by ox-
idation—reduction, that is, Dess—Martin oxidation of the sec-
ondary alcohol and reduction of the resulting ketone with
NaBH,, to afford 11 with high diastereoselectivity (d.r.=
96:4).541 Deprotection of the Cbz group and oxazolidinone
formation with CDI gave 10b. After a single recrystalliza-
tion of 10b (96 % ee), removal of the TBS group gave 9b.
Further structural development of cytoxazones based on this
diversity-oriented catalytic process, aimed at exploring struc-
turally analogous molecular probes, is in progress.

Diastereoselective Nitroaldol Reaction with o-Chiral
Aldehydes"

a-Branched aldehydes appeared to give rather higher asym-
metric induction in the la-catalyzed enantioselective nitro-
aldol reaction. This prompted us to extend this strategy to a
diastereoselective version of the reaction by using o-chiral
aldehydes,m] and the results are summarized in Table 6.

After a study to optimize the reaction conditions,''® we
found that excellent anti selectivity was obtained by utilizing
(R,R)-1a with N,N'-dibenzyl-protected S amino aldehydes
12 (Table 6, entries 1 and 3-7; anti/syn 99:1).*% Silyl ether
substituted aldehydes also served as substrates and gave
comparable results (Table 6, entries 8 and 9). Epimerization
of chiral aldehydes was not observed in most cases exam-
ined. The reactivity and diastereoselectivity in the case of
(5,5)-1a were greatly reduced, which indicates that the
matched combination of (R,R)-1a and § aldehydes is crucial
for the diastereoselective reactions (Table 6, entry 2).

Table 6. Diastereoselecive nitroaldol reaction with a-chiral aldehydes 12.

~ 913"*37
.
HoH cl )"LH HoH (SS}1a:X= H,Y=Bn
AT NN A
g Xy H H XY g
(0] 1a (10 mol%) H

fife)

MeNO, (3a) (10 equiv)

KOH, KI (50 mol%)

(RR)1a:X=Bn,Y =H

Ar = 3,5-(CF3)2-C5H3

Rs\lA/ NO, Rs\l/l\/No2
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The match/mismatch relationships between catalyst 1a
and substrate 12 can be explained in terms of the Cram rule
(Scheme 6). In our proposed transition-state model, the sub-
stituent on aldehyde would be located in an anti relationship
to nitronate. As the largest substituent (R;) should be in an
anti position to the carbonyl group in 12, the combination of
(R,R)-1a and (S5)-12 (TS-I) is favored rather than that of
(5,5)-1a and (S)-12 (TS-II) due to the steric repulsion be-
tween Rg (the smallest substituent) and nitronate.

Pl
2

Scheme 6. Plausible transition state in the diastereoselective nitroaldol
reaction.

A New Aspect of the Guanidine-Thiourea Bifunctional
Catalyst as a Chiral Surfactant

We have developed efficient direct asymmetric nitroaldol re-
actions with high enantio- and/or diastereocontrol by utiliz-
ing the catalyst 1a, which contains a long alkyl chain on the
guanidine group and a flexible-chain chiral spacer. Attracted
by the unique structural char-
acteristics, we reevaluated the
substituent effects (R'-R?) of 1
to gain insight into the hypo-
thetical functionality of these
molecules as chiral surfac-
OH tants.*¥ To clarify the substitu-
ent and catalytic-activity rela-
tionships under optimized con-

