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1. Introduction
1.1. Synthesis is reaction and separation

The enterprise of organic synthesis is a collective endeavor
involving reaction and separation followed by identification
and analysis.! The ‘reaction and separation stage’ produces
a new organic molecule while the ‘identification and analy-
sis stage’ proves what the molecule is and how pure it is. The
yield of every organic reaction depends on both the effi-
ciency of the underlying reaction and the ability to recover
the target product in pure form from the reaction mixture.
Reaction methods have evolved and improved dramatically
over the past decades and continue to do so. On the other
hand, while they continued to be refined, the core separation
methods that synthetic chemists routinely use have not
changed for a decade or more.

The concept of the ‘ideal reaction’ serves as an inspiring, if
unattainable, goal for basic research in synthesis.> In the
trenches (the labs), reactions are usually a means to an end
(chemical and drug discovery), and chemists tend to spend
more time searching, hoping and wishing for the ‘ideal
separation’.!®® It is rare that a new, generally applicable sep-
aration method comes along.

The purpose of this report is to provide an overview of the
increasingly popular new separation technique of fluorous
solid-phase extraction (F-SPE). Though it is still less than a
decade old,? the technique has matured rapidly and is now
ready for prime time, as illustrated by the expanding uses
over the last 2-3 years.* After a brief introduction of two
varieties of F-SPE—standard and reverse—we provide com-
prehensive tabular collections of published uses in small
molecule synthesis that are intended to illustrate both the
scope of the method and the diverse array of reagents and
materials that are now available. We close by providing
interested readers with practical information on how to
conduct an F-SPE.

1.2. Light fluorous chemistry

The bifurcation of fluorous chemistry into ‘heavy’ and
‘light’ branches in 1999 was a direct result of the introduc-
tion of F-SPE. The earliest work in the fluorous field focused
on introducing large (therefore ‘heavy’) fluorous tags onto
organic and oganometallic reaction components (catalysts,
reagents, reactants, etc.).>® These tags then rendered the re-
sulting tagged reaction components soluble in fluorocarbon
and other highly fluorinated solvents, and enabled powerful
techniques like fluorous biphasic and triphasic reactions,
biphasic and triphasic liquid-liquid extractions (LLEs),’
thermomorphic reactions, and more.® The exciting branch of
heavy fluorous chemistry, whose techniques are especially
suitable for large-scale processes, continues to forge ahead
at a rapid pace today.

Heavy fluorous tags are often called ponytails because they
usually sprout several fluoroalkyl chains bearing 39 or more
(often many more) fluorines. From the outset, workers in
the field were bent on giving these ponytails a haircut. The
resulting light fluorous molecules (typically with 9-17 fluo-
rines) are cheaper and more readily available, and are much

more soluble in common organic solvents. But therein lies
the rub—they are also much less soluble in fluorous solvents
so the LLE breaks down. The enabling advance for light
fluorous molecules was the replacement of the LLE with
an SPE.>%-10

Figure 1 compares and contrasts a pair of related heavy and
light fluorous alkene metathesis'! catalysts. The heavy fluo-
rous catalyst 1 is a copolymer of a catalyst component and
the fluorous acrylate.'> (However, many molecular heavy
fluorous catalysts are also known.) It is freely soluble in
FC-72 but is insoluble in organic solvents like CH,Cl, and
EtOAc. Following a reaction with a substrate in C¢HsCF5—
CH,Cl, the catalyst is extracted away from the products
with FC-72. Multiple cycles of recovery and reuse were con-
ducted. In principle, it makes little difference that heavy cat-
alysts like 1 have low or even no solubility in the organic

A heavy fluorous Grubbs-Hoveyda catalyst 1

CWBU-Z °
: o)
o o
iPr’ o = C.F
8 17
fluorous polyacrylate

catalyst

ratio catalyst/fluorous acrylate ~1/10
1 mmol 5.3 g, 61% fluorine

soluble in C¢F 44, CgHsCF3;

not soluble in CH,Cl,, EtOAc

A light fluorous Grubbs-Hoveyda catalyst 2

Cl
,0
iPr CgF47
catalyst fluorous tag

1 mmol = 1.0 g, 31% fluorine
soluble in BTF, CH,Cl,, EtOAc,

many other organic solvents;
not soluble in CgF,,

Light catalyst 2 in action

1)1.3 9 (3%) 2
COMe  cH,cl,

TBSO =
FANNF 40°C, 2h
TBSO 2) F-SPE
3,15.0g 4, 1.3 equiv
CO,Me
TBSO O~ s
TBSO

from F-SPE fraction
1.0 g, 77% after
recrystallization

5, from organic spe fraction
10.9 g, 59% after
chromatography

Figure 1. Comparing and contrasting light and heavy fluorous Grubbs—
Hoveyda.
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reaction solvent, so long as the reaction works. In practice,
however, it makes a big difference, especially in small-scale
discovery chemistry. Target reactions may fail either
because they are too slow to occur at all or because other
side reactions occur more rapidly. The rate of a target reac-
tion often depends directly on the concentration of a reactant
in the reaction solution—in other words, on its solubility.
So having soluble reaction components is a huge advantage,
especially when reactions are not understood in great detail,
as is always the case with new reactions.

Light fluorous catalyst 2 has very different physical proper-
ties from heavy cousin 1."* A green crystalline solid, it is
freely soluble in most common organic reaction solvents
but has low solubility in fluorous solvents like FC-72. These
properties are advantageous for running reactions since one
can simply use the standard conditions for non-fluorous
reagents without modification.

For example, cross metathesis of 3 and 4 has been conducted
at University of Pittsburgh on large scale for a preparative
total synthesis of analogs of the anti-cancer agent dictyo-
statin."* In a typical run, 15 g of alkene 3 and diene 4
(1.3 equiv) were combined with 1.3 g of catalyst 2 (3%) in
50 mL of dichloromethane. The homogeneous mixture was
warmed to 40 °C for 2 h and cooled prior to evaporation
of the reaction solvent. The mixture was then subjected to
F-SPE over 50 g of fluorous silica gel to provide an organic
fraction of cross- and self-metathesis products. Purification
of this fraction provided the cross-coupled product 5 in
60% yield. The fluorous fraction was primarily the recovered
catalyst 2 and could be used as such; however, we prefer to
recrystallize this product to ensure high catalyst quality for
the next use in either the same or a different reaction. Recrys-
tallization of the crude fluorous product from this reaction
provided 1.0 g (77%) of recovered catalyst, which was of
comparable appearance and purity to the original sample.

Comparing and contrasting this type of light fluorous reac-
tion with traditional solution-phase methods and also solid-
phase methods highlights the advantages of the fluorous
approach.'® In reaction, identification, and analysis phases,
the light fluorous approach resembles traditional solution-
phase methods rather than solid-phase methods because
the fluorous reaction components are molecules, not mate-
rials. Light fluorous molecules are often soluble in a broad
range of standard organic reaction solvents and exhibit reac-
tivity comparable to their non-fluorous parents.'® In other
words, their reaction features are readily predicted. Fluorous
molecules can be routinely analyzed by all standard spectro-
scopic methods and separated by both fluorous and non-
fluorous techniques.

The advantage over traditional solution-phase chemistry
comes at the separation stage, because the separation of
fluorous compounds by F-SPE is a reliable and generic pro-
cedure that resembles more a filtration than a chromato-
graphy. The separation depends primarily on the presence
or absence of a fluorous tag, not polarity or other molecular
features that control traditional chromatography. In many
respects, light fluorous methods capture the best features
of traditional solution-phase chemistry, yet still provide a
facilitated separation.

2. Concept of F-SPE
2.1. Classification of F-SPE

F-SPE separations can be grouped into two classes: standard
and reverse. The standard or original solid-phase extraction
is much more common and involves the partitioning be-
tween a fluorous solid phase and a fluorophobic liquid
phase.* This technique has been used in many settings (man-
ual SPE, automated SPE, plate-to-plate SPE, automated
flash chromatography, HPLC) and has proven generality.
In contrast, the nascent technique of reverse fluorous solid-
phase extraction'” uses a fluorophobic solid phase (standard
silica gel) and a fluorous liquid phase. While there are cur-
rently only a few examples, the reverse F-SPE technique
has considerable potential. Both techniques have been de-
scribed in detail*!” and we provide here a brief summary.
Section 5 of the report on practical aspects is for those plan-
ning to use the standard F-SPE technique in the lab.

SPE'3 and chromatography are related because both involve
partitioning between solid and liquid phases, and the transi-
tion zone between the two techniques is grey. In chemical
analysis, an SPE is usually used to help concentrate a very
dilute sample; however, in synthesis it is used to partition
a concentrated sample rapidly into two fractions. In general,
the synthetic SPE resembles a filtration more than a chroma-
tography, and has higher loading levels and lower solvent
volumes. After elution of a first fraction with a first solvent,
a second solvent of stronger eluting power is added to elute
a second fraction. That second fraction is simply too well
adsorbed on the solid phase to be eluted by the first solvent
in a practical time frame. Multiple fraction collection and
analysis are not required—there is one wash for unretained
molecules and one wash for retained molecules. In chroma-
tography, elution of successive fractions is typically a ‘time-
dependent’ process—sooner or later, all of the fractions
elute. In SPE, elution of successive fractions is a ‘solvent-
dependent’ process.

Among different packing materials for SPE, ion-exchange
resins have good retention selectivity, give ‘mass-controlled’
separation, and are little affected by the volume of the
loading solvent. In contrast, polarity-based normal- and
reverse-phase silica gels are much less selective and are
more sensitive to the polarity and volume of the loading sol-
vent.'® Fluorous silica gel has strong and selective fluorine—
fluorine interaction with fluorous molecules.

2.2. Standard F-SPE

Standard F-SPE was introduced in 19973 and involves the
use of a fluorous solid phase and a fluorophilic (but not fluo-
rous) solvent, as illustrated in Figure 2. The fluorous solid
phase is typically silica gel with a fluorocarbon bonded
phase (-SiMe,(CH,),CgF,7), and this is commercially avail-
able from Fluorous Technologies, Inc. under the trade name
of FluoroFlash®."”

Me Me
\ / F FF FF FF F

Si—-0—Si
F

FFFFF FFF
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fluorophilic pass

fluorous
silica gel

fluorous
fraction

MeOH, MeCN
THF, etc.

fluorophilic pass

organic
fraction

standard
silica gel

fluorous
fraction

fluorophobic pass

standard
silica gel

organic
fraction

100% DMSO, etc.

Figure 2. A cartoon of a ‘standard’ F-SPE. The organic fraction is blue and
the fluorous fraction is red.

Briefly, a crude reaction mixture containing both fluorous
and non-fluorous reaction components is charged onto fluo-
rous silica gel and then the silica is eluted with a fluorophobic
solvent like 70-80% MeOH-H,0, 50-60% CH;CN-H,0,
80-90% DMF-H,0, or 100% DMSO. In this ‘fluorophobic
pass’, non-fluorous (organic) compounds typically move at
or near the solvent front and elute immediately, while fluo-
rous compounds are retained on the silica gel. In the ensuing
‘fluorophilic pass’, elution with one of many organic sol-
vents (water-free MeOH or CH3CN, THF, among others)
then provides a fluorous fraction containing those com-
pounds bearing the fluorous tag.

The procedure is simple, general and reliable, and has
now been used many times in diverse settings. Importantly,
it does not seem to be very sensitive to the polarity of
either the fluorous component or the organic component.
Thus, the standard F-SPE is a very attractive separation
technique in library settings since products with very differ-
ent characteristics will all exhibit substantially the same
behavior.

2.3. Reverse F-SPE

Reverse F-SPE is a new technique with few examples
to date,!” but with considerable potential. The philicities of
the solid phase and liquid phase are reversed, and standard
silica gel is used as the polar solid phase while blends of
fluorous®® and organic solvents are used as the fluorophilic
liquid phase. The concept is illustrated in Figure 3. A sample
containing fluorous and non-fluorous components is charged
to regular silica gel with standard solvents, and then the
silica is eluted with a fluorophilic solvent to remove a
fluorous fraction (fluorophilic pass). In our first paper,'’
we used FC-72 (perfluorohexanes) and ether, among other
combinations, but we now more often use HFE-7100
(perfluorobutyl methyl ether) blended with ethyl acetate,
ether or another organic cosolvent. Following that, a fluoro-
phobic pass can be conducted with any standard organic
solvent.

Perfluoroalkyl alkyl ethers like HFE-7100 are preferred over
fluorocarbons because the fluorocarbons have very poor

FC-72/Et,0 hexane/EtOAc,
HFE-7100/EtOAc, or any standard
etc. organic solvent

Figure 3. A cartoon of a ‘reverse’ F-SPE. The organic fraction is blue and
the fluorous fraction is red.

eluting power (even for most light fluorous compounds)
and they have limited miscibility in organic solvents. Be-
cause of this, the range of fluorophilic blends with such sol-
vents is limited.

The reverse F-SPE is attractive for removing fluorous
reagents, catalysts, and other byproducts from standard
organic target products because after the fluorophilic pass
is complete, the organic product absorbed on the head of
the silica column can simply be purified by standard flash
chromatography. It is also attractive because solvent elution
conditions and prospects for success can be readily assessed
by using standard silica gel TLC plates.

However, because standard silica gel is used, the behavior of
reverse fluorous methods can be significantly affected by the
polarity of both the fluorous and the non-fluorous compo-
nents. While we still have limited experience, we currently
feel that reverse F-SPE exhibits the most power when used
to separate relatively nonpolar fluorous components from
relatively polar organic components. Of course, such kinds
of separations might also be conducted by standard chroma-
tography with traditional solvents like hexane—EtOAc. How-
ever, the replacement of nonpolar solvent (hexane) of this
combination with a fluorous solvent will often provide a
better separation because this will significantly retard the
elution of the organic fraction without retarding nearly as
much (and perhaps even promoting) the elution of the fluo-
rous component.

3. F-SPE methods
3.1. Pressure and gravity F-SPE

Depending on the type of fluorous silica gel that is used,
F-SPEs can be driven with light pressure (positive or nega-
tive) or by gravity. Commercially available FluoroFlash®
SPE silica gel®! has 40-60 um particle sizes. Cartridges
packed with this size silica gel require positive pressure on
the top or negative pressure under the bottom to drive the
elution process. When particle size is increased to around
120 um, gravity SPE is possible.??
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Figure 4. 2x12 Vacuum SPE manifold.

3.2. Common F-SPE systems

A basic unit for conducting 1-24 SPEs shown in Figure 4
is commercially available from Supelco. Other companies
such as Fisher and Waters sell comparable units. The unit
is a 2x 12 manifold and employs negative pressure, which
is convenient for SPE cartridges with 2-10 g silica gel.
Fractions are collected in a 10-15 mL test tube. For F-SPE
with big cartridges (6-10 g silica gel), more than one
tube is needed to collect both non-fluorous and fluorous
fractions.

Since the F-SPE process is highly reproducible and func-
tional group independent, it can be easily automated or
used in a plate-to-plate format. For parallel synthesis, plate-
to-plate F-SPE can significantly increase the throughput.
Samples are loaded onto a plate whose cartridges are packed
with fluorous silica gel and fractions are collected in a
matched receiving plate. The silica gel plate may be
cartridge- or well-formatted. Figure 5 shows a 24-cartridge
plate and a 24-well plate of VacMaster® from Biotage.*}
Similar systems are also available from United Chemical
Technologies, Supelco, and Waters. If 40 um fluorous silica
gel is used, then the receiving plate is connected to a vacuum
pump. The 24-channel plate has the following technical

features: (1) each cartridge has 6 mL, and each well has
10 mL volume, which can be charged with 3—4 g of fluorous
silica gel leaving ~3—5 mL top space for elution solvent; (2)
each receiving well has 10 mL volume for collecting frac-
tion; (3) a six-channel pipette is used for parallel sample
loading and solvent loading; and (4) the Whatman® receiv-
ing plate** has a standard footprint, which can be directly
concentrated in a Genevac vacuum centrifuge. The 24-well
plate is good for parallel purification of 10-100 mg quantity
of products. This system has been demonstrated in the puri-
fication of small libraries produced involving amine scav-
enging reactions with fluorous isatoic anhydride, amide
coupling reactions with F-CDMT, and amide coupling reac-
tions with a fluorous Mukaiyama condensation reagent.?>?

The 96-well F-SPE plate is more suitable for parallel synthe-
sis of larger number but smaller quantity of samples. Figure 6
shows a pair of 96-well Ex-Block plates poised for plate-to-
plate F-SPE.?*" Each well in the top block has 3 mL volume
and is charged with 1 g of fluorous silica gel. The bottom
receiving well also has 3 mL volume. The 96-well plate
F-SPE system has been demonstrated in gravity F-SPE
with 120 um size silica gel for fluorous scavenging reactions
and amide coupling reactions.??> There are several similar
96-well plates commercially available. However, most of
them only have 2 mL well volume.

The F-SPE process can also be automated. The RapidTrace®
SPE workstation has been widely used in biology labs for
sample preparation,”® but it is less popular in synthetic
labs (Fig. 7). The workstation can have up to 10 modules
arranged in parallel and attached to a computer to control
cartridge conditioning, sample loading, cartridge elution,
and fraction collection. The automated sample loading can
handle solutions and slurries containing small amounts of
solid. Pump-controlled solvent delivery gives accurate sol-
vent volume and flow rate. Each module conducts 10 SPEs
sequentially. A maximum of 10x10=100 SPE separations
can be finished in 1-2 h unattended. Each SPE cartridge
has 3 mL volume, which can be charged with 1.5 g of
fluorous silica gel for the separation of 10-100 mg samples.
Relative to the plate-to-plate SPE, the RapidTrace® unit
has higher upfront instrument cost but significantly saves
manpower and provides consistent results.>>"

Figure 5. 24-Cartridge (left) and 24-well (right) SPE plates.

Figure 6. Ex-Block for 96-well plate-to-plate F-SPE.
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Figure 7. RapidTracc® SPE workstation (left, single unit; right, 10 parallel units).

Figure 8. Biotage FlashMaster™ II for variable-scale F-SPE.

Commercial systems from Isco and Biotage are available for
large-scale F-SPE or flash chromatography. Among them,
the Biotage FlashMaster™ II can handle up to 200 psi back
pressure, which is more suitable for fluorous separations
using MeOH-H,0 and MeCN-H,O as the elution solvents.
This system has 10 channels; cartridge sizes from 5 to 100 g
can be easily fit in (Fig. 8). The FlashMaster™ system also
has many features of standard HPLC including gradient
solvent mixing, flow control, and UV-trigged fraction
collection.

4. Tabular summary of F-SPE

This tabular section is intended to provide a comprehensive
collection of the published uses of F-SPE for separation in
small molecule synthesis from its inception in 1997 up to
early 2006. Small molecule synthesis is not the only use of
F-SPE, but applications in oligonucleotide synthesis,?’
: i 28 : .29 30
peptide synthesis,*® proteomics~” and other areas” are not
covered here. Nor do we cover other uses for fluorous silica

gel including HPLC demixing in fluorous mixture synthe-
sis®! and catalyst/reagent support applications.>?

The tables are organized so that readers can easily scan them
for relevant fluorous reaction components (left column) and
allied transformations (center column). References are pro-
vided in the right column. In almost all cases, papers report
multiple examples of the use of F-SPE, but we often extract
only a single representative example. In the case of chiral
auxiliaries and protecting groups, for example, the F-SPE
may be used in multiple steps, including tagging, reaction
of tagged substrate, and detagging. Here, we typically focus
on the key reactions. In the case of library synthesis, we sum-
marize the steps and show a generic example of the library
core with R groups to give readers a sense of the scope
and substitution pattern of the library.

The tables are organized according to fluorous reaction com-
ponent under the following headings:

e Reagents,>® Table 1: One or more fluorous reagents are
used in at least stoichiometric quantities, providing fluo-
rous byproducts. The precursor and the target product
are organic.

e Reactants, Table 2: A fluorous reactant is incorporated

into the product, but it is not a chiral auxiliary or a pro-

tecting group.

Catalysts,>* Table 3: The fluorous reaction component is

a catalyst or precatalyst. The precursor and the target

product are organic.

Chiral auxiliary, Table 4: The substrate and product bear

a chiral auxiliary with a fluorous tag.

o Scavengers,> Table 5: A fluorous reagent is used to
consume (scavenge) some undesired reaction compo-
nent (usually an unreacted starting reagent) and the
scavenged product is separated from the organic target
product.

e Protecting groups,’® Table 6: The substrate and/or prod-
uct bear a fluorous version of a common protecting

group.
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e Displaceable tags,® Table 7: The substrate and derived A number of the more popular fluorous reaction components
intermediates bear a tag that is displaced with other shown in the tables are commercially available from Fluo-
functionalities, usually in a diversity oriented synthesis rous Technologies, Inc.,'® Aldrich, Fluka, and Wako (in
setting. Japan).

Table 1. Reactions with fluorous reagents

Reagent Transformation Ref.

F-SPE 71% (100% pure)

u

CHO
A~ SN(CH,CH,CFy3); Ej/V no solvent solvent
6 140 °C,4d 3
O OH
~y J\/kt_B
|

_A~Sn(CH,CH,CH,C4Fy)5

7 37
F- SPE
92%
t BuOH Et
TFSPE
'\|Ae 83°/
C1oF21 ?
H—Sn—/_
| 8 38
Me J/ #+BuOH
8 —
@ F-SPE N
\
Cbz

75%

Rfh Me
O MeO 9, CH,Cl, MeO
(AcO),l i

25 °C, 20 min
9 F-SPE
Rfh = (CH,),CqF 7 OH

39

@[ 10,K,CO5 HzN\ﬁPh
Hs/\/cst % Ji “MecN CO,Me 40

10 CO,Me F-SPE 91%
e :
5 k MePNBTF
" F-SPE

0,
Rfh = (CH,);CqF 47 2%

Staudinger reactions

HoN N\I 12 _
=N THF, H,0 N>_$/N o
Ph,P(CgH,CH,CH,CeF 13) N\\—l\f 0 25°C > NN )/\2\\
12 o F-SPE G NH,

42

(continued)
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Table 1. (continued)
Reagent Transformation Ref.
Ph,P(C¢gH,4CH,CH,CgF47)
Mitsunobu reactions
13, F-TPP
O,N CO,H 13,14 O,N co,Me
L1 MeoH — o >
+
Rt AL LR e FSPE
NO
14, F-DEAD-1 NO, 2
Rfh = (CH,),CeF 15 93%
H F
0 g ° e
rin. JL L _tBu + OH "M _ o 4345
O 'N=N" O F F-SPE
15, F-DEAD-2
60%

Rfh = (CH;)3CF 43

S
_Rfh

th\o N=N" "0
16, F-DEAD-3

Rfh = (CH,)3CeF13

th/ojl/N\\(o‘th
NN
hd
Cl
17, F-CDMT

Rfh = (CH,)3CeF 13

NN
0 C8F17

L
A A

Cl N Cl
18, F-DCT

@CI CoFy
L
+

PFg

19, F-Mukaiyama
condensation
reagent

OMe

Rfh
OMe

20, F-Lawesson's
reagent
Rfh = (CH2)5CqF 17
(CHy)4CgF 47
(CH3)4CeF 13

oH 13,16
NG F FSPE /©/

98%

OMe

CO,H 0
Boc/O+ OMe ) 17, MMM H/\©
2) MP-CO, N
H N FspE  Boc” 25
57% (91% pure)

Me
0._CO,H
/©/ 18 (1 equiv) Me
cl + NMM Q
—
. THF v
equiv. Me NH, F-SPE Y
v ‘
Me_ cl
2 equiv 62% (99% pure)
COH ) 10
A\ HOB, DIEA 1) MeNH(CH,)3CoF 19

N HN 2) MP-CO,
< >\ /”\\ ;:> 47

e 95% (99% pure)

0__0 20 0__S
no solvent
—_—
©/\j 4#W, 3 min ©/\/j
F-SPE
85% 48,49
O i Oy
55°C.6h Ve
F-SPE N=N
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Table 2. Reactions with fluorous reactants
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Reactants Transformation Ref.
Br 21 /\/\/\/CsFm
CeF13
|\/\/CGF13 THF-Et,0 Br
21 [(cod)CuCl] + S0
MgBr  F-SPE 97% (3:1)
CSF13
22
AIBN (10%)
h
I-CsF16CF(CF3), )\/Snau3 _hexane _ )\/C“an .
22 80°C,2h
F-SPE 95%
\\ II\II—N CgFy7
Y
E 23 N
Ng,/\/cs 17 Cu(OAc),
23 N ascorbic acid 52
—_—
HO iPrNH, MeOH ;5 N
F-SPE
=
| =
S |
N SN 95%
Table 3. Reactions with fluorous catalysts
Catalyst Transformation Ref.
CHO
HO
NO, 24 7
) BTF, 60 °C NO,
—_—
P{< )—Rfh F-SPE
7/ + 9
Cl,Pt 2 NO,
24 NO,
Rfh = (CH2),CeF 13 [C6F13(CH,)313SnCH,CH=CH, 100% (100% pure)
(Rfh),Si O O Ph
~ o) 25, Sm 0
O  oH OMe 2 Ph
THF
0} OH Ph —_—
OO e -45°C,2h
(Rfh);Si Ph F-SPE 53
82% (81% ee)
25 98% 25 recovered
Rfh = (CH,),CeF 15
(Rfh),Si Oe
26
S OH
OH MeO cHO TOT%  Meo ;
OH AL
20 [ER
(Rfh),Si F-SPE 54
95% (85% ee)
26, (R)-F-BINOL
Rfh = (CH;),CeF 13

CeF4

3
OO OH cHO 27:T£(2¢)1—)iPr)4
o C
C6F13

+ A~ SnBug

100% 26 recovered

WO
I

hexane
0°C,61h
27

F-SPE 88% (75% ee)

(continued)



W. Zhang, D. P. Curran / Tetrahedron 62 (2006) 11837-11865

11846
Table 3. (continued)
Catalyst Transformation Ref.
Rfh
PPh, 28 o
PPh, /lOJ\/ICJ)\ [RuCly(benzene)], HC}{')L
OMe 50 bar H,, CH,Cl, OMe 56
Rfh F-SPE 100% (80% ee)
Rfh = (CH2)2C6F13
Me Ph 29 OoH
N : 2 1 toluene/hex
| OH Et,Zn
. Me 25 °C,20 h
(Rfh),Si F-SPE 57
29 91% (83% ee)
Rfh = (CH,),CgF 43 100% 29 recovered
© Tf0/©>< 30 r!l
—_—
o b | 3% Pd(OAc), \ﬂ/ <
Ishaue! oD '
fh Rfh o) ] B yield
30, F-dppp A 60 °C,18h 94/6 46%
Rfh = (CH,),C,4Fq 4w 90°C, 15 min 90/10  46%
th\ /th CI\ _Rfh
CI—Sn—O—SQ
31 (10%
Rfh_ | | Rfh OMe (10%)
/S\n—0—§n\—C| HO\/'\./\/\CO Me —’CGHSC'
Rfh ¢ Rfh Rfh 2 LW 59
a1 Me 200 °C, 10 min
F-SPE
Rfh = (CH,),CeF 13
OH 32 (2%) OH
- CF. oT
[[CoF 15CHCH;8n0), cFs OH BNTC, O ° 60
32 CH,Cl,
25°C,1h
F-SPE 70%
O
H mH
=N N= 0 ) 56% (90.6% ee)
Co \/A 1) (R,R)-33, AcOH, air 61
D Cl
CsF1r o o CsF17 2)H,0,25°C, 15 h Y OH oy
t-Bu  t-Bu (R,R)-33 recovered cl
(RR)-33 by F-SPE
40% (98.3% ee)
Rfh _Rfh
o (0]
OH
(o] =
34 H
O O J\ S Cu(OTf Phjk/\CO Et
Ph Me H Co,et  Cu(OTh, 2
F-SPE 99% (67% ee)
77% 34 recovered
62

34
Rfh = (CH,)3CgF 47

o}
. )J\ 342

Cu(0TH)
F-SPE

TMSO S—t-Bu

CO,Me

t-Bu—S CO,Me

63% (65% ee)
77 % 34 recovered

(continued)
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Table 3. (continued)
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Catalyst Transformation Ref.
Me Me
o 25 o] CO,Et
[Ni{F3CC(O)CHC(O)CeF 13}2] + N=—CO,Et ————> 63
35 CDCly 3
o} o] NH,
25°C,24h
Me F-SPE Me
99%
PCy3
R P
cI” u= -T:
cl P S\/K 36 (5%) b\
—_—
AN CH,Cl, %
A 55°C,2h 99% 13
F-SPE 88% 36 recovered
= (CH2)3C5F13
N N
CI,,Y . p-Ts
Y
oI Rfh /\/N CHZC|2 13
A 55°C,2h 96%
F-SPE
2
Rfh = (CH,);CgF 7

91% 2 recovered

Sl_CeHIP_cst
|
CgTd—CI /©/ 37 (3 mol%)
S

CO,Me
MeO + Bu3N DMA /©/\/
37

140 °C, 45 min
Zco,Me

64
F-SPE 89%
CsF17

38 (0.1 equw /©/'\ 65
THF 25°C
—0
H/B O CgF17 c F-SPE
38

92% (91% ee)

Table 4. Reactions with fluorous chiral auxiliaries

Chiral auxiliary Transformation Ref.
o) (0]
Bn Bn )
OMe Mg, Et,0 Rfh LIAIH(OtBu),
HN.__OEt Rfhl HN_ _OEt EtOH
0o \ﬂ/ (3 equiv) \ﬂ/ -78 10 25 °C
Py 0 F-SPE o
N” O 42%
OH
. L 9 66
CeF n
e \I/\th NaH, THE 1N~ o
39 HN OEt F-SPE /
\lc])/ B Rfh
95% 39, 99% ee
(anti:syn >99:1)

(continued)
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Table 4. (continued)

Chiral auxiliary Transformation Ref.

o 1) TiCl, (1.1 equiv)
\/U\ )L DIEA (2.5 equiv)
CH,Cl,
- rer? .
\_/

2) PhCHO (2.5 equiv)

o NH,CI
\_/ OH o} OH o] .
BR  CeFpr )L /\/lL JL
Ph o + PhTY
40 H \_l
Bn CBF17 B" c 8F17
94% (>99:1)
o Yb(OTf),
o iPrl, BuzSnH O
A AL s T
X -78 °C
\ / THF/CH,CI, \—/
& B c eF17  F-SPE Bn® Can 68
Bn C8F17 91%
M (diastereomer
ratio 7.2:1)
i
/\/U\ o, ph - o0 o
A o 9 W=/
\_/ /\/U\NJL o Ph’ o NJLO
- - ! \
Bn R \/ Mg(CIO,), N 69
42 Bn “Rfn CM:Ch.24h  Ph phBn Rfh
= F-SPE
Rfh = (CH),CeF 13 S 92% (exo:endo = 69:31
endo 81% de, exo 88% de)
Table 5. Reactions with fluorous scavengers
Scavenger Transformation Ref.
NCS
60°C,6h
N CoF + NH,  CH,Cl \-NH
P /& 43 (1 equiv)
0”0”0 A\ F-SPE H,< 70
43 N
amine scavenger H
1.5 equiv 100% (95% pure)
7\
c NCO =N
oon > ©/ N
+ CH,Cl, Q
—_—
M /N = 44 (1 equiv) -
amine scavenger HN N—Q F-SPE N
/ N / / _ﬁ
1.5 equiv 100% (95% pure)
NH OMe
’ ~_-CeF1 DIPEA o
s _THE
. 45 . 45 (2 5 equiv)
active halide 72
scavenger F-SPE
2 equiv 93% (89% pure)

(continued)
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Scavenger Transformation Ref.
o N o N
Y Y
O O
CgF
A~ 817 Q/ PS-DIEA O/
HS HN N CH,Cl, N
10 @) 10
active halide o) F-SPE O 73,74
scavenger C] I
O Br o
excess O 93% (>95% pure)
CoF PR N, THF, 25 °C H H
HS/\/ 817 + " > AN N N ~ Ph
10 (1 equiv) Ph \”/
10 pr~ \—NCO F.SPE s
isocyanate scavenger B o) 7
1.3 equiv 93% (>98% pure)
Ph—COCI
C'\H/C7F15 . PS-DIEA HooL
—_——
o) _-NH; a8 (1equv)  PH T e
46 Ph F-SPE o) 74
amine scavenger .
1.3 equiv 96% (>98% pure)
CI\H/C-,F15 ﬁ ﬁ
1) Et3N
o] ©©\,H s Mets—c DESN Me=S—N
46 Il 2)46 (2.5 eq) o 75
amine scavenger excess o F-SPE 94%
* [358]
SO,CI
ph—" ° H—"? i
+ 47 (1 equiv) ﬁ
—_—
HO3S—CgF17 NH; Fspe o
Cl
a7 74
amine scavenger Cl 80% (>95% pure)
1.3 equiv
NMe.
CI/\/ 2
48 (1 equiv)
ClO,S—CoF 13 + _— 3 . ~_-NHMe,
48 o~ F-SPE Ph (0] 74
base scavenger Ph O—-Na
88% (>98% pure)
1.3 equiv
O SPh
OH
w/\can PS-DIEA
F .
49 49 é 1SquI:|v) F 74
thiol scavenger PhSH
1.3 equiv 90% (>96% pure)
N o)
(l,),SN\n/Cvo ph >~ NHBN 1) F-NMM w0
N O (1.5 equiv) Ph\/\N/S\/CF3
+ _—
CF; 2) 50 (1.0 equiv)
HzN\)/ LNH? clo,s—" F-SPE Ph 76
59, P-Trls 1.3 equiv 88% (>95% pure)

sulfonyl chloride scavenger

(continued)
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Scavenger Transformation Ref.
(0]
$ NA@\ Ph™ X toluene m
o CeFi3 Pho _— 155 °C 2d 77
F-SPE
51
dienophile scavenger 66% CeF43
o}
N/[< }\\N/\/CBFW
1l N
N\« _\_C8F17
) 25°C,2h ’.
77
52 F-SPE
dienophile scavenger 69%
o}
~CsF1z Br /E_T)\ DIPEA
S + —_—
L Me™ g7 "SH  cH,cl,
NN eO
)I\ /)\ 1.0 equiv 1.5 equiv
Cl N (¢]]
o 78
53, F-DCT 1)(%35 " S S
thiol .5 equiv Me
iol scavenger \« W/
2)MP-CO3 N-N

F-SPE
71% (94% pure)

Table 6. Reactions with fluorous protecting groups

Protecting group

Transformation Ref.