R, o R R
toluene / H,O = 1:1 L 3 L : e . .
12 0°C, 24h anti- 13 syn:14 ditions,™! we investigated the
- = ? n on product Yield ol enantioselective nitroaldol re-
4 . . -
y s t N [mol % rodue [o/loe][a] antsyn ff;) ju  actions of 2a with 3a by utiliz-
in uanidine/thiourea com-
1 Bn NBn, (12a)  (RR) 8 13a 75 9535 99 & § 1 with vari beti
2 Bn NBn, (12a)  (S.5) 8 13a 8 64:36 80 pounds 1 wit parious su stitu-
3 CH, NBn, (12b)  (R,R) 20 13b 70 99:1 99 ents (Table 7).
4 (CH,),CHCH,  NBn,(12¢) (RR) 6 13c¢ 70 99:1 95 The substituent on the gua-
5 (CH,),CH NBn, (12d)  (RR) 10 13d 33 99:1 99 nidine moiety was found to
6 TBSO(CH,),  NBn,(12¢) (RR) 10 13e 70 99:1 95 have a maior influence on the
7 Bn,N(CH,), NBn, (12)  (RR) 10 13f 62 99:1 99 - Major 1n
N Ph NBn, (12g)  (R.R) 5 13¢ ) 86:14 99 catalytic reactivity (Table 7, en-
9 Me NBn, (12h)  (RR) 2 13h 80 84:16 99 tries 1-5)."1 In the case of
[a] Yield of isolated product. [b] The relative stereochemistry was determined from the 'H NMR chemical ~ alkyl chains shorter than 12

shift. [c] Determined by chiral HPLC analysis.
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Table 7. Substitutent effects of guanidine-thiourea catalyst 1 under
optimized reaction conditions."!

_R R
H H © )N\ H H
Ar/NTN\:_/\N N/\(N\[(N\Ar
s g H H R8s g Ar=35(CFy),-CeHs
0 (S,9)-1 (10 mol%) OH
H MeNO, (3a) (10 equiv) NO,
KOH (5 mol%)
K1 (50 mol%
2a toluens | O 2 11 (R)-4aa
0°C, 24h
Entry  Cat. R! R? R3 Yield ee
[%][b] [%][c]
0 1a CisHy, H Bn 91 92
1 1h CyHys H Bn 98 89
2 1i CisHy, H Bn 91 90
3 1j Cp,Hos H Bn 9 87
4 1b CH,, H Bn 8 86
5 1c C,H, H Bn 8 87
6l 1d C,H, CH, Bn 28 33
7 1k (4-OMe)-Ph-C;H;, H Bn 82 97
8 11 (4-CF;)-Ph-C;H, H Bn 88 82
9 1m (1-Naph)-C;H; H Bn 67 88
10 1n (2-Naph)-C;H; H Bn 47 89
11 1le CiHy, H Me 3 76
12 1f CisHy, H iPr 1 32
13 1g CisHy, H Bu 6 6
14l 1a CsHy; H Bn 0 -
151 1a CiHy, H Bn 0 -
16 1a CHs; H Bn 1 56
170481 1a CsHy; H Bn 53 80
18t 1a CsHs; H Bn 0 -

[a] Reactions were carried out on the 0.1-mmol scale in 1.0 mL toluene
and 1.0 mL H,O. [b] Yield of isolated product. [c] Determined by chiral
HPLC analysis. [d] (S)-4aa was obtained. [e] 0.2 equivalents of SDS was
added. [f] 0.2 equivalents of AOT was added. [g] 0.2 equivalents of Triton
X-100 was added. [h] 0.2 equivalents of CTAB was added. [i] 0.5 equiva-
lents of CTAB was added. AOT=sodium di-(2-ethylhexyl) sulfosucci-
nate, CTAB=cetyltrimethylammonium bromide, Naph=naphthyl,
SDS =sodium dodecyl sulfate.