CsF17
HO

CsFi7
54

Ph
| C8F17
Br—?i—/_
t-Bu
55, F-BPFOS-Br

56, F-THP-S(O)Ph

. CeF17
oFi, 1) PN:SICl

[¢

CH,CI,/BFT Ph o

Et,N, refl Ssi”

HO 3N, reflux Ph/?|

2) cyclohexanol (6] C.F

Et;N, CH,Cl, 817 79
CgF17 DMAP, 25 °C

F-SPE
47%

(CH){OBPFOS  1pp (CH,);0BPFOS
CH,Cl, =
—_—
NHCOR F-SPE NHCOR

OH

80

56
Cp,ZrCl,, AgCIO,
—_—
CH,Cl,
4 AMS, -20 °C-25 °C 81
F-SPE

HO F-THP-O 71%

(continued)



W. Zhang, D. P. Curran / Tetrahedron 62 (2006) 11837-11865

11851

Table 6. (continued)
Protecting group Transformation Ref.
Ph Ph NH,-CgHy 4
57, Et,N EDCI, HOBt
Rfh on THFHQ  FcBz OH CHCIy/DMF
—_— —_—
H,N F-SPE H F-SPE
o (@]
o 97%
) O—< Ph 82
t’l o] F-CBz. NH-CgH 4
N
O H o
57, F-CBz-OSu 62%
Rfh = (CH,),CgF47
(0]
0 R'-NH-R? .
Ph oy  EDCI, HOBT N
N-O_ _O_ _Rfh F-SPE N R2
&K
] 21-100%
58, F-Boc-ON TEA o ] 83
Rfh = (CH,),CqF 5 = N
2 |
F-SPE HN 2
5-100%
NH R3CHO MeOH
H 2 ) pw, 100 °C
_N o._Ph  1S5equiv 20 min
F-Boc + Y +
CO,H RING F-SPE
Ph>= 1.0 equiv 1.1 equiv 1.1 equiv
N-O (o] Rfh
NC T X Q o
o R® .R*  TFA-THF 3 4
N > R R 84
58, F-Boc-ON o N H Hw, 1OQ C H
Rfh = (CH,),CqF 13 20 min fo) N
LD Fe I
NS
Ph HN Ph” N
F-Boc
9 examples
2-step yield 51-81%
purity 52-85%
NH, R3CHO MeOH
y 15equiv kW, 100°C
_N Ph ~eq i
F-Boc . OY . 20 min
Ph OH RANC F-SPE
NC>=N_O\[]/O><th 1.0 equiv 1.1 equiv 1.1 equiv
o
F-Boc
58, F-Boc-ON | TEA-THF \
Rfh = (CH,),CeF 1 NH, uw, 100 °C N 84
@ @ 30 min \
—_— H
N F-SPE
H 3 N4
R? Nope R R
5 (0]
9 examples

2-step yield 11-67%
purity 25-96%

(continued)
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Protecting group Transformation Ref.
59
Ph Ph
Rfh _>—002H _EN _>—COZH
H.N MeCN F-Fmoc-HN
2
F-SPE
6] 94%
. Ph—>_
CO,Me
— Ph
o DCC, HOBT Ph N
o Rfh TTaN CO,Me
3
59, F-Fmoc-OSu CHCl,, DMF F-Fmoc-HN o
Rfh = (CH,),CeF 5 F-SPE 89%
NANTN o (0] 60 o] (o)
c” o CsFyr Buﬁ /V/ DIPEA Bu: § 4
S CH,Cl, S
60, F-MOM-CI 746 on ovc 40 O—F-MOM %6
F-SPE

HZN/\©\
Rfh

61
Rfh = (CH,),CeF13

OHCOO—th

MeO 62
Rfh = (CH,);CgF 17

69%

e
HoN N NH-, _ MeOH _
H HW
Rfh CO,H W 120 °C, 10 min
o) F-SPE

I|300 9y H (0] 87
NH O NO 1:2 TFA-THF JS—)\
N2 TRA-THE
Clly e L
N 120 °C, 10 min z @th
o) F-SPE
Rfh
78% 66%
OMe Br
NaBH(OAc 1
th—o—GCHo (OAC); ome R
CH,Cly, t, 3h )
_— n
o F-SPE N
>—< >’Br Rfh—O
H2N )n
RZ
R2B(OH), .
PA(PhyP),, KsPO, oMe T R®SO,CI, MTDA
uw, 120 °C, 20 min O CH,Cly, 1t, 18 h
F-SPE H F-SPE
Rfh—0 88
R2
R’I
OMe ) TFATES/H,0/CH,Cl,
N (5:5:0.5:89.5), 25 °C, 3 h
3 3
Rfh—0 SOR F-SPE

(continued)
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Table 6. (continued)
Protecting group Transformation Ref.
o) Boc-AA-OH
NH, HATU, HOAt  TBAF, BnBr
F-TMSEO 2,4,6-colidine  THF, 25 °C
DMF, 25 °C E-SPE
F-SPE
HO\/\Si/\/\C E o} H = 1) TFA, CH.Cl,
8F17 N_ A _ N TBAF, BnBr
Me/ \Me F-TMSEO TI/\NHBOC 2) Boc-Phg-OH h
o} HATU, HOAt THF, 25 °C
63, F-TMS-OH 2,4,6-collidine F-SPE 89
80% DMF, 25 °C
F-SPE
63%
O H = O °
N A NHBoc
BnO mANJ\r
o M pn
95%
CgF
g Peptides
CITO GCCSLPPCALNNPDY Camide 59% (91% pure)
(o) RQIKIWFQNRRMKWKKamide 7% (72% pure) 28b
64, F-Cbz-Cl
~_0
o. 9TbS  1ymsoTe Ph" g O oTps
glycosyl donor OAc o N
°© N‘Froc DMAP ‘Froc
FOHO H F-SPE  AcO OAc
Br Ph
Cle Ok AcO 85%
\IC])/ c8F17 90
O 0
65, Froc-Cl 7n Ph g OTDS
Ac,0O/Et;N OAcpn_O NHAc
F-SPE ACO%AC
AcO 82%
OH
66 HO °
OAc 1)NaOH, EtOAc  Ho
o S
Aco/% 25°C,2h HO
AcO 2) MeONa, MeOH @
OAcg, 25°C,5h 0o
: N e
100% Me
B20 OBz OHO
Me ¥4
o) BzO
N R BzCl, DMAP BZOE%,S Bz0
/©/ \n/ pyridine BzO Bz0 e
HS 0o 25°C,15h @ o  NIS,AgOTf, CH,Cl, 91
66 F-SPE N4 MS-AW300, -78 °C
Rfh = (CHy),CgF 7 83% Me R F-SPE
OBz

BzO o]
BzO
BzO
BzO OMe

76%
75% 66 recovered

(continued)
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Ref.

Protecting group

Transformation

tBu
_Rfh

Br—?i—o
Ph
67
Rfh = (CH,),CqF 17

|m|dazo|e
AcO DMAP
AcO CHZCIZ

F-SPE

co/%/o -Si-
AcO 92

85%

AcO AcO }Bu
ACO%OH 67 (22equiv) aco O o—?i—o\
AcO NHTroc  EtN, DMAP AcO NHTroc Ph~ Rfh
CH,Cl,
100%
AcO OAc
OBn TBAF (1.5 equiv)
tBu
_Rih StePs _ AcoO OBn THF
Br—§i~0 Tt o 9
Bh - 9 o 0—Si(t-Bu)(Ph)O—Rfh
AcO
67 OAc NHTroc 93
Rfh = (CH,),CqF 7 AcO
AcO OAc
OBn
AcOX -0 OBn
OAc O oH
o O
AcO
%Ac NHTroc
AcO i
Lewis a, 75%
Table 7. Reactions with fluorous displaceable tags
Displaceable tags Transformation Ref.
125
(Rfh),Sn I
AcOH, H,0, MeOH H
Br-Sn(CH,CH.C¢F13)3 Na['?51], iodogen Nep o
69 F-SPE 0
Rfh = C4F15CH,CH, 85% (>98% pure)
Suzuki reactions
C4F,;0,S0
0S0,C,F,; 172
@R PddppfiCl, O MeO
K,CO H
OHC s, N 95
70 HW \ [e)
120 °C, 10 min s
F-SPE 78%
(o)
0S0,C4F,; @ 0
MeO
C4F,,0,SO
R 8l 172 Pd(dppf)Cl, \©\
OHC + W s 96
HUW
0 Meo\@\ 100 °C, 5 min
F-SPE 1%
SH S °

(continued)
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Displaceable tags Transformation Ref.
oM HCO,H OMe
0SO0,CqF4; CsF170,50 e Pd(dppf)Cl,
K,CO5
R
uw 5
OHC™ ) o 100 °C, 20 min . 9
H F-SPE
85%
BuNH,
0SO0,C,F Pd(OAc), N
28717 C4F,;0,S0 BINAP gu-N
R Cs,CO,4
98
OHC 70 80-90 °C, 48 h
F-SPE 6%
NG 71, Pddbag, BINAP ~ NC
\©\ +BuONa, PhMe, 80 °C
Br F-SPE
HN
99
Rfh
71 1.2 N HCI, THF, 25 °C NC
_—
Rfh = (CH,),CgF 47 MP-CO, NH
F-SPE 2
95%
S—Rfh
ch DMAP O
TFSPE FsPE
/©/S—th 71%
HO S—Rfh
100
72, FluoMar NHR2
R'PhCOCI
Rfh = (CH,),CgF47 EtsN R2NH
TFsPE SPE
R 73-78% R’ 21-100%
e
CIW RFhS. F,C—" 'NH
i 10 A =/
N__N N.__N
Y DIPEA Y F-SPE
o] o]
69%
/\/CsFﬂ ’
HS RfhS~_~ thost NUG_~
10 NN I b
N._N  Oxone N\?N nucleophiles N. N 101
Y —_— —_—

N & N )\1/7 F-SPE " Q/7
F.C

FiC

85% 91% 75-93%
= (CHy),CqF 17

(continued)



11856 W. Zhang, D. P. Curran / Tetrahedron 62 (2006) 11837-11865

Table 7. (continued)

Displaceable tags

Transformation Ref.

1) m-CPBA
P Pr CH,Cl,
O._N 1)10, CH,CI, 18 h N 250C,2h
e e— i O] —_—
H:[\o\©\ 2) BF,.0Et, 1h Br 2) K2C0;03, Mel
Br F-SPE Rfh-S 40°C,2h
85% F-SPE

\ Pr

o Pd(PPhj),, Ets;N N Sml,
=——TMS, Cul ° F-SPE

O. Br — ) 1) YN 102
S g N A

10 & S\ F-SPE > S\ T™MS

60% (last 2 steps)

Hs/\/C8F17

N
88% S TMS Rfh = (CH,),CgF 17
0

I BPin
73 PdCl,(dppf),
DMAP, Et;N HBPin

88% Et;N, dioxane N

. F-BS
80°C,4h 88%

BPin
MeO \
N
oMe __ TIPS
" Pd(PPhy), PPhs 4 Pd(PPh )
TI,CO4,PhH

TIZCO3 PhH
80°C, 24 h 80°C, 24 h
SOLl F-SPE F8s 100% F-SPE

N
N
H

CBF17 c8F17 103

73, F-BS-CI

CsF
THF/MeOH
—_—
25 °C, 30 min
F-SPE

1) Mel, Cs,CO;,
DMF, 25°C, 1.5 h
96%
2) Mel, NH,Cl
THF/MeOH
5°C,2h
F-SPE

R{Ej\ X =N, CH

Hw
150 °C, 10 min
= 2 " .
F-SPE

CHO *
C4F 470,80 R3NC
0SO0,Cg4F,; s
7 104

3
R!' HN R*ArB(OH),
OHC N ge Pd(dppf)CI
70 X e ——

R
N/\_t_z

Y
150 °C, 10 min
F-SPE R4
16 examples

last step yields 8-58%
purities 20-91%

0S0,C4F,;

(continued)
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Table 7. (continued)
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Displaceable tags Transformation Ref.
0
R? CHO R
5 Et;N, DMF
+ H N)\H/OR + R°™—-N —/I—W_>
CeF170,50 2 o 150 °C, 15 min
o F-SPE
1.0 equiv 1.2 equiv 1.5 equiv
0S0,C4F,, a a a
R R!
O H R coRr
OHC - N 105
N N RYArB(OH),
uw
o H R2 120 °C, 20 min
F-SPE
0S0,C,F4; Ar—R*
O NH, JOI\
Et
thOJ\/kR U2 Et—NCO N7 NH
74 RO~ 7 “CF,Ph N?%P%MF 0P~ CE.ph 106
Rfh = (CH,)3CgF 17 ) 76% ’
0 RfO__O RPNCX
R! R2-CHO Et;N
ORfh  ‘NaBH(OAc) CH,CI
NH, 3 R °NH 212
0 g2
Welol)
ORfh 80-90%
NH, 3
R
75 5 | 107
RfhO__O _R N
Rfh = (CH,);CgF 7 I I-ﬂ\l\ o] /v/x
—_—
RSN F-SPE N
L R \—R2
R2
85-99%
R3PhCOCI
—_—
Hw
o F-SPE
R
ﬁ/lkOth
NH,
75 108
Rfh = (CH)3CqF 17 o

(continued)
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Table 7. (continued)
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Displaceable tags

Transformation Ref.

o)
R
ﬁ/U\Oth
NH,

75
Rfh = (CH2)3CqF 17

o)
R
j/U\Oth
NH,

75
Rfh = (CHp)3CqF 17

o)
R
ﬁ/lkOth
NH,

75
Rfh = (CH,);CgF 47

o)
R
ﬁ/U\Oth
NH,

75
Rfh = (CH,)5CgF 47

NO,
CI\)\/CI -5
i s,
NN

o NO, HN T

H
N Cl i
tho/lH/ jl)\/ 3 equiv
F-SPE

R’ N\7N
1.5 equiv
5 oy
o J
u 2 N HN N
o RN« N HaPac H42=< pw
N—7 12h o, N7\ N 150°C, 15 min 109
RfhO R F-SPE . N
Rfho R

|
NN

(0]
N e

+

3
R3 R‘l
X W/U\N (\Y
NaHMDS HNWNJ

LiBr

Et;N
toluene
—_—

uw
150 °C, 10 min

CHO
HPLC
MeO 0okt
4 equiv
CHO
Q 1
a H R //o
2 N ek
1.0 equiv NH ORfh
Et;N, DMF oy
—_— z
0 + W 111
R 72 130 °C, 20 min
N 1.2 equiv F-SPE R2
o)
1.5 equiv
H R
R3LN “/O R4-PhNCX
" < (5 equiv)
NH ORfh ———
o DMAP
H uw
@ F-SPE
R2
o o 111
K,CO4 R'
DMF RN
—_—
F-SPE N
HPLC o'

(continued)
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Displaceable tags Transformation Ref.
o} H Me
o H Me O CICH,COCI  Et-y L
~N /< ELN ORfh
3
N
ORfh _—
A 25 °C, 30 min WY Y e
: F-SPE Q
o
oM
Rﬁ/lkOth OMe 95%
NH,
0} 4 111
e Et— H M?\u\ oHMe /R
Rfh = (CH,);CgF 47 N ORfh Et<y N
R4NH, __DBU _
—_—— N
MeOH, uw \ﬂ/\N MeOH DMF - o" ™

o)
R
ﬁ/lKOth
NH,

75
Rfh = (CH)3CqF 17

0SO0,Cg4F,,

OHC
70

: pw o
F-SPE Q F-SPE, HPLC ©

OMe OMe
90-92% 5.45%
0 o
o 1 NO, H R
3
o JHR e @[ Ry A orm
N < cocl \_ 0
o AN NH ORf BN DMF oW NO,
B F-SPE :
;Rz R2  74-80%
lur ﬁ\ o}
3 R (0] 1 H 111
Rin ~TSORfM oy s MM RN

Zn, AcOH O dioxane

—_— o} N NH2 _— N
F-SPE H o Hw O W
F-SPE . O
Q HPLC Q

R2 R2
65-71% 45-58%
R o)
CHO
RZ
+ j/lLOEt
CgF,,0,S0 NH,
NaBH(OAG);
AcOH, CH,Cl, | -SPE
R R2
)\’rOEt
N
/@/\H T
CgF,;0,S0 |
NCO Et;N, CH,Cl, NCO
ol e
OEt
95,96
%N
CgF,;,0,80
F17C30230
K,COs
R4ArB(OH), Pd(dppf)Cl, R4ArSH

uw
150 °C, 10 min
F-SPE

R4Ar/®/\ >f N\@ RIAR /®/\ @

(continued)
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Table 7. (continued)

Displaceable tags

Transformation Ref.

0S0,C4F,; H,N" SNH

OHC 1
70 R

=
T O
CgF,;,0,S0

R4ArB(OH),
Pd(dppf)Cl,
uw
F-SPE
R3

A

R N

O

?
+ (EtO)y P\)l\©>R2

95,97,98

R*NH,
Pd(OAc),
BINAP

HCO,H F-SPE
Pd(dppf)Cl,
uw R3
F-SPE PY

1 NI\N

\N R
A et T
RZ
(e L rey

R1

H

(O

5. Practical aspects of F-SPE?!
5.1. A typical F-SPE procedure

F-SPEs in cartridge format are very easy to conduct and have
the following general steps: cartridge washing (for new
cartridges only), preconditioning, sample loading, fluoro-
phobic elution, fluorophilic elution, and final washing for
cartridge reuse (optional). A typical F-SPE procedure for
the separation of a reaction mixture with a 2 g SPE cartridge
is as follows:*!

Step 1—Cartridge washing: Wash a new cartridge with
1 mL of DMF under a vacuum or positive pressure de-
pending on your SPE manifold. This step can be omitted
with recycled cartridges.

Step 2—Preconditioning: Pass through 6 mL of 80:20
MeOH-H,O to condition the cartridge. Discard the pre-
conditioning eluent.

Step 3—Sample loading: Dissolve sample (100-300 mg)
in 0.4 mL of DMF and load onto the cartridge by using
vacuum or positive pressure to ensure the sample is com-
pletely adsorbed onto the cartridge (see Table 8 for alter-
native loading solvents).

Step 4—Fluorophobic elution: Wash with 6-8 mL of
80:20 MeOH-H,O to obtain the fraction containing the
organic compounds.

Step 5—Fluorophilic elution: Wash with 8 mL of MeOH
to obtain the fraction containing the fluorous compounds.

Step 6—Final washing (optional): To regenerate the SPE
cartridge for reuse, wash with 6 mL of THF or acetone
and air dry.

5.2. F-SPE demonstration with dyes

The following dye separation demonstrates how F-SPE
works. The non-fluorous compound is Solvent Blue® dye;
the fluorous compound is F-orange dye. These two dyes have
similar polarities. Figure 9 shows fluorous cartridges con-
taining the dye mixture in three different stages of elution.
The left-hand test tube illustrates how the F-SPE cartridge
appears after loading a mixture of the two dyes and elution
with a small amount of 80:20 MeOH-H,O. The center
tube shows how the non-fluorous components (blue fraction)
are washed from the cartridge by using more 8§0:20 MeOH-
H,O. The adsorbed fluorous dye is not eluted even with
extensive flushing with 80:20 MeOH-H,0 and remains on
the cartridge. Finally, the orange fluorous dye is easily eluted
with 100% MeOH or THF, as shown by the third tube.

5.3. Common issues related to F-SPE

5.3.1. Loading solvents. Many different solvents can be
used for sample loading; however, the more fluorophilic
the solvent is the smaller its volume should be to prevent
breakthrough. A list of solvents with increasing fluorophilic-
ity is as follows: H,O<DMSO<DMF<MeOH<MeCN<
THF<HFC-7100 (C4F9OCH3)<FC-72. For normal F-SPE,
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Table 8. Suggested maximum loading solvent volumes for CgF,;,-tagged substrates

Solvent Maximum loading volume
2 g cartridge (mL) 5 g cartridge (mL) 10 g cartridge (mL)

THF 0.2 0.5 1.0
CH,Cl, 0.2 0.5 1.0
MeCN 0.2 0.5 1.0
MeOH 0.2 0.5 1.0
DMF 0.4 1.0 2.0
DMSO 0.6 1.5 3.0

Solvent Blue

¥

& i |

Figure 9. F-SPE with blue (organic) and orange (fluorous) dyes. Left tube:
beginning of fluorophobic wash (80:20 MeOH-H,0); center tube: end of
fluorophobic wash; right tube: end of fluorophilic wash (100% MeOH).

the mass loading (weight of crude sample compared to the
weight of fluorous silica gel) is suggested to be around
5-10%.%" With the least fluorophilic DMSO, the solvent
loading (volume of solvent compared to the volume of fluo-
rous silica gel) can be as high as 30%, whereas with high
fluorophilic THF, the solvent loading should be less than
10% to avoid fluorous sample breakthrough. Table 8 pro-
vides recommendations for some common loading solvents
and cartridge sizes.

The usual symptom of breakthrough is that a small amount
of the fluorous compound comes off early in the organic
fraction, but the bulk of the fluorous compound is retained
on the cartridge. This happens because the loading solvent
elutes the fluorous compounds, but the elution stops as
soon as the fluorophobic solvent elutes the loading solvent
from the cartridge. Breakthrough problems can often be
solved by using less volume of loading solvent. Other solu-
tions are to use a more fluorophobic loading solvent, to use
a larger cartridge, or to lower the sample mass loading.

A good loading solvent should have low fluorophilicity and
good dissolving power for organic compounds. Direct load-
ing of a reaction mixture onto a fluorous cartridge for SPE is
sometimes possible. However, in common practice, the reac-
tion mixture is usually filtered first to remove insoluble solid
and catalysts. The concentrated crude mixture is then dis-
solved in an appropriate loading solvent and loaded onto
a cartridge preconditioned with a fluorophobic solvent. In
large-scale F-SPE, an aqueous workup of reaction mixture
is recommended. This removes water-soluble materials
and preserves the lifetime of cartridge for reuse.

5.3.2. Elution solvents. An F-SPE has two solvent passes,
the first one uses the fluorophobic solvent and the second
one uses the fluorophilic solvent. The fluorophobic solvent
is usually a water-miscible organic solvent with certain
amount of water to reduce fluorophilicity. Solvents such
as 70:30 MeCN-H,O, 80:20 MeOH-H,O, and 90:10
DMF-H,0O are the common choices. Acetone-H,O and
THF-H,O can also serve the purpose. If a component in
the reaction mixture is water sensitive, then 100% DMSO
can be used for fluorophobic wash. All the non-fluorous
components are expected to elute with the fluorophobic
solvent in 3-5 column volumes, while fluorous components
are retained on the cartridge. If organic components have low
solubility in elution solvent, this can occasionally generate
a precipitate and block the cartridge during F-SPE. Reduced
mass loading and slightly increased the percentage of
organic solvent can minimize this problem. After the elution
of non-fluorous components, a more fluorophilic solvent
such as MeOH, acetone, MeCN, or THF is used to wash
out the fluorous component retained on the cartridge in
3-5 column volumes.

5.3.3. Fluorous silica gel reuse. To control the cost spent on
fluorous silica gel and reduce waste disposal, the cartridges
can be washed thoroughly and conditioned for reuse. The
fluorous stationary phase can be cleaned by washing with
fluorophilic solvents (acetone, MeCN, and THF) or with
a mixture of MeCN-H,O containing 0.5% TFA. To extend
cartridge lifetime, crude samples containing strongly acidic
or basic compounds, or having insoluble solids or a large
amount of salts are not recommended for directly load
onto the cartridge without pretreatment. However, if the car-
tridge will be discarded after use, the precautions are not
necessary.

5.3.4. Gravity F-SPE with large fluorous silica gel. Com-
pared to normal F-SPE with 40 um fluorous silica gel, the
resolution of gravity F-SPE with 120 um silica gel is re-
duced to some extent. Cartridges with the large size fluorous
silica gel need to be carefully conditioned to remove air bub-
bles. In the case of plate-to-plate F-SPE, the plate loaded
with a high boiling solvent such as DMF or DMSO is de-
gassed in a vacuum chamber (20-30 mmHg) for 3-5 min
to remove the air bubbles.

6. Conclusions
The results summarized in this report show that the new sep-

aration technique of fluorous solid-phase extraction (F-SPE)
has successfully debuted and is now ready for prime time.
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While there is still more to be learned, basic F-SPE
techniques are well understood and have proven generality.
The predictability and generic ‘fluorous/non-fluorous’
nature of F-SPE’s make them especially attractive in
research settings with single compounds or compound
libraries. The learning curve is not steep; indeed, you can
be up and running in the lab with your first F-SPE in as little
as 15-30 min. Fluorous silica gel is now commercially avail-
able in an assortment of sizes and formats, and an increasing
number of fluorous reaction components (reagents, cata-
lysts, tags, scavengers, protecting groups) are also sold com-
mercially. Thus, we expect that the usefulness of F-SPE will
continue to expand as it is applied to more and different
problems, and we intend that this report will help to fuel
that expansion.

Note added in proof

A special issue of fluorous chemistry containing several
papers dealing with fluorous solid-phase extraction has just
appeared: Zhang, W. QSAR Comb. Sci. 2006, 25, 679.
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Abstract—Three stereoisomers of a wax ester meromycolate have been prepared starting from mannitol. A detailed comparison of their NMR
spectra with those reported for a homologous series of natural wax esters allows the relative configurations of the a-methyl group and adjacent

trans-cyclopropane to be determined.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Mycobacterial cell walls show unusually low permeability,
a factor which contributes to their resistance to therapeutic
agents, apparently due to an exceptionally thick monolayer
formed by the packing of esters of Cg—Coq fatty acids.
These ‘mycolic acids’, exemplified by structures 1-5, con-
tain various structural features including cis-cyclopropanes
1,2 a-methyl-trans-cyclopropanes, o.-methyl-B-methoxy and
ot-methyl-B-ket0,3‘6 cis-alkene, a-methyl-frans-alkene and
a-methyl-trans-epoxy fragments, e.g., 4.” Each contains
a common B-hydroxy acid group®® and they are generally
present as mixtures of various chain lengths. Although the
hydroxy acid grouping is known to be of R,R-configuration
for a number of bacteria,'? little is known about the abso-
lute stereochemistries of the other groups. There is some
evidence that the 1-methyl-2-methoxy unit at the distal
position from the hydroxy acid in mycolic acids 3 is
S5,5,196 while other reports identify a R-stereochemistry
for the three stereocentres of the a-methyl-trans-epoxy
unit in 4.7

Over 60 years ago, Anderson, in an epic series of papers, ini-
tiated studies on mycobacterial lipids and reported'! that the
isolation of two new optically active long-chain alcohols
from the neutral fraction of the saponified waxes of the so-
called ‘timothy bacillus’, later classified as Mycobacterium
phlei.! These alcohols were identified as d-2-eicosanol
[[e]lp +3.5] and d-2-octadecanol [[a]p +5.7]. It was noted
that the acidic fraction from these saponified waxes con-
tained a high molecular weight component, tentatively

* Corresponding author. Tel.: +44 1248382374; e-mail: chs028 @bangor.
ac.uk

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.019

identified as being dibasic.!! A careful analysis''® of the
firmly bound lipids from avian tubercle bacilli (Mycobacte-
rium avium) again yielded long-chain alcohols, with
d-2-eicosanol as main component. These lipid fractions
also produced a long-chain diacid, recognized for the first
time as a mycolic acid and given the title y-mycolic acid
[[et]p +5.3].112 In parallel studies, similar alcohols and acids
were characterized from an organism claimed to be the
causative agent of leprosy.!'!® It is clear, however, that this
bacterium was not the leprosy bacillus as Mycobacterium
leprae has not been cultivated to date and the mycolic acid
composition of M. leprae is distinct (Scheme 1).!1°

CH3(CH2)3/A\ (CHL); (CHy),CHOHCHCOOH

CHy(CHp)y

X Y Me
CHs(CHz)aH (%)M
(CHy)

,).CHOHCHCOOH

HiC 0 Me
CH3(CH2)6)—<(CH2)2\A\
(CH
)

=15,17,18, 19
=10,14,16
=15,17,19, 21

a
b
c=1

d=21,23

CH3(CH2)d (2) XY = CH2
(3) X=Me, Y =OMe
@XY=0

Z)CCHOHICHCOOH

CHg(CHy)y
[e) Me
Ro% CHs
(CHy)g _ |
(CHZ)CCHOH|CHCOOH (6) R=CHj(CH,),CH
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CHyCHpy
Scheme 1.
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In more recent investigations of mycolic acid structure and
distribution, compounds such as 6 or the corresponding di-
acids 7 were characterized from Mycobacterium paratuber-
culosis"** and Mycobacterium gordonae,'*® as a constituent
of trehalose mycolates of M. phlei,'>"!” including the iden-
tification of a trehalose monomycolate ester'* and Mycobac-
terium flavescens.'” They are known to be a characteristic
component in the M. avium—Mycobacterium intracellulare
group and other rapidly growing bacteria.!”?® Their pres-
ence in Mycobacterium smegmatis has been implied,'” al-
though not confirmed by a later study.? Usually they have
been analyzed as the corresponding a-methyl-alkanol and
free acid after hydrolysis.’**! Some such wax esters do
not appear to contain cyclopropanes, while in other cases
the composition is not clear.?>~?” The analysis of the intact
trehalose monomycolate derivatives by MALDI-TOF mass
spectrometry shows ions due to Cg;, Cgs and Cg; wax esters
for M. avium—M. intracellulare (the italicized species being
the major one), and C;g, Cy9, Cgg, Cg;, Cgo and Cgs for
M. phlei and M. flavescens.'”'8

Much is now known about the enzymes controlling the bio-
synthesis of mycolic acids,>>”-?° and a number of proposals
have been made as to the relationship between routes to the
different types, e.g., that the cis-cyclopropane unit, the
a-methyl-frans-cyclopropane and the a-methyl-B-alkoxy
unit are formed from a Z-alkene through a common inter-
mediate.>® A consequence of this would be that the three
subunits should have a common absolute stereochemistry
at the carbon bearing the methyl group and C-1 of the cis-
cyclopropane. The number of carbons in the chains of wax
esters closely matches with that of the corresponding keto-
acids, and they have been shown to be related to them, appar-
ently through a Baeyer—Villiger type process.?!:3!:32

A standard method for characterizing mycolic acids is ther-
molysis to fragment the hydroxy acid functionality to pro-
duce a ‘meromycol-aldehyde’ (8).2* This can be oxidized
to the corresponding ‘meromycolic acid’ and then protected
as a derivative such as 8a from 7 (Scheme 2).

H H

o7 o o ~o
R/\MOH heat RA/”\H + %\OH
(CH,),CH, 8) (CH,),CH,

0 (CH,),0COBU! J

(8a)

MeO (CH,),CHMe o
OH
(CHp),CH3

Scheme 2.

In this way, Anderson et al. were able to cleave the diacid
([e]p in CHC; +6.1) from the hydrolysis of timothy bacillus
(M. phlei) wax ester to produce a mero-compound as a mix-
ture ([a]p in CHCl; +3.8).3°

2. Results and discussion

The meromycolates derived from diacids 7 represent inter-
esting synthetic targets because they contain only one group
of chiral centres, those of the a-methyl-trans-cyclopropane,
and may allow the overall chirality of this part of the mycolic
acid system to be determined. We have already reported
the synthesis of single enantiomers of one example of a di-
cis-cyclopropane containing mycolic acid 1,>* of a corre-
sponding meromycolate,* and of one enantiomer of the
a-methyl-trans-cyclopropane unit present in 6 and 7.3 We
now report the synthesis of three stereoisomers of the pro-
tected derivative 8b, using a method that can be readily
adapted to produce any appropriate chain length. In each
case, the synthesis involves forming bonds a and b in
Scheme 3 to a central chiral core derived from mannitol.
This was achieved by the use of modified Kocienski—Julia
reactions®’ to couple the fragments to produce an E/Z mix-
ture of alkenes, followed by saturation of the alkene.

o CH2§CH2(CH2)1SOCOBU‘

a
CH, b
MeO (CH3)13CH, CH;

H
Me (8b)

Scheme 3.

The key 15 carbon unit 11 for the left hand fragment was pre-
pared from methyl 5-bromopentanoate as in Scheme 4.

(9)
Ph (iii), (iv)
(v), (vi)

N O
N N~ Il
(i), (i) Il »—S§—(CH,),—COOMe
Br(CH,),COOMe ——> N/ T
\

NN S
>—g—(CH) —COOMe
,'\',\N > 214 Br(CH,);,COOMe
o)
\

bh (11) (10)

Scheme 4. (i) 1-Phenyl-1H-tetrazol-5-thiol, K,CO; (92%); (ii) H,0,,
Mo,0,4(NHy)g-4H,0, IMS (81%); (iii) LIHMDS, Br(CH,)oCHO (80%);
(iv) H,, Pd/C (92%); (v) 1-phenyl-1H-tetrazol-5-thiol, K,CO3; (91%);
(vi) Hy0,, M070,24(NHy)6-4H,0, IMS (91%).

In a similar way, the 17 carbon unit 16 for the right hand
fragment was obtained from pentan-1,5-diol (Scheme 5).

(i) (i)
HO(CH)sOH ——>  HO(CH,),0COBU! — > Br(CH,)sOCOBU!'