was remarkably suppressed, regardless of solubility in tolu-
ene (Table 7, entries 3-5). When disubstituted 1d was
used as a catalyst, a reversal in the sense of asymmetric in-
duction was observed (Table 7, entry 6). Notably, the intro-
duction of an aromatic group at the end of a short alkyl
chain led to a significant enhancement in reaction rate
(Table 7, entries 7-10). The electronic effect of this aromatic
moiety, which is far from the catalytic active site, affects the
enantioselectivity (Table 7, entry 7 vs. 8). The benzyl group
at R® on the chiral spacer was found to be critical for both
reactivity and selectivity. The ee values decreased as the
bulk of the R* group was increased (Table 7, entries 11-13).
Catalytic activity was drastically decreased by addition of
various surfactants (20 mol %; Table 7, entries 14-18). SDS
(anionic), AOT (anionic), and Triton X-100 (nonionic) com-
pletely inhibited the 1a-catalyzed nitroaldol reaction
(Table 7, entries 14-16).*) On the other hand, when
20 mol % of CTAB (cationic surfactant) was added, the cat-
alytic activity of 1a was lowered to give the corresponding
product 4aa in 53% yield with 80% ee (Table 7, entry 17).
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The 1a-catalyzed nitroaldol reaction was suppressed by in-
creasing the amount of CTAB to 50mol% (Table7,
entry 18). As the cationic surface properties under biphasic
conditions are important for the both reactivity and selectiv-
ity of the nitroaldol reaction, the catalytic activity of 1a is
suggested to be controlled by the mode of self-organized as-
sembly.”” Thus, the alkyl chain on the guanidine moiety
would contribute to reactivity by controlling the proximity
of the reactants based on hydrophobic interactions, and the
benzyl group on the chiral spacer would fix the high-order
asymmetric structure through its intermolecular m—x stack-
ing interactions.

A positive nonlinear effect was observed between the en-
antiomeric excess of 1a and that of the product 4aa, which
supports the hypothetical self-aggregation of 1la
(Figure 1).°!

0
dH + MeNO,

2a

(S,5)-1a (10 mol%) OH
KI (50 mol%)

KOH (5 mol%)
toluene / H,O = 1:1
(0.05 m)
0°C, 24h

3a
(10 equiv)
100
90
80 -
70 f
60 |
50 |
40
30 -
20 b

ee ofdaa | %

0 20 40 60 80 100
ee of (5,5)-1a / %

Figure 1. (+)-Nonlinear effects in enantioselective nitroaldol reactions
with (S,5)-1a.

Conclusions

In summary, we have developed general and highly stereose-
lective organocatalyzed nitroaldol reactions by utilizing the
newly designed guanidine—thiourea organocatalyst 1a. Addi-
tion of KI is crucial for inhibiting the retro-nitroaldol reac-
tion and achieving high asymmetric induction in toluene/
water biphasic conditions. Evidence for the hypothetical
guanidine—thiourea cooperative reaction mode was obtained
by using structural variants of 1a. Drastic substituent effects
on the guanidinium and chiral spacer moiety suggest a role
of 1a as a chiral surfactant. Notably, highly stereoselective
nitroaldol reactions proceeded with multiple functionalities
in 1a, including chemoselective activation sites for sub-
strates through noncovalent bonding and hydrophobic inter-
action for self-aggregation of 1a. Further mechanistic stud-
ies based on spectroscopic analysis are in progress.
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Experimental Section
General

Flash chromatography was performed by using silica gel 60 (spherical,
particle size 0.040-0.100 mm; Kanto Co., Inc., Japan). Optical rotations
were measured on a JASCO DIP 370 polarimeter. 'H and *C NMR spec-
tra were recorded on JEOL EX300, ECA/ECX400, and ALPHAS500 in-
struments. Mass spectra were recorded on JEOL JMS-T100LC and
JMA-HX110 spectrometers. NMR chemical shifts for protons are report-
ed in parts per million downfield from tetramethylsilane and are refer-
enced to the residual protons in the solvent.