(12) (13 l(iii), (iv)

) N O
V), (vi N~ 1
Br(CH,),;OCOBU' M | >\*ﬁ*(CHz)5*OCOBu‘
(15) ~N
o S ()
(vii), (viii) Ph
NN D t
“\N>\*ﬁ*(CH2)17*OCOBu
\ o
Ph (16)

Scheme 5. (i) Pivaloyl chloride, pyridine (84%); (ii) N-bromosuccinimide,
PPh; (92%); (iii) 1-phenyl-1H-tetrazol-5-thiol, K,CO3 (97%); (iv) H,0,,
Mo,0,4(NHy)s-4H,0, IMS (99%); (v) Br(CH,);;CHO, LiHMDS (72%);
(vi) Hy, Pd/C (88%); (vii) l-phenyl-1H-tetrazol-5-thiol, K,CO; (88%);
(viii) H,O,, M070,4(NHy)s-4H,0, IMS (98%).
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In the first approach, it was hoped to create bond a in Scheme 3
first. The alcohol 17, which we have reported earlier,?® was
oxidized to the corresponding aldehyde then treated with
sulfone 11 and a base in a modified Kocienski—Julia reac-
tion,>” followed by saturation of the intermediate alkene to
give ester 18, introducing the acid chain adjacent to the
methyl branch. Cleavage of the acetal gave the cis-aldehyde
19, but this did not give the trans-isomer 20 on attempted
epimerization with base (Scheme 6).

(i) - (iii)
o Jf(?\\o — MeOOC(CHz)ﬂ;f?\\
Me H >< Me H ©
) (18) X

H l(iv)

SV
W) —
MeOOC(CHz)mﬂ °

MeOOC— (CH2)1 6 .,
i Me H (19)

(20) Me H

Scheme 6. (i) PCC (88%); (ii) LIHMDS, 11 (48%); (iii) KOOCNNCOOK,
AcOH (62%); (iv) HIO4 (80%); (v) NaOMe.

Given this failure, the other alkyl chain was instead intro-
duced first to create bond b in Scheme 3. The alcohol
17 was protected as a silyl ether and then oxidized to cis-
aldehyde 21, following a route described earlier.>®-3° Epime-
rization with NaOMe in MeOH gave the trans-aldehyde
22. Homologation with the sulfone 16 and base by a Julia—
Kocienski reaction,’” and subsequent saturation of the
derived E/Z-alkene mixture using di-imide gave the ester
23 (Scheme 7).

1 ;O
2 ﬁ‘ (). (v)

Me *H
l (Vi) (vi)

< f’h
(23) 733*
Ph @)

(CH,);g0COBU" (CH,),g0COBU!
f/ (vii), (ix) f/
o=" Me}""fH (24) MeOOC(CHz)MJ;eﬁH @)

Scheme 7. (i) Bu’Ph,SiCl, Et;N, CH,Cl,, DMAP (87%); (ii) HIO, (96%);
(iii) NaOMe (followed by (i), overall 61%); (iv) LiIHMDS, 16 (78%);
(v) KOOCN=NCOOK, AcOH, MeOH (99.5%); (vi) BuyNF, THF (89%);
(vii) PCC (83%); (viii) LIHMDS, 11 (55%); (ix) KOOCN=NCOOK,
AcOH, MeOH (65%).

Removal of the silyl protecting group from 23, followed by
oxidation gave the aldehyde 24. Reaction of the sulfone 11

(prepared from methyl 15-bromopentadecanoate) with the
aldehyde 24, again in a modified Julia reaction, led, after sat-
uration of the E/Z-alkene mixture, to the diester 25. The
diester was converted into the corresponding ester alcohol
by hydrolysis with KOH in methanol (95%) followed by
re-esterification of the acid with diazomethane (84%). The
enantiomer of 25 and 33 and one enantiomer of its diastereo-
isomer, 34 were prepared from compound 26, again derived
from mannitol (Scheme 8).3840

MeOOC

TBDPSO .
%\\ (i), (i, (i) (i)
o (28)

(26) XO @7) O><o

O,

1:1 mixture 0
JM’ (vi)

TBDPSOH,C Me TBDPSOH,C Me

(vii) - (ix)
-—
1:1 mixture ) (CH,);s0COBut (29)
“‘x) 1:1 mixture O><O
HOH,C Me HOH,C Me
+
32
@1 (CH,),50COBU! 32) (CH,);s0COBU!

l(xi) - (xiii) J(xi) - (xiii)

MeOOC(CHy)is e MeOOC(CHois e

(CH,)1g0COBU'  (34) (CH,)450COBU!

(33)

Scheme 8. (i) BuyNF, THF (91%); (ii) PCC, CH,Cl, (91%); (iii)
Ph;P=CHCO,Me, toluene (79%); (iv) MeMgBr, CuBr, THF (70%); (v)
LiAlH,, THF (92%); (vi) Bu'Ph,SiCl, imidizole, DMF (87%); (vii) HIO4
(92%); (viii) LiIHMDS, 16 (80%); (ix) KOOCN=NCOOK, AcOH,
MeOH (80%); (x) BuyNF, THF (88%); (xi) PCC (89%); (xii) LIHMDS,
11 (65%); (xiii) KOOCN=NCOOK, AcOH, MeOH (80%); (xi) PCC (89,
90%) (for 31 and 32, respectively); (xii) LIHMDS, 11 (65, 70%); (xiii)
KOOCN=NCOOK, AcOH, MeOH (80, 80%).

In this case, the addition of methyl magnesium bromide to
the alkene gave a ca. 1:1 mixture of the two epimers of acetal
28, which could not be separated by column chromato-
graphy. This mixture was therefore reduced to the corre-
sponding mixture of alcohols and protected as the silyl
ethers 29. Chain extension using sulfone 16 and base fol-
lowed by saturation of the double bond, and then removal
of the silyl ether protection gave a mixture of epimeric alco-
hols 31 and 32, which, in this case, could be separated. The
two alcohols were then separately chain extended to give 33
and 34 using the same method as described above for 25.

The 'H and '3C NMR spectra of 25 and 33 were identical, as
were their other spectra; however, they showed opposite spe-
cific rotations (+3.7 and —5.1, respectively) as did each of
the single intermediates leading to them. The spectra for
34 were very similar to those for 25 and 33 but significant
differences were seen in the high field regions in each
case. Thus, although the cyclopropane regions of 25 and
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Figure 1. Cyclopropane region of 'H NMR of (top to bottom) (i) 34; (ii) 33;
(iii) 25; (iv) a natural sample of the dimethyl ester of an w-carboxy mycolic
acid extracted from M. avium;” this sample contains mainly frans-cyclopro-
panes accompanied by some cis-cyclopropanes.

33 were visually identical to those reported for mixtures of
wax ester meromycolates, and indeed to the same region
in methoxymethylmycolates containing an o-methyl-trans-
cyclopropane subunit, the same region of 34 was clearly dif-
ferent. Thus, Figure 1 shows the high field region of the 'H
NMR spectra of the three synthetic isomers, together with
the same region for a natural wax ester—in which there is
a mixture of cis- and a-methyl-trans-cyclopropanes. More-
over, there were small but significant differences in the car-
bon spectra between 25/33 and 34; again the published shifts
for either mycolic acids or wax esters containing the a-methyl-
trans-cyclopropane unit were identical to the former. Thus,
the relative stereochemistry of this unit is established. The
close agreement between the rotation obtained for 25 and
that reported by Anderson for a natural mero-wax acid sug-
gests that the natural absolute stereochemistry is that of 25,
though the Anderson product was a mixture obtained well
before modern spectroscopic techniques were available.'!
It will be interesting to compare his results with the rotations
of mero-wax acids from other bacteria as these become
available (Table 1).

Table 1. Selected '*C NMR shifts for o-methyl-trans-cyclopropane frag-
ment of natural wax esters and mycolic acids compared to 25/33 and 34

1 2 3 4 Mycobacterium Ref.

38.35 26.37 18.85 10.72 M. tuberculosis 41

38.13 26.14 18.62 10.50 M. gordonae 12b

38.1 18.6 26.1 10.50 M. avium-M. intracellulare 28
complex

38.11 26.13 18.61 1048 25 SRS

38.11 26.11 18.60 10.47 33 RSR

38.05 26.11 1734 11.81 34 SSR

3. Experimental section
3.1. General

Chemicals used were obtained from commercial suppliers or
prepared from them by methods described. Solvents, which

had to be dry, e.g., ether, tetrahydrofuran, were dried over
sodium wire. Petrol was of boiling point 40-60 °C. Reactions
carried under inert conditions, were carried out under a slow
stream of nitrogen. Those carried out at low temperatures
were cooled using a bath of methylated spirit with liquid
nitrogen. Silica gel (Merck 7736) and silica plates used for
column and thin layer chromatographies were obtained
from Aldrich. Organic solutions were dried over anhydrous
magnesium sulfate. GLC was carried out on a Perkin—Elmer
Model 8410 on a capillary column (15 mx0.53 mm). IR spec-
tra were carried out on a Perkin—Elmer 1600 FTIR spectro-
meter as liquid films. NMR spectra were recorded on
a Bruker AC250 or Advance500 spectrometer; for carbon
spectra, +=CH,, —=CH, CHj;. [a]p values were recorded in
CHCI; on a POLAAR 2001 Optical Activity polarimeter.
Mass spectra were recorded on a Bruker Microtof.

3.1.1. 5-(1-Phenyl-1H-tetrazol-5-sulfonyl)pentanoic acid
methyl ester (9). Anhydrous potassium carbonate (50 g,
362 mmol) was added to a stirred solution of methyl 5-
bromovalerate (37.1 g, 190 mmol) and 1-phenyl-1H-tetrazol-
5-thiol (34 g, 190.8 mmol) in acetone (300 ml) at room
temperature. After stirring vigorously at 40 °C for 3 h and
at room temperature for 16 h, the precipitate was filtered
off and washed with acetone, then the filtrate was evaporated
to give a brown oil. This was diluted with dichloromethane
(250 ml) and water (250 ml). The organic layer was sepa-
rated and the aqueous layer was re-extracted with dichloro-
methane (2x50 ml). The combined organic layers were
washed with water (250 ml), dried and evaporated to give
5-(1-phenyl-1H-tetrazol-5-sulfanyl)pentanoic acid methyl
ester as a brown oil (51g, 92%) [Found [M+H]*:
293.1070; C3H;7N40,S requires: 293.1067], which showed
oy (500 MHz, CDCl3): 7.59-7.52 (5H, m), 3.65 (3H, s), 3.39
(2H, t, J 7.25 Hz), 2.36 (2H, t, J 7.25 Hz), 1.91-1.84 (2H,
m), 1.8-1.74 (2H, m); d6c (125 MHz, CDCly): 173.4,
154.2, 133.6, 130.1, 129.7, 51.5, 33.2, 32.8, 28.4, 23.7,
Vimax: 2950, 1735, 1596, 1500 cm ™. This was used for the
next step without purification; to a vigorously stirred solu-
tion of the ester (27.8 g, 95 mmol) in tetrahydrofuran
(250 ml) and industrial methylated spirits (250 ml) was
added a solution of ammonium heptamolybdate(V]) tetrahy-
drate (18 g, 14.6 mmol) in ice cold 35% w/w hydrogen per-
oxide (50 ml). After three 30 min intervals a similar solution
was added (total 72 g heptamolybdate in hydrogen peroxide
(200 ml) was added). The mixture was stirred for 16 h at
room temperature, diluted with water (2.5 1) and extracted
with dichloromethane (2x400 ml). The combined organic
layers were washed with water (1000 ml), dried and evapo-
rated to give a thick yellow oil. Chromatography (1:1 petrol/
ethyl acetate) gave 5-(1-phenyl-1H-tetrazol-5-sulfonyl)pen-
tanoic acid methyl ester (9) (24.8 g, 81%) as a white solid,
mp 61-63 °C [Found [M+H]+: 3250960, C13H17N404S
requires: 325.0965], which showed dy (500 MHz, CDCl5):
7.68 (2H, br dd, J 1.25, 7.85 Hz), 7.63-7.57 (3H, m), 3.74
(2H, distorted t, J 7.85Hz), 3.66 (3H, s), 2.38 (2H, t,
J 7.25Hz), 2.03-1.97 (2H, m), 1.83 (2H, br pent,
J 7.55Hz); oc (125 MHz, CDCl3): 172.9, 153.3, 132.9,
131.4, 129.6, 125.0, 55.5, 51.7, 33.0, 23.2, 21.6; vy
2954, 1734, 1498, 1342, 1153, 766 cm .

3.1.2. 15-Bromopentadecanoic acid methyl ester (10).
Lithium hexamethyldisilazide (49.2 ml, 49.2 mmol, 1 M
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THF) was added dropwise with stirring at —10 °C to ester
9 (145g, 44.68 mmol) and 10-bromodecanal (10 g,
42.55 mmol) in dry tetrahydrofuran (150 ml) under nitrogen.
The reaction was exothermic and the temperature rose to
—5 °C. The mixture was then stirred for 16 h at room temper-
ature, when TLC showed no starting material, cooled to 0 °C,
quenched with satd aq ammonium chloride (100 ml) and
extracted with petrol/ether (1:1) (3x60 ml). The combined
organic layers were washed with brine, dried and evaporated
to give a thick yellow oil; chromatography (10:2 petrol/ether)
gave 15-bromopenta-dec-5-enoic acid methyl ester as a pale
yellow oil (11.33 g, 80%). Palladium on carbon (10%) (1 g)
was added to a stirred solution of the ester (10.5g,
31.53 mmol) in tetrahydrofuran (75 ml) and methanol
(75 ml) under hydrogen. When no further hydrogen was ab-
sorbed, the products were filtered through Celite, which
was washed with ethyl acetate. The filtrate was evaporated
and the residue was purified by chromatography (5:2 petrol/
ether) giving 15-bromopentadecanoic acid methyl ester (10)
as a white solid (9.7 g, 92%), mp 38-39 °C (lit. 38-39 °C),*?
which showed oy (500 MHz, CDCl;): 3.68 (3H, s), 3.42
(2H, t, J 7 Hz), 2.32 (2H, t, J 7.25 Hz), 1.86 (2H, br pent, J
7 Hz), 1.62 (2H, pent, J 7.25 Hz), 1.43 (2H, br pent, J 7 Hz),
1.28 (18H, br s); dc (125 MHz, CDCls): 174.4, 51.4, 34.1,
34.0, 32.8, 29.58, 29.55, 29.4, 29.2, 29.1, 28.8, 28.2, 24.9.

3.1.3. 15-(1-Phenyl-1H-tetrazol-5-sulfonyl)pentadeca-
noic acid methyl ester (11). Anhydrous potassium carbon-
ate (2.76 g, 20 mmol) was added to a stirred solution of ester
10 (2.75g, 8.2mmol) and 1-phenyl-1H-tetrazol-5-thiol
(1.6 g, 9.0 mmol) in acetone (50 ml) at room temperature
and stirred vigorously for 16 h. The precipitate was filtered
off and washed with acetone, and the filtrate was evaporated
to give a brown residue. This was diluted with dichloro-
methane (75 ml) and water (50 ml). The aqueous layer was
re-extracted with dichloromethane (2x25 ml). The com-
bined organic layers were washed with water (50 ml), dried
and evaporated to give a yellow solid. Chromatography (5:1
petrol/ether) gave 15-(1-phenyl-1H-tetrazol-5-sulfanyl)pen-
tadecanoic acid methyl ester (3.25 g, 91%) as a colourless
thick oil, which showed dy (500 MHz, CDCls): 7.62 (5H,
br s), 3.68 (3H, s), 3.41 2H, t, J 7.6 Hz), 2.32 (2H, t, J
7.5 Hz), 1.83 (2H, pent, J 7.6 Hz), 1.64 (2H, br pent, J
7.6 Hz), 1.46 (2H, br pent, J 6.65 Hz), 1.27 (18H, br s); 6c
(125 MHz, CDCl3): 174.3, 154.5, 133.8, 130.1, 129.8,
123.9, 51.4, 34.1, 33.4, 29.58, 29.55, 29.5, 29.4, 29.3,
29.2,29.1, 29.0, 28.6, 24.9; v, 1732 cm L.