Syntheses

Typical procedure for asymmetric nitroaldol reaction (Table 5, entry 6):
Cyclohexanecarboxaldehyde (2a; 12.1 pL, 0.1 mmol) was added to a mix-
ture of (S,5)-1a (11.6 mg, 0.01 mmol), KI (8.3 mg, 0.05 mmol), and nitro-
ethane (3b; 71.5 pL, 1.0 mmol) in toluene (1.0 mL)/aqueous KOH (8 mwm,
1.0 mL) at 0°C. The resulting mixture was stirred vigorously at 0°C for
24 h. Saturated aqueous NH,Cl was then added, and the organic layer
was extracted with ethyl acetate. The extracts were dried over MgSO,,
filtered, and concentrated in vacuo, and the residue was purified by
column chromatography on silica gel (n-hexane/ethyl acetate =20:1, 10:1,
0:1) to give Sab (14.4 mg, 77%). (S,S)-1a was recovered (11.5 mg, 99 %).
The relative stereochemistry and diastereoselectivity (syn/anti 99:1) of
S5ab were determined based on the reported 'H NMR spectral data.
"H NMR (400 MHz, CDCL;): 6=4.72 (dq, J=6.8, 6.8 Hz, 1H), 3.65 (dd,
J=6.8, 49Hz, 1H), 2.13 (brs, 1H), 1.78-1.65 (m, 4H), 1.53 (d, J=
6.7 Hz, 3H), 1.48-0.94 ppm (m, 7H); *C NMR (100 MHz, CDCl;): 0=
85.5, 77.2, 39.9, 30.0, 26.3, 26.2, 26.1, 25.9, 16.6 ppm. The enantiomeric
excess of 5ab (93% ee) was determined by means of chiral HPLC analy-
sis (Chiralcel AD-H, 0.46 cm (¢) x 25 cm (L), n-hexane/2-propanol =97:3,
1.0 mLmin~!, minor: 16.8 min, major: 25.3 min).

Typical procedure for diastereoselective nitroaldol reaction (Table 6,
entry 1): Aqueous KOH (8 mm, 1.0 mL) was added to a mixture of
(R,R)-1a (11.6 mg, 0.01 mmol), KI (8.3 mg, 0.05 mmol), 12a (32.9 mg,
0.1 mmol), and 3a (54.0 uL, 1.0 mmol) in toluene (1.0 mL) at 0°C. The
resulting mixture was stirred vigorously at 0°C for 24 h. Saturated aque-
ous NH,Cl was then added, and the organic later was extracted with
ethyl acetate. The extracts were dried over MgSO,, filtered, and concen-
trated in vacuo, and the residue was purified by column chromatography
on silica gel (n-hexane/ethyl acetate=20:1, 10:1, 5:1, 0:1) to give 13a
(289 mg, 75%). (R,R)-1a was recovered (11.5mg, 99%). The relative
stereochemistry and diastereoselectivity of 13a (95:5) was determined
based on the 'H NMR spectra reported by Corey and Zhang.”™ The en-
antiomeric excess of 13a (99% ee) was determined by means of chiral
HPLC analysis (Chiralcel OJ-H, 0.46 cm (¢)x25cm (L), n-hexane/2-
propanol=90:10, 1.0 mL min~', minor: 28.8 min, major: 31.3 min).

Spectral Data

13b: [a]¥=+18.0° (c=1.1m, CHCL); IR (neat): #=3537, 3086, 3062,
3028, 2966, 2926, 1602, 1550, 1495, 1453, 1382, 1262 cm™'; 'H NMR
(400 MHz, CDClLy): 6=7.35-7.26 (m, 10H), 4.97 (dd, J=13.7, 22 Hz,
1H), 428-4.23 (m, 1H), 4.02 (dd, /=13.7, 9.5Hz, 1H), 3.76 (d, J=
13.4 Hz, 2H), 3.39 (d, /=134 Hz, 2H), 2.76-2.68 (m, 1H), 2.49 (brs,
1H), 1.23ppm (d, J=6.8 Hz, 3H); "CNMR (100 MHz, CDClLy): 6=
138.8, 128.8, 128.5, 127.3, 79.6 (br), 71.0, 55.3, 54.5, 29.8, 8.4 ppm; HRMS
(FAB): ml/z caled for C;sH,3N,05: 3151709 [M +H]T; found: 315.1751.
The enantiomeric excess of 13b (99 % ee) was determined by means of
chiral HPLC analysis (Chiralcel OJ-H, 0.46 cm (¢) x25 cm (L), n-hexane/
2-propanol =95:5, 1.0 mL min !, minor: 28.5 min, major: 34.7 min).

13c: [a]¥=-22° (c=1.0m, CHCL); IR (neat): #=3470, 3061, 3028,
2954, 2926, 2867, 1603, 1551, 1494, 1453, 1382 cm™'; 'TH NMR (400 MHz,
CDCly): 0=7.36-7.25 (m, 10H), 4.71 (dd, J=13.2, 2.2 Hz, 1 H), 4.42-4.39
(m, 1H), 4.15 (dd, J=13.2, 9.8 Hz, 1H), 3.68 (d, J=13.4 Hz, 2H), 3.57 (d,
J=13.7Hz, 2H), 2.75-2.70 (m, 1H), 2.67 (brs, 1H), 1.93-1.83 (m, 1H),
1.73-1.66 (m, 1H), 1.41-1.36 (m, 1H), 0.95 (d, J=6.6 Hz, 3H), 0.88 ppm
(d, J=6.6 Hz, 3H); "C NMR (100 MHz, CDCl,): 6 =139.0, 128.9, 128.5,
127.3,79.9, 70.2, 57.1, 54.8, 35.8, 25.7, 23.2, 22.9 ppm; HRMS (FAB): m/z
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caled for G, HpN,O5: 357.2178 [M+H]™*; found: 357.2176. The enantio-
meric excess of 13¢ (95% ee) was determined by means of chiral HPLC
analysis (Chiralcel OJ-H, 0.46 cm (¢) x25 cm (L), n-hexane/2-propanol =
95:5, 1.0 mL min~!, minor: 28.5 min, major: 34.7 min).

13d: [a]5=-3.7° (c=0.4m, CHCL); IR (neat): #=3584, 2922, 2850,
1670, 1551, 1495, 1455, 1380, 1260 cm™'; 'H NMR (400 MHz, CDCLy): § =
7.36-7.23 (m, 10H), 4.71 (dd, /=129, 2.1 Hz, 1H), 4.57-4.51 (m, 1H),
420 (dd, J=12.9, 10.0 Hz, 1H), 3.74 (d, J=13.6 Hz, 2H), 3.61 (d, J=
13.4 Hz, 2H),2.80 (brs, 1H), 2.60 (dd, /=72, 6.1 Hz, 1H), 2.30-2.17 (m,
1H), 1.17 (d, J=6.8 Hz, 3H), 1.10 ppm (d, J=6.6 Hz, 3H); C NMR
(100 MHz, CDCl;): 6=138.7, 128.9, 127.5, 80.0, 68.3, 64.2, 55.3, 26.4, 23.7,
19.8 ppm; HRMS (FAB): m/z caled for C,H,;N,O5: 343.2022 [M +H]*;
found: 343.2014. The enantiomeric excess of 13d (99% ee) was deter-
mined by means of chiral HPLC analysis (Chiralcel OJ-H, 0.46 cm (¢) x
25cm (L), n-hexane/2-propanol=95:5, 1.0 mLmin~!, minor: 15.6 min,
major: 26.5 min).

13e: [a]5=+4.1° (c=0.5M, CHCL); IR (neat): #=3354, 3028, 2959,
2927, 2855, 1552, 1495, 1454, 1379, 1259 cm™'; 'HNMR (400 MHz,
CDCly): 6=7.34-7.25 (m, 10H), 4.87 (dd, J=12.5, 2.4 Hz, 1H), 4.42-4.38
(m, 1H), 4.02 (dd, J=12.5, 9.5 Hz, 1H), 3.95-3.91 (m, 1H), 3.80 (d, /=
13.4 Hz, 2H), 3.59 (ddd, /=10.1, 3.1 Hz, 2H), 3.37 (d, /=134, 2H),
2.68-2.64 (m, 1H), 2.17-2.13 (m, 1H), 1.92-1.85 (m, 1H), 0.86 (s, 9H),
0.07 (s, 7H), 0.05 ppm (s, 3H); *C NMR (100 MHz, CDCl,): 6 =138.6,
128.9, 128.6, 127.5, 80.6, 70.3, 62.8, 59.3, 54.6, 28.0, 25.8, 182, —5.5,
—5.6 ppm; HRMS (FAB): m/z caled for C,sH3N,0,Si: 459.2679 [M+
H]*; found: 459.2725. The enantiomeric excess of 13e (95% ee) was de-
termined by means of chiral HPLC analysis (Chiralcel OD-H, 0.46 cm
(p)x25cm (L), n-hexane/2-propanol=97:3, 1.0mLmin"', minor:
8.7 min, major: 9.2 min).