To a vigorously stirred solution of the above sulfide (3.2 g,
7.4 mmol) in tetrahydrofuran (45 ml) and industrial methyl-
ated spirits (45 ml) was added a solution of ammonium hep-
tamolybdate(VI) tetrahydrate (4.2 g, 3.4 mmol) in ice cold
35% w/w hydrogen peroxide (13 ml) at 15 °C. After 1.5 h,
a further ice cold solution of heptamolybdate (1.9 g) in
hydrogen peroxide (5 ml) was added. The mixture was
stirred for 16 h at room temperature then diluted with water
(250 ml) and extracted with dichloromethane (2x50 ml).
The combined organic layers were washed with water
(100 ml), dried and evaporated to give a white solid; chroma-
tography (1:1 petrol/ethyl acetate) gave 15-(1-phenyl-1H-tet-
razol-5-sulfonyl)pentadecanoic acid methyl ester (11) as
a white solid (3.12 g, 91%), mp 78-80 °C [Found [M+Na]*:
487.2343; C,3H36N4O4SNa requires: 487.2349], which

showed oy (500 MHz, CDCls): 7.72 (2H, br dd, J 1.9,
8.2 Hz), 7.68-7.61 (3H, m), 3.75 (2H, distorted t, J 7.9 Hz),
3.68 (3H, s), 2.32 2H, t, J 7.5Hz), 1.97 (2H, br pent,
J 7.55Hz), 1.64 (2H, br pent, J 7.25 Hz), 1.5 (2H, pent,
J 7.5 Hz), 1.27 (18H, br s); 6c (125 MHz, CDCls): 174.3,
153.5, 133.1, 131.5, 129.7, 125.1, 56.0, 51.4, 34.1, 29.56,
29.54, 29.50, 29.44, 29.40, 29.20, 29.18, 29.1, 28.9, 28.2,
25.0, 22.0; vpax: 2920, 1731, 1494, 1341, 1151 cm™".

3.1.4. 2,2-Dimethylpropionic acid 5-hydroxypentyl ester
(12). Trimethylacetyl chloride (12 g, 95.39 mmol) was
added to a stirred solution of 1,5-pentanediol (20 g,
192 mmol) and pyridine (10 g, 126 mmol) in dichloro-
methane (100 ml) at 10 °C, then allowed to reach room tem-
perature and stirred for 16 h. A white precipitate was formed,
and the mixture was diluted with dichloromethane (200 ml)
and washed with dil hydrochloric acid (5%), then the organic
layer was separated and the aqueous layer was re-extracted
with dichloromethane (2x50 ml). The combined organic
layers were washed with satd aq sodium bicarbonate
(100 ml) and water (100 ml), dried and evaporated to give a
colourless oil. The crude product was columned (5:1 petrol/
ethyl acetate) to give 2,2-dimethylpropionic acid 5-hydroxy-
pentyl ester (12) as a colourless oil (15.1 g, 84%) [Found
[M+Na]*: 211.1302; C;oH,0OsNa requires: 211.1305],
which showed oy (250 MHz, CDCl;): 4.01 (2H, t,
J 6.4 Hz), 3.58 (2H, t, J 6.4 Hz), 2.37 (1H, br s), 1.67-1.49
(4H, m), 1.44-1.32 (2H, m), 1.14 (9H, s); 6c (62.5 MHz,
CDCls): 178.6, 64.2, 62.3, 38.6, 32.1, 28.3, 27.1, 22.1;
Vmax: 3379, 2937, 1729 cm ™.

3.1.5. 2,2-Dimethylpropionic acid 5-bromopentyl ester
(13). N-Bromosuccinimide (15.5 g, 87.2 mmol) was added
in portions over 15min to a stirred solution of ester
12 (13.1 g, 69.6 mmol) and triphenylphosphine (21 g,
80 mmol) in dichloromethane (240 ml) at 0 °C. After stirring
at room temperature for 1 h, when TLC showed no starting
material, it was quenched with satd aq sodium meta-bisulfate
(200 ml). The aqueous layer was re-extracted with dichloro-
methane (2x50 ml). The combined organic layers were
washed with water, dried and evaporated to give a residue.
This was treated with 1:1 petrol/ether (100 ml) and refluxed
for 30 min, then the triphenylphosphine oxide was filtered
off and washed with petrol/ether (50 ml). The filtrate was
evaporated and the residue chromatographed (10:2 petrol/
ether) to give 2,2-dimethylpropionic acid 5-bromopentyl
ester (13) (16.04 g, 92%) as a colourless oil [Found [M+Na]*:
273.0449; C,oH;90,”°BrNa requires: 273.0461], which
showed 0y (500 MHz, CDCl;): 4.07 (2H, t, J 6.3 Hz), 3.41
(2H, t, J 6.65 Hz), 1.88 (2H, pent, J 6.9 Hz), 1.66 (2H,
pent, J 6.9 Hz), 1.52 (2H, pent, J 6.9 Hz), 1.19 (9H, s); dc
(125 MHz, CDCl3): 178.5, 63.9, 38.7, 33.4, 32.2, 27.7,
27.1, 24.5; viax: 2959, 2849, 1728, 1480, 1154, 771 cm ™.

3.1.6. 2,2-Dimethylpropionic acid 5-(1-phenyl-1H-tetra-
zol-5-sulfonyl)pentyl ester (14). Anhydrous potassium car-
bonate (18 g, 130 mmol) was added to a stirred solution of
ester 13 (15 g, 59.7 mmol) and 1-phenyl-1H-tetrazol-5-thiol
(10.7 g, 60 mmol) in acetone (150 ml) at room temperature.
The mixture was stirred vigorously at 40 °C for 3 h, then at
room temperature for 16 h, then worked as above to give
a pale yellow oil, 2,2-dimethylpropionic acid 5-(1-phenyl-
1 H-tetrazol-5-sulfanyl)pentyl ester (20.2 g, 97%) [Found
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[M+H]*: 349.1675; C;7H»5N40,S requires: 349.1693],
which showed oy (500 MHz, CDCls): 7.58-7.51 (5H, m),
4.04 (2H, t, J 6.65 Hz), 3.39 (2H, t, J 7.6 Hz), 1.86 (2H,
pent, J 7.55 Hz), 1.67 (2H, pent, J 6.6 Hz), 1.51 (2H, pent,
J 6.97Hz), 1.17 (9H, s); oc (125 MHz, CDCl;): 178.5,
154.3, 133.7, 130.0, 129.8, 123.8, 63.8, 38.7, 33.0, 28.7,
28.0, 27.1, 24.9; vpay: 2971, 1725, 1156, 762, 694 cm ™!,
This was used for next step without purification. To a
vigorously stirred solution of the above ester (32.5 g,
93.27 mmol) in tetrahydrofuran (220 ml) and industrial
methylated spirits (270 ml) was added a solution of ammo-
nium heptamolybdate(VI) tetrahydrate (18 g, 14.56 mmol)
in ice cold 35% w/w hydrogen peroxide (50 ml). A similar
solution was added three times at 0.5 h intervals (total 72 g
of heptamolybdate in hydrogen peroxide (200 ml) was
added). The mixture was stirred for 16 h at room temperature
then worked up as above to give a yellow oil. Chromato-
graphy (1:1 petrol/ethyl acetate) gave 2,2-dimethylpropionic
acid 5-(1-phenyl-1H-tetrazol-5-sulfonyl)pentyl ester (14) as
a thick pale yellow oil (35g, 99%) [Found [M+H]":
381.1590; C7H,5N404S requires: 381.1591], which showed
oy (500 MHz, CDCl3): 7.69-7.67 (2H, m), 7.64-7.57 (3H,
m), 4.06 (2H, t, J 6.3 Hz), 3.74 (2H, distorted t, J 7.9 Hz),
2.03-1.97 (2H, m), 1.7 (2H, pent, J 6.3 Hz), 1.58 (2H,
pent, J 6.95Hz), 1.18 (9H, s); dc (125 MHz, CDCly):
178.4, 153.4, 132.9, 131.4, 129.7, 125.0, 63.5, 55.8, 38.7,
28.0, 27.1, 24.7, 21.7; vmax: 2968, 1723, 1497, 1343, 1156,
764 cm™!.

3.1.7. 2,2-Dimethylpropionic acid 17-bromohepta-
decyl ester (15). Lithium hexamethyldisilazide (38 ml,
40.2 mmol, 1.06 M THF) was added dropwise to a stirred so-
lution of ester 14 (14.1 g, 37 mmol) and 12-bromododecanal
(9.58 g, 36.5 mmol) in dry tetrahydrofuran (150 ml) under
nitrogen at —10 °C. The reaction was exothermic and the
temperature rose to —5 °C. The mixture was allowed to
reach room temperature and stirred for 16 h when TLC
showed no starting material. Work up as above gave a thick
yellow oil; chromatography (10:1 petrol/ether) gave E/Z-
2,2-dimethylpropionic acid 17-bromoheptadec-5-enyl ester
in ratio 2.7:1 as a colourless oil (10.9 g, 72%). Palladium
on carbon (10%) (0.8 g) was added to a stirred solution of
the ester (10.9 g, 26.11 mmol) in ethyl acetate (45 ml) and
methanol (110 ml) under hydrogen. When no further hydro-
gen was absorbed, the reaction mixture was worked up as
above. Chromatography (5:2 petrol/ether) gave 2,2-dimethyl-
propionic acid 17-bromoheptadecyl ester (15) as a white solid
(9.68 g, 88%), mp 36-38 °C [Found [M+Na]*: 441.2321;
C,,H437°BrO,Na requires: 441.2339], which showed dy
(500 MHz, CDCl3): 4.05 (2H, t, J 6.65 Hz), 3.41 (2H, t,
J 6.65Hz), 1.85 (2H, pent, J 7.25 Hz), 1.62 (2H, pent,
J 6.6 Hz), 1.42 (2H, pent, J 7.25 Hz), 1.38-1.22 (24H, m),
1.2 (9H, s); oc (125 MHz, CDCl,): 178.7, 64.5, 38.7, 34.0,
32.8, 29.64, 29.60, 29.55, 29.53, 29.51, 29.4, 29.2, 28.8,
28.6,28.2,27.2,25.9; vnax: 1719 cm ™',

3.1.8. 2,2-Dimethylpropionic acid 17-(1-phenyl-1H-tetra-
zol-5-sulfonyl)heptadecyl ester (16). Anhydrous potassium
carbonate (5 g, 36.2 mmol) was added to a stirred solution of
ester 15 (9.28 g, 22.12 mmol) and 1-phenyl-1H-tetrazol-5-
thiol (4 g, 22.4 mmol) in acetone (100 ml) at room tempera-
ture. After stirring vigorously for 16 h, work up as above
gave a brown oil. Chromatography (5:1 petrol/ether) gave

2,2-dimethylpropionic acid 17-(1-phenyl-1H-tetrazol-5-yl-
sulfanyl)heptadecyl ester (10.07 g, 88%) as a colourless oil
[Found [M+H]*: 517.3563; Cy9H49O,N4S requires:
517.3571], which showed déy (500 MHz, CDCls): 7.59-
7.51 (5H, m), 4.04 (2H, t, J 6.65Hz), 3.39 (2H, t,
J 7.25Hz), 1.81 (2H, pent, J 7.55 Hz), 1.61 (2H, pent,
J 6.65 Hz), 1.43 (2H, pent, J 6.6 Hz), 1.37-1.23 (24H, m),
1.19 (9H, s); 6c (125 MHz, CDCl;): 178.6, 154.5, 133.7,
130.0, 129.7, 123.8, 64.4, 38.7, 33.3, 29.61, 29.59, 29.58,
29.7, 29.51, 29.49, 29.46, 29.4, 29.2, 29.04, 28.98, 28.6,
28.6, 27.2, 25.9; ¥max: 2920, 2851, 1727, 1500, 1159 cm 1.

To a vigorously stirred solution of the above sulfide (9.7 g,
18.77 mmol) in tetrahydrofuran (110 ml) and industrial
methylated spirits (110 ml) was added a solution of ammo-
nium heptamolybdate(VI) tetrahydrate (8.5 g, 6.88 mmol)
in ice cold 35% w/w hydrogen peroxide (25 ml) at 15 °C.
After 1.5h, further ice cold heptamolybdate (8.5 g) in
hydrogen peroxide (25 ml) was added. The mixture was
stirred for 16 h at room temperature, diluted with water
(250 ml) and worked up as above to give a white solid. Chro-
matography (1:1 petrol/ethyl acetate) gave 2,2-dimethylpro-
pionic acid 17-(1-phenyl-1H-tetrazol-5-sulfonyl)heptadecyl
ester (16) as a white solid (10.1 g, 98%) [Found [M+Na]*:
571.3271; CyoHygN4O4SNa requires: 571.32885], mp 51—
53 °C, which showed dy (500 MHz, CDCl3): 7.71-7.69
(2H, m), 7.65-7.58 (3H, m), 4.04 (2H, t, J 6.65 Hz), 3.73
(2H, distorted t, J 8.2 Hz), 1.98-1.92 (2H, m), 1.62 (2H,
pent, J 6.6 Hz), 1.49 (2H, pent, J 6.9 Hz), 1.39-1.24 (24H,
m), 1.20 (9H, s); dc (125 MHz, CDCl3): 178.6, 153.5, 133.1,
131.4, 129.7, 125.1, 64.5, 56.0, 38.7, 29.63, 29.61, 29.53,
29.49, 29.4, 29.20, 29.16, 28.9, 28.6, 28.1, 27.2, 25.9, 21.9;
Vmax: 2922, 1727, 1497, 1463, 1341, 1284, 1153, 762 cm ™.

3.1.9. (S)-3-[(1R,2R)-2-((S)-2,2-Dimethyl[1,3]dioxolan-4-
yDcyclopropyl]butyraldehyde. (5)-3-[(1R,2R)-2-((S5)-2,2-
Dimethyl[1,3]dioxolan-4-yl)cyclopropyl]butanol 17 (1.6 g,
7.47 mmol) in dichloromethane (10 ml) was added to
a stirred suspension of pyridinium chlorochromate (4.03 g,
18.7 mmol) in dichloromethane (75 ml) at room temperature
and stirred vigorously for 3 h, when TLC showed no starting
material, then poured into ether (200 ml), filtered through
silica and washed well with ether. The filtrate was evapo-
rated to give an oil; chromatography (5:2 petrol/ether)
gave (S)-3-[(1R,2R)-2-((S)-2,2-dimethyl[ 1,3]dioxolan-4-yl)-
cyclopropyl]butyraldehyde (1.4 g, 88%), [a]& +10.14 (c
1.45, CHCl3), which showed oy (500 MHz, CDCl3): 9.77
(1H, t, J 1.9 Hz), 4.07 (1H, dd, J 6, 7.85 Hz), 3.87 (1H, br
dt, J 6.3, 7.85 Hz), 3.67 (1H, t, J 7.55 Hz), 2.41-2.39 (2H,
m), 1.74-1.67 (1H, m), 1.44 (3H, s), 1.35 (3H, s), 1.1 (3H,
d, J 6.6 Hz), 0.97 (1H, br dq, J 5.65, 8.2 Hz), 0.88 (1H, br
dt, J 4.75, 8.8 Hz), 0.82-0.75 (1H, m), 0.36 (1H, br q, J
5.35 Hz); 6c (125 MHz, CDCl;): 201.8 (+), 108.6 (+), 76.7
(+), 70.0 (=), 51.3 (—), 28.6 (+), 26.8 (—), 25.7 (+), 23.2
(+), 20.8 (), 19.2 (+), 8.8 (—); Vmax: 1724 cm™ .