13f: [a]53=+720° (c=12m, CHCL); IR (neat): #=3436, 3084, 3061,
3027, 2925, 2852, 2799, 1656, 1602, 1550, 1494, 1453, 1378 cm™'; '"H NMR
(400 MHz, CDCL): 6=7.39-7.19 (m, 20H), 4.68 (dd, J=13.0, 2.2 Hz,
1H), 430 (ddd, /=9.8, 7.8, 2.2 Hz, 1H), 4.01 (dd, /=13.0, 9.8 Hz, 1H),
3.65 (d, /=10.7 Hz, 2H), 3.62 (d, /=10.7 Hz, 2H), 3.50 (d, J=5.4 Hz,
2H), 3.47 (d, J=5.4Hz, 2H), 2.57-2.48 (m, 1H), 2.45-2.39 (m, 1H),
1.71-1.27 ppm (m, 6H); "CNMR (100 MHz, CDCL): 6=139.5, 139.0,
128.9, 1285, 128.1, 127.3, 126.8, 79.9 (br), 70.2, 59.2 (br), 58.5, 54.8, 52.3,
27.1, 25.7, 25.6 ppm; HRMS (FAB): m/z calcd for C;sH,,N;O5: 552.3226
[M+H]*; found: 552.3221. The enantiomeric excess of 13 f (99 % ee) was
determined by means of chiral HPLC analysis (Chiralcel AD-H, 0.46 cm
(¢)x25cm (L), n-hexane/2-propanol=90:10, 1.0 mLmin~', minor:
7.7 min, major: 9.4 min).

13g: [a]¥=+51.8° (c=13m, CHCL); IR (neat): #=3584, 3064, 3022,
2955, 2929, 2857, 1556, 1471, 1383, 1258 cm™'; 'HNMR (400 MHz,
CDCly): 6=7.41-7.30 (m, 5H), 4.50-4.26 (m, 3H), 2.47 (d, J=5.9 Hz,
1H), 0.91 (s, 9H), 0.07 (s, 3H), —0.14 ppm (s, 3H); *C NMR (100 MHz,
CDCly): 6=139.7, 1287, 1264, 77.1, 762, 73.6, 25.7, 181, —4.7,
—5.2 ppm; HRMS (FAB): m/z calced for C;sH,NO,Si: 312.1631 [M +H]*;
found: 312.1663. The enantiomeric excess of 13g (99% ee) was deter-
mined by means of chiral HPLC analysis (Chiralcel AD-H, 0.46 cm (¢) x
25cm (L), n-hexane/2-propanol=99:1, 1.0 mLmin"!, minor: 17.7 min,
major: 22.4 min).

13h: [a]f=+25.8° (c=1.4m, CHCL); IR (neat): 7=3466, 2957, 2929,
2857, 1556, 1464, 1423, 1381, 1258 cm™'; "H NMR (400 MHz, CDCl,): 6 =
4.56 (dd, J=13.1, 2.7 Hz, 1H), 4.46 (dd, J=13.1, 8.8 Hz, 1H), 4.16-4.10
(m, 1H), 3.93-3.87 (m, 1H), 2.65 (d, J=6.3 Hz, 1H), 1.21 (d, /=6.3 Hz,
3H), 0.89 (s, 9H), 0.09 (s, 2H), 0.09 ppm (s, 3H); *C NMR (100 MHz,
CDClLy): 6 =775, 73.1, 69.7, 25.8, 19.7, 18.0, —4.2, —4.9 ppm; HRMS
(FAB): m/z caled for C(H,,NO,Si: 250.1475 [M +H]*; found: 250.1507.
The enantiomeric excess of 13h (99 % ee) was determined by means of
chiral HPLC analysis (Chiralcel AD-H, 0.46cm (¢)x25cm (L), n-
hexane/2-propanol =99.9:0.1, 1.0 mLmin~', minor: 29.1 min, major:
36.1 min).
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