3.1.10. (S)-18-[(1R,2R)-2-((S)-2,2-Dimethyl[1,3]dioxolan-
4-yl)cyclopropyllnonadecanoic acid methyl ester (18).
Lithium hexamethyldisilazide (10.12 ml, 10.1 mmol, 1 M
THF) was added dropwise to a stirred solution of 15-(1-
phenyl-1H-tetrazol-5-sulfonyl)pentadecanoic methyl ester
(274 g, 6.74mmol) and (5)-3-[(1R,2R)-2-((S)-2,2-di-
methyl[1,3]dioxolan-4-yl)cyclopropyl]butyraldehyde (1.3 g,
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6.13 mmol) in dry tetrahydrofuran (30 ml) under nitrogen at
—25 °C. The reaction was exothermic and the temperature
rose to 0 °C resulting in a yellow solution. The mixture
was allowed to reach room temperature and stirred for 1 h
when TLC showed no starting material, then cooled to 0 °C
and quenched with satd aq ammonium chloride (10 ml). The
product was extracted with petrol/ether (1:1) (3 x40 ml). The
combined organic layers were washed with brine, dried and
evaporated to give a thick oil; chromatography (10:1 petrol/
ether) gave a pale yellow oil, (5)-18-[(1R,2R)-2-((S)-2,2-di-
methyl[1,3]dioxolan-4-yl)cyclopropyl]nonadec-15-enoic acid
methyl ester (1.2 g, 48%). Dipotassium azodicarboxylate
(2.15 g, 11.1 mmol) was added to a stirred solution of the
above ester (1 g, 2.22 mmol) in dry THF (15 ml) and meth-
anol (7 ml) at 10 °C under nitrogen, resulting in a yellow
suspension. Glacial acetic acid (3 ml) in dry THF (4 ml)
was added dropwise over 48 h, after which a white precipi-
tate had formed. The mixture was cooled to 0°C and
quenched slowly with satd aq ammonium chloride (5 ml),
then extracted with petrol/ether (1:1) (2x50 ml). The com-
bined organic layers were washed with water (20 ml), dried
and evaporated to give a thick oil, which solidified slowly;
however, the '"H NMR spectra showed that there was still
starting material left. The procedure was repeated for
another 16 h and the residue was purified by chromatography
(10:1 petrol/ethyl acetate) to give (S)-18-[(1R,2R)-2-((S)-
2,2-dimethyl[1,3]dioxolan-4-yl)cyclopropyl]nonadecanoic
acid methyl ester (18) as a colourless oil, which solidified
later (0.62g, 62%) [Found [M+Na]*: 475.3759;
C,sHs,04Na requires: 475.3758], [a]® —11.75 (¢ 1.07,
CHCl;), which showed dy (500 MHz, CDCl3): 4.13-4.09
(1H, m), 3.74-3.71 (2H, m), 3.68 (3H, s), 2.32 2H, t, J
7.55 Hz), 1.63 (2H, br pent, J 7.25 Hz), 1.46 (3H, s), 1.37
(3H, s), 1.35-1.2 (28H, m), 1.01 (4H, br s), 0.92 (1H, br
dq, J 5.3, 8.8 Hz), 0.84 (1H, dt, J 4.75, 8.85 Hz), 0.71-0.66
(1H, m), 0.24 (1H, br q, J 5.35 Hz); 6c (125 MHz, CDCl;):
174.4, 108.3, 77.9 (—), 70.0 (+), 51.4 (—), 37.4 (+), 34.1
(+), 33.3 (=), 30 (4), 29.7 (+), 29.6 (+), 29.5 (+), 29.3 (+),
29.2 (4), 27.2 (+), 26.9 (—), 25.8 (—), 25.0 (+), 23.9 (—),
20.0 (=), 19.2 (=), 9.1 (+); Vmax: 1730 cm ™1,

3.1.11. cis-(S)-18-((1R,2R)-2-Formylcyclopropyl)nona-
decanoic acid methyl ester (19). Periodic acid (0.9 g,
3.98 mmol) was added to a stirred solution of ester 18
(0.6 g, 1.33 mmol) in dry ether (40 ml) under nitrogen at
room temperature. After 16 h, TLC showed no starting ma-
terial. The precipitate was filtered, washed with ether and the
solvent was evaporated. Chromatography (10:1 petrol/ethyl
acetate) gave cis-(S)-18-((1R,2R)-2-formylcyclopropyl)-
nonadecanoic acid methyl ester (19) (0.4 g, 80%) [Found
[M+Na]*: 403.3202; C,4H44OsNa requires: 403.3183],
[a]F +1.98 (c 1.19, CHClz); 6y (500 MHz, CDCl3): 9.33
(1H, d, J 5.65 Hz), 3.67 (3H, s), 2.3 (2H, t, J 7.85 Hz),
1.93-1.87 (1H, m), 1.61 (2H, br pent, J 7.2 Hz), 1.44-1.15
(32H, m), 1.05 (3H, d, J 6.6 Hz); oc (125 MHz, CDCly):
201.8 (=), 174.3, 51.4 (—), 37.4 (+), 34.1 (+), 32.3 (),
32.0 (), 29.9 (+), 29.7 (+), 29.64 (+), 29.60 (+), 29.5 (+),
29.3 (4), 29.2 (+), 28.7 (=), 26.8 (+), 24.9 (+), 20.1 (—),
13.6 (4); ¥max: 1740, 1706 cm™".

3.1.12. Attempted epimerization*® of aldehyde (19). So-
dium methoxide (0.13 g, 2.43 mmol) was added to a stirred
solution of cis-aldehyde 18 (0.37 g, 0.97 mmol) in methanol

(30 ml) and tetrahydrofuran (10 ml). This was refluxed for
56 h, cooled to room temperature and quenched with satd
aq ammonium chloride (20 ml), and extracted with ether
(3x50 ml). The combined organic layers were dried, evapo-
rated and no product was obtained (gave a white gel, which
was not soluble in CDCls).

3.1.13. tert-Butyl-{(S)-3-[(1R,2R)-2-((S)-2,2-dimethyl-
[1,3]dioxolan-4-yl)cyclopropyl]butoxy}diphenylsilane.
Triethylamine (5.66 g, 56.1 mmol) was added to a stirred
solution of alcohol 17 (6 g, 28.03 mmol) in dry dichloro-
methane (150 ml). After 10 min, ferz-butyldiphenylsilyl chlo-
ride (10 g, 36.4 mmol) in dichloromethane (20 ml) was
added, followed by dimethylaminopyridine (0.5 g) in dry
dichloromethane (5 ml). The mixture was stirred for 4 h,
when TLC showed no starting material, quenched with water
(50 ml) and extracted with dichloromethane (3x100 ml).
The combined organic layers were washed with brine and
water, and dried to give a residue. This was purified by
chromatography (5:1 petrol/ether) to give a colourless oil
tert-butyl-{(5)-3-[(1R,2R)-2-((S)-2,2-dimethyl[ 1,3]-dioxolan-
4-yl)cyclopropyl]butoxy }diphenylsilane  (11.02 g, 87%)
[Found M*: 452.2747; C,3H4905Si requires: 452.2747],
[a]F —7.8 (c 1.54, CHCl3); 6y (500 MHz, CDCl3): 7.69—
7.67 (4H, m), 7.47-7.39 (6H, m), 4.19 (1H, dd, J 6, 8 Hz),
3.79-3.63 (4H, m), 1.76-1.7 (1H, m), 1.48 (3H, s), 1.41-
1.35 (1H, m), 1.35 (3H, s), 1.07 (9H, s), 0.97 (3H, d,
J 6.3 Hz), 0.96-0.915 (1H, m), 0.91-0.85 (2H, m), 0.74—
0.68 (1H, m), 0.29 (1H, br q, J 5.1 Hz); 6c (125 MHz,
CDCl3): 135.6, 135.5, 133.80, 133.78, 129.64, 129.62,
127.68, 127.66, 108.3, 77.8, 70.1, 61.5, 40, 29.7, 26.8,
25.7, 23.9, 19.6, 19.3, 19.2, 9.3; v 2930, 2858, 1111,
1062 cm ™.

3.1.14. cis-(1R,2R)-2-[(S)-3-(tert-Butyldiphenylsilanyl-
oxy)-1-methylpropyl]cyclopropanecarbaldehyde (21).
Periodic acid (12.6 g, 55.3 mmol) was added to a stirred
solution of fert-butyl-{(S)-3-[(1R,2R)-2-((S)-2,2-dimethyl-
[1,3]dioxolan-4-yl)cyclopropyl]butoxy }diphenylsilane (10 g,
22.12 mmol) in dry ether (150 ml) under nitrogen at room
temperature. The mixture was stirred for 16 h when TLC
showed no starting material. The precipitate was filtered then
washed with ether and the solvent was evaporated to give ares-
idue; chromatography (10:2 petrol/ether) gave cis-(1R,2R)-2-
[(S)-3-(tert-butyldiphenylsilanyloxy)-1-methylpropyl]cyclo-
propanecarbaldehyde (21) (8 g, 96%) [Found: C 75.5, H 8.6;
C»4H3,0,Si requires: C 75.74, H 8.47], [a]& +3.66 (c 1.64,
CHCl3); 6y (500 MHz, CDCl3): 9.32 (1H, d, J 6 Hz), 7.69—
7.66 (4H, m), 7.47-7.40 (6H, m), 3.73-3.64 (2H, m),
1.91-1.86 (1H, m), 1.72-1.63 (2H, m), 1.5-1.45 (1H, m),
1.33-1.17 (3H, m), 1.07 (9H, s), 1.06 (3H, d, J 6.3 Hz); oc
(125 MHz, CDCl3): 201.5, 135.6, 1339, 133.8, 129.6,
127.6, 61.4, 39.8, 31.7, 29.3, 28.6, 26.9, 19.9, 19.1, 13.8;

Vimax: 1703 cm™ L.

3.1.15. trans-(1S,2R)-2-[(S)-3-(tert-Butyldiphenylsilanyl-
oxy)-1-methylpropyl]cyclopropanecarbaldehyde (22).
Sodium methoxide (0.937 g, 17.36 mmol) was added to a
stirred solution of cis-aldehyde 21 (6 g, 15.78 mmol) in
methanol (250 ml) and refluxed for 56 h.*>* The mixture
was cooled to room temperature and quenched with satd aq
ammonium chloride (100 ml), and the product was extracted
with ether (3x150 ml). The combined organic layers were
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dried and evaporated to give a thick oil, which solidified later.
Chromatography (5:2 petrol/ether) gave trans-(1S,2R)-2-
[(S)-3-(tert-butyldiphenylsilanyloxy)-1-methylpropyl]cyclo-
propanecarbaldehyde (22) (1.16 g, 19%) [Found [M+Na]*:
403.2075; C,4H3,0,NaSi requires: 403.2064], [a]3 +22.9
(c 1.28, CHCI3); oy (500 MHz, CDCl3): 9.00 (1H, d, J
5.35 Hz), 7.71-7.67 (4H, m), 7.47-7.39 (6H, m), 3.77 (1H,
br dt, J 6.3, 10.4 Hz), 3.71 (1H, dt, J 6.65, 10.4 Hz), 1.76—
1.71 (1H, m), 1.7-1.67 (1H, m), 1.56-1.5 (1H, m),
1.32-1.24 (3H, m), 1.07 (9H, s), 0.99 (3H, d, J 6.3 Hz),
0.96-0.93 (1H, m); 6c (125 MHz, CDCl3): 200.9, 135.6,
135.5, 135.2, 134.8, 133.9, 133.8, 129.6, 127.73, 127.69,
127.66, 61.4, 39.3, 33.3, 30.1, 29.2, 26.9, 26.6, 19.3, 19.2,
19.0, 13.6; vay: 1707 cm L. The second fraction (1:1 petrol/
ethyl acetate) was (1S,2R)-2-((S)-3-hydroxy-1-methyl-
propyl)cyclopropanecarbaldehyde (1.16 g, 52%), which
showed oy (500 MHz, CDCl3): 8.97 (1H, d, J 5.65 Hz),
3.73-3.63 (2H, m), 2.15 (1H, br s), 1.76-1.73 (1H, m),
1.71-1.65 (1H, m), 1.59-1.53 (1H, m), 1.35-1.30 (1H, m),
1.29-1.25 (1H, m), 1.21-1.13 (1H, m), 1.03 (3H, d,
J 7Hz), 0.95 (1H, m); 6c (125 MHz, CDCl5): 201.1 (-),
60.2 (+), 39.4 (+), 33.5 (—), 30.3 (—), 28.9 (—), 19.6 (—),
13.3 (4); Vmax: 3414 cm ™!, The alcohol was protected as be-
fore to give the title compound in 81% yield. There was less
than 5% of the cis-isomer.

3.1.16. 2,2-Dimethylpropionic acid 18-{(1S,2R)-2-[(S)-3-
(tert-butyldiphenylsilanyloxy)-1-methylpropyl]cyclopro-
pyl}octadecyl ester (23). Lithium hexamethyldisilazide
(14.1 ml, 14.1 mmol, 1 M THF) was added dropwise to a
stirred solution of sulfone (16) (5.15 g, 9.4 mmol) and alde-
hyde 22 (3.25 g, 8.55 mmol) in dry tetrahydrofuran (50 ml)
under nitrogen at —20 °C. The reaction was exothermic and
the temperature rose to —10 °C, resulting in a yellow solu-
tion. The mixture was allowed to reach room temperature,
stirred for 2 h when TLC showed no starting material, then
cooled to 0 °C and quenched with satd aq ammonium chlo-
ride (10 ml). The product was extracted with 1:1 petrol/ether
(3x50 ml). The combined organic layers were washed with
brine, dried and evaporated to give a thick oil. Chromatography
(10:1 petrol/ether) gave a pale yellow oil, 2,2-dimethyl-
propionic acid 18-{(1R,2R)-2-[(S)-3-(tert-butyldiphenylsi-
lanyloxy)-1-methylpropyl]cyclopropyl }octadec-17-enyl ester
(4.5g, 78%), as a 2.7:1 mixture of two isomers [Found
[M+Na]*: 725.5303; C46H7403NaSi requires: 725.5299]; oy
(500 MHz, CDCl3) (major isomer): 7.70-7.68 (4H, m),
7.46-7.37 (6H, m), 5.38 (1H, br dt, J 6.6, 15 Hz), 4.94 (1H,
br dd, J 8.5, 15Hz), 4.1 (2H, t, J 6.6 Hz), 3.85-3.74 (2H,
m), 1.94 (2H, br q, J 6.3 Hz), 1.67-1.58 (4H, m), 1.4-1.26
(25H, br s), 1.23 (9H, s), 1.17-1.12 (1H, m), 1.07 (9H, s),
1.04-0.97 (1H, m), 0.93 (3H, d, J 6.6 Hz), 0.89-0.87 (1H,
m), 0.47-0.41 (3H, m); 6y (500 MHz, CDCl3) (minor iso-
mer): 526 (1H, br dt, J 7.25, 10.8 Hz), 4.73 (1H, br t,
J 10.8 Hz), 2.13 (1H, m). The remaining signals were
obscured by the major isomer.

Method A: dipotassium  azodicarboxylate (3.3 g,
17.1 mmol) was added to a stirred solution of 2,2-dimethyl-
propionic acid 18-{(1R,2R)-2-[(S)-3-(tert-butyldiphenyl-
silanyloxy)-1-methylpropyl]cyclopropyl}octadec-17-enyl
ester (4.5 g, 6.4 mmol) in dry THF (30 ml) and methanol
(15 ml) at 10 °C under nitrogen, giving a yellow suspension.
Glacial acetic acid (4 ml) in dry THF (4 ml) was added

dropwise over 48 h, after which a white precipitate had
formed. The mixture was cooled to 0 °C, quenched slowly
with satd aq ammonium chloride (5 ml) and extracted with
1:1 petrol/ether (2x100 ml). The combined organic layers
were washed with water (20 ml), dried and evaporated to
give a thick oil, which solidified slowly; '"H NMR showed
that there was still starting material left. The procedure
was repeated twice for 16 h and the residue was chromato-
graphed (10:1 petrol/ether) to give 2,2-dimethylpropionic
acid 18-{(1S,2R)-2-[(S)-3-(tert-butyldiphenylsilanyloxy)-1-
methylpropyl]cyclopropyl}octadecyl ester (23) as a white
solid (4.5g, 99.5%) [Found [M+Na]*: 727.5477;
C46H7603NaSi requires: 727.5456], [a]E +5.7 (c 1.93,
CHCl,); oy (500 MHz, CDCl3): 7.69-7.66 (4H, m), 7.43—
7.36 (6H, m), 4.07 (2H, t, J 6.6 Hz), 3.80-3.72 (2H, m),
1.74-1.68 (1H, m), 1.65-1.59 (2H, br pent, J 6.5 Hz),
1.56-1.49 (1H, m), 1.36-1.23 (31H, br s), 1.20 (9H, s),
1.17-1.12 (1H, m), 1.05 (9H, s), 0.94-0.84 (4H, including
br s, 6 0.88), 0.46-0.40 (1H, m), 0.18-0.137 (2H, m),
0.12-0.09 (1H, m); 6c (125 MHz, CDCl;): 178.6, 135.6
(+), 134.2, 129.5 (4), 127.5 (+), 64.46 (—), 62.35 (—),
40.21 (—), 38.72, 34.77 (+), 34.34 (—), 29.7 (—), 29.63
(=), 29.58 (—), 29.56 (—), 29.5 (—), 29.2 (—), 28.6 (—),
27.2 (+), 269 (+), 259 (—), 19.8 (+), 19.2, 18.6 (+),
10 (=); Vmax: 2920, 2850, 1730 cm™".

Method B: triisopropylbenzenesulfonyl hydrazide (0.63 g,
2.13 mmol) was added to the above ester (0.5g,
0.712 mmol) in tetrahydrofuran (20 ml) at room temperature
and stirred for 24 h at 45-50 °C, followed by the addition of
another mol. equivalent of triisopropylbenzenesulfonyl
hydrazide then stirring for 24 h. After diluting with petrol/
ether (1:1) (100 ml) and quenching with aq sodium hydrox-
ide (2%, 20 ml), the organic layer was separated and
the aqueous layer was re-extracted with petrol/ether
(2x25 ml). The combined organic layers were washed
with brine, dried and evaporated. Chromatography on silica
eluting with 10:1 petrol/ether gave 23 (0.42 g, 85%), which
showed identical spectra to those above.

3.1.17. 2,2-Dimethylpropionic acid 18-[(1S5,2R)-2-((S)-1-
methyl-3-hydroxypropyl)cyclopropyl]octadecyl ester.
Tetra-n-butylammonium fluoride (9.6 ml, 9.6 mmol, 1 M
solution) was added with stirring to ester 23 (4.5g,
6.4 mmol) in dry tetrahydrofuran (50 ml) at 5 °C. The mix-
ture was stirred for 16 h at room temperature, when TLC
showed no starting material, then evaporated, quenched
with water (30 ml) and extracted with dichloromethane
(3x50 ml). The combined organic layers were dried and
evaporated to give a thick oil. Chromatography (5:0.5 petrol/
ethyl acetate) gave 2,2-dimethylpropionic acid 18-[(1S,2R)-
2-((S)-1-methyl-3-hydroxypropyl)cyclopropyl]octadecyl ester
(2.63 g, 89%) [Found [M+Na]*: 489.4300; C;oHsgO3Na
requires: 489.4278], [a]¥ +11.02 (¢ 1.27, CHCly); 6y
(500 MHz, CDCls): 4.04 (2H, t, J 6.6 Hz), 3.77-3.68 (2H,
br m), 1.75-1.68 (1H, sext, J 6.65 Hz), 1.65-1.60 (2H, m),
1.58-1.51 (1H, m), 1.35-1.24 (32H, br m), 1.19 (9H, s),
1.17-1.11 (1H, m), 0.95 (3H, d, J 6.65 Hz), 0.90-0.81
(1H, m), 0.51-0.45 (1H, m), 0.25-0.13 (3H, m); oc
(125 MHz, CDCl;3): 178.6, 64.5 (+), 61.4 (+), 404 (+),
38.7, 35.0 (—), 34.3 (+), 29.7 (+), 29.62 (+), 29.58 (+),
29.54 (+), 29.51 (4), 29.2 (+), 28.6 (+), 27.2 (—), 25.9 (+),
19.8 (=), 18.7 (=), 10.6 (+); Vmax: 3397, 1731 cm™ L.
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3.1.18. 2,2-Dimethylpropionic acid 18-[(15,2R)-2-((S)-
1-methyl-3-oxopropyl)cyclopropyl]octadecyl ester
(24). 2,2-Dimethylpropionic acid 18-[(1S,2R)-2-((S)-1-
methyl-3-hydroxypropyl)cyclopropyljoctadecyl ester (2.5 g,
5.5 mmol) in dichloromethane (20 ml) was added to a sus-
pension of pyridinium chlorochromate (2.96 g, 13.7 mmol)
in dichloromethane (100 ml). The mixture was stirred vigor-
ously at room temperature for 3 h, when TLC showed no
starting material, then diluted with ether (250 ml) and fil-
tered through a pad of Celite and then a pad of silica. The
silica was washed with ether. The combined filtrate was
evaporated to give a residue, which was purified by chroma-
tography (5:0.5 petrol/ethyl acetate) to give a colourless oil,
2,2-dimethylpropionic acid 18-[(1S,2R)-2-((S)-1-methyl-3-
oxopropyl)cyclopropyl]octadecyl ester (24) (2.07 g, 83%)
[Found [M+Na]*: 487.4100; C3oHscO3Na requires:
487.4122], [a]f +17.1 (¢ 1.82, CHCls); 6y (500 MHz,
CDCl;): 9.8 (1H, t, J 2.5 Hz), 4.06 (2H, t, J 6.6 Hz), 2.52
(1H, ddd, J 2.5, 6.0, 15.75 Hz), 2.39 (1H, ddd, J 2.5, 7.55,
15.75 Hz), 1.63 (2H, pent, 6.6 Hz), 1.4—-1.24 (32H, m), 1.2
(9H, s), 1.20-1.14 (1H, m), 1.03 (3H, d, J 6.6 Hz), 0.54—
0.47 (1H, m), 0.36-0.23 (3H, m); oc (125 MHz, CDCl;):
202.8, 178.6, 64.4 (—), 51.4 (—), 38.7, 34.1 (—), 33.9 (+),
29.7 (—), 29.64 (—), 29.62 (—), 29.58 (—), 29.55 (—), 29.5
(=), 29.2 (=), 28.6 (—), 27.2 (+), 25.9 (—), 25.6 (+), 19.9
(+), 18.8 (4), 11.4 (=); vax: 2922, 2853, 1729 cm ™.

3.1.19. (S)-18-{(1R,25)-2-[18-(2,2-Dimethylpropionyloxy)-
octadecyl]cyclopropyl}nonadecanoic acid methyl ester
(25). Lithium hexamethyldisilazide (6.4 ml, 6.4 mmol, 1 M
THF) was added dropwise to a stirred solution of 15-(1-
phenyl-1H-tetrazol-5-sulfonyl)-pentadecanoic methyl ester
11 (1.73 g, 4.26 mmol) and ester 24 (1.8 g, 3.87 mmol) in
dry tetrahydrofuran (30 ml) under nitrogen at —30 °C. The
reaction was exothermic and the temperature rose to 0 °C re-
sulting in a yellow solution. The mixture was allowed to
reach room temperature and stirred for 1 h when TLC showed
no starting material, then cooled to 0 °C and quenched with
satd aqg ammonium chloride (10 ml). The product was ex-
tracted with petrol/ether (1:1) (330 ml). The combined or-
ganic layers were washed with brine, dried and evaporated to
give a thick yellow oil. Chromatography (10:1 petrol/ether)
gave a pale yellow oil, (5)-18-{(1R,2S5)-2-[18-(2,2-dimethyl-
propionyloxy)octadecyl]cyclopropyl }nonadec-15-enoic acid
methyl ester (1.5 g, 55%) as a mixture of two isomers in ratio
2.2:1 [Found [M+Na]*: 725.6446; C4cHgsO4Na requires:
725.6418]; oy (500 MHz, CDCl3) (major isomer): 5.47—
5.37 (2H, m), 4.06 2H, t, J 6.65 Hz), 3.68 (3H, s), 2.3
(2H, t, J 7.5 Hz), 2.17-2.12 (1H, m), 2.06-1.92 (3H, m),
1.67-1.61 (5H, m), 1.38-1.25 (51H, m), 1.27 (9H, s), 0.91
(3H, d, J 6.6 Hz), 0.78-0.73 (1H, m), 0.50-0.45 (1H, m),
0.30-0.12 (3H, m); 6c (125 MHz, CDCl;): 178.6, 174.3,
131.4, 128.8, 64.5, 51.4, 344, 34.1, 32.7, 29.72, 29.70,
29.68, 29.65, 29.63, 29.60, 29.57, 29.55, 29.53, 29.47,
29.27, 29.24, 29.22, 29.17, 28.6, 27.2, 25.9, 25.7, 25.0,
19.2, 18.6, 10.8; wma: 2921, 1731, 1479cm™!; oy
(500 MHz, CDCl3) (minor isomer): 1.12-1.18 (1H, m),
0.88-0.85 (3H, d, J 6.6 Hz), 0.86 (1H, m); 6c (125 MHz,
CDCls): 130.4, 128.4, 34.7, 34.4, 294, 29.1, 27.3, 25.8,
22.65, 22.62, 22.3, 19.4, 15.3, 14.3, 14.1, 14.0, 11.4, 10.7.
The remaining signals were obscured by the major isomer.
Dipotassium azodicarboxylate (3.3 g, 17.1 mmol) was
added to a stirred solution of the above ester (1.2 g,

1.71 mmol) in dry THF (15 ml) and methanol (7 ml) at
10 °C under nitrogen, giving a yellow suspension. Glacial
acetic acid (2 ml) in dry THF (4 ml) was added dropwise
over 48 h, after which a white precipitate had formed. The
mixture was cooled to 0 °C, quenched slowly with satd aq
ammonium chloride (5 ml) and extracted with 1:1 petrol/
ether (2x50 ml). The combined organic layers were washed
with water (20 ml), dried and evaporated to give a thick oil,
which solidified slowly; the "H NMR spectrum showed that
there was still starting material left. The procedure was
repeated for another 16 h and the residue was purified by
chromatography (10:1 petrol/ether) to give a white solid, (S)-
18-{(1R,25)-2-[18-(2,2-dimethylpropionyloxy)octadecyl]-
cyclopropyl }nonadecanoic acid methyl ester (25) (0.78 g,
65%) [Found [M+Na]*: 727.6560; C,4cHggO4Na requires:
727.6575], [a] +3.7 (¢ 1.03, CHCls), mp 4749 °C; 0y
(500 MHz, CDCl3): 4.06 (2H, t, J 6.6 Hz), 3.68 (3H, s),
2.32 (2H, t, J 7.6 Hz), 1.64 (4H, m), 1.4-1.24 (60H, br m),
1.2 (9H, s), 0.91 (3H, d, J 6.6 Hz), 0.69-0.63 (1H, m),
0.48-0.41 (1H, m), 0.21-0.08 (3H, m); oc (125 MHz,
CDCl;): 178.62, 174.31, 64.45 (+), 51.39 (—), 38.71, 38.11
(=), 3741 (4), 34.47 (+), 34.11 (+), 30.06 (+), 29.70 (+),
29.64 (+), 29.56 (+), 29.51 (4), 29.45 (+), 29.25 (+), 29.22
(#), 29.15 (+), 28.61 (+), 27.25 (+), 27.19 (—), 26.13 (—),
25.90 (+), 24.95 (4), 19.67 (—), 18.61 (=), 10.48 (+); Vimax:
2918, 1733 cm™ .

3.1.20. (S)-18-[(1R,25)-2-(18-Hydroxyoctadecyl)cyclo-
propyl]-nonadecanoic acid methyl ester. (5)-18-{(1R,2S)-
2-[18-(2,2-Dimethylpropionyloxy)octadecyl]cyclopropyl } -
nonadecanoic acid methyl ester (0.27 g, 0.383 mmol) in
tetrahydrofuran (5 ml) was added to a stirred solution of
potassium hydroxide (0.31 g, 5.59 mmol) in methanol
(10 ml), tetrahydrofuran (10 ml) and water (1.5 ml) at
room temperature. The mixture was stirred and refluxed at
70 °C for 4 h, when TLC showed no starting material, then
cooled to 5 °C, when a white precipitate formed, filtered
on a sinter, then washed with ether (2x20 ml). The precipi-
tate was dissolved in hot water and acidified with H,SO,
(10%) and the product was extracted with hot petrol/ether
(1:1). The organic layer was dried and evaporated to give
a white solid, (S)-18-[(1R,2S5)-2-(18-hydroxyoctadecyl)-
cyclopropyl]nonadecanoic acid (0.22 g, 95%). This was
treated with excess diazomethane solution in ether and left
to stand for 24 h at room temperature, then the solvent
was evaporated to give a solid, which was recrystallized
from petrol/ether to give a white solid, (S5)-18-[(1R,2S)-
2-(18-hydroxyoctadecyl)cyclopropyllnonadecanoic acid
methyl ester (0.19 g, 84%) [Found [M+Na]*: 643.35991;
C41HgyO3Na requires: 643.6000], [a]F +5.12 (¢ 1.21,
CHCl53), mp 65-67 °C; 6y (500 MHz, CDCls): 3.67 (3H,
s, OCH3), 3.64 (2H, t, J 6.65 Hz, CH,OH), 2.3 (2H,
t, J 7.55 Hz, CH,CO), 1.63-1.54 (6H, m, satd alkane),
1.45-1.21 (57H, m, satd alkane), 1.2-1.15 (2H, br dq,
J 3.15, 7.2 Hz, satd alkane), 0.9 (3H, d, J 6.6 Hz, a-Me),
0.71-0.63 (1H, m, CHCHs;), 0.48-0.42 (1H, m, CH-trans-
cyclopropane), 0.21-0.09 (3H, m, CH and CH,-trans-cyclo-
propane); 6c (125 MHz, CDCls): 174.36, 63.1 (+), 51.42
(—), 38.12 (—), 37.42 (+), 34.47 (+), 34.12 (+), 32.81 (4),
30.06 (+), 29.71 (+), 29.66 (+), 29.60 (+), 29.46 (+), 29.43
(+), 29.26 (4), 29.15 (+), 27.25 (+), 26.14 (—), 25.73 (+),
2496 (+), 19.69 (—), 18.62 (=), 10.49 (4); vmax: 3340,
1733 cm .
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3.1.21. [(1R,2R)-2-((S)-2,2-Dimethyl[1,3]dioxolan-4-yl)-
cyclopropyllmethanol. Tetra-n-butylammonium fluoride
(79.2 ml, 79.2 mmol) was added to a stirred solution of
tert-butyl-[(1R,2R)-2-((S5)-2,2-dimethyl[ 1,3]dioxolan-4-yI)-
cyclopropylmethyl]diphenylsilane (25 g, 60.9 mmol) in dry
tetrahydrofuran (150 ml), at O °C under nitrogen. The mix-
ture was allowed to reach room temperature, stirred for
16 h when TLC showed no starting material, cooled to 5 °C
and quenched with satd aqg ammonium chloride (50 ml) and
extracted with ethyl acetate (3200 ml). The combined or-
ganic layers were washed with brine (100 ml) and water
(100 ml), dried and evaporated to give an oil. Chromato-
graphy (1:1 petrol/ethyl acetate) gave [(1R,2R)-2-((S)-2,2-
dimethyl[1,3]dioxolan-4-yl)cyclopropyllmethanol (9.54 g,
91%) [Found [M+NH4]*: 190.1442; CoH,qO3N requires:
190.1443], [a]& —16.2 (c 0.995, CHCl;), which showed 0y
(500 MHz, CDCl3): 3.99 (1H, dd, J 2.12, 7.6 Hz), 3.6 (1H,
br t, J 7.3 Hz), 3.52 (1H, dt, J 5.5, 7.3 Hz), 3.4 (1H, dd, J
6.7, 11.3 Hz), 3.32 (1H, dd, J 7, 11.3 Hz), 2.8 (1H, br s),
1.34 (3H, s), 1.25 (3H, s), 1.00-0.86 (1H, m), 0.84-0.74
(1H, m), 0.57 (1H, dt, J 4.9, 8.55 Hz), 0.46 (1H, dt, J 5.17,
8.55 Hz); 6c (125 MHz, CDCl;): 108.7, 78.9, 68.9, 65.4,
26.6, 25.4, 18.8, 17.5, 7.8; ¥max: 3436, 2984, 2934 cm 1.

3.1.22. (1R,2R)-2-((S)-2,2-Dimethyl[1,3]dioxolan-4-yl)-
cyclopropanecarbaldehyde. [(1R,2R)-2-((S)-2,2-Dimethyl-
[1,3]dioxolan-4-yl)cyclopropylJmethanol (9 g, 52.32 mmol)
in dichloromethane (50 ml) was added to a suspension of pyri-
dinium chlorochromate (23.7 g, 109.8 mmol) in dichloro-
methane (400 ml) and stirred vigorously. After 2 h, when
TLC showed no starting material, it was cooled to room
temperature, poured into ether (500 ml), then the precipitate
was filtered through silica and washed with ether. The filtrate
was evaporated to give a yellow oil; chromatography (1:1
petrol/ethyl acetate) gave (1R,2R)-2-((S)-2,2-dimethyl[1,3]-
dioxolan-4-yl)cyclopropanecarbaldehyde (8.1g, 91%)
[Found [M+H]*: 171.1023; CgH,505 requires: 171.1021],
[a]® —66 (¢ 1.33, CHCls), which showed 8y (500 MHz,
CDCl5): 9.08 (1H, d, J 4.9 Hz), 4.1 (1H, dd, J 5.9, 7.7 Hz),
3.78 (1H, br q, J 6.7 Hz), 3.65 (1H, br t, J 6.9 Hz), 1.89-
1.81 (1H, m), 1.73-1.63 (1H, m), 1.45 (3H, s), 1.37-1.29
(1H, m), 1.33 (3H, s), 1.26-1.16 (1H, m); 6c (125 MHz,
CDCl3): 199.9, 109.4, 76.4, 69.0, 26.52, 26.49, 25.5, 23.7,
11.7; Vax: 1709 cm L,

3.1.23. (E)-3-[(1S,2R)-2-((S)-2,2-Dimethyl[1,3]dioxolan-
4-yl)cyclopropyl]acrylic acid methyl ester (27). Methyl-
(triphenylphosphoranylidene)acetate (19.1 g, 47 mmol) was
added in portions to a stirred solution of (1R,2R)-2-((S)-2,2-
dimethyl[1,3]dioxolan-4-yl)cyclopropanecarbaldehyde (8 g,
47 mmol) in toluene (100 ml) at 10 °C. The mixture was
allowed to reach room temperature and stirred for 24 h
when GLC showed no starting material. The solvent was
evaporated and the residue was treated with petrol/ether
(1:1) (200 ml) and refluxed for 10 min. The precipitate
was filtered off and washed with petrol/ether (100 ml). The
solvent was evaporated and the residue was purified by
chromatography eluting with petrol/ethyl acetate (5:2) to
give (E)-3-[(15,2R)-2-((S)-2,2-dimethyl[1,3]dioxolan-4-yl)-
cyclopropyl]acrylic acid methyl ester (27) (8.4 g, 79%)
[Found [M+Na]*: 249.1095; C;,H;304Na requires:
249.1097], [a]& —75 (¢ 1.16, CHCI3), which showed 0y
(500 MHz, CDCl;): 6.43 (1H, dd, J 10.1, 15.5 Hz), 5.85

(1H, d, J 15.5 Hz), 4.05 (1H, dd, J 5.2, 7.3 Hz), 3.76-3.62
(5H, m, including s at 6 3.68), 1.58-1.47 (1H, m), 1.4 (3H,
s), 1.32 (3H, s), 1.22-1.15 (1H, m), 1.07 (1H, dt, J 5.2,
8.55Hz), 0.89 (1H, dt, J 5, 8.55Hz); 6c (125 MHz,
CDCls): 166.8, 151.7, 118.5, 109.1, 77.5, 69.0, 51.3, 26.6,
25.5, 24.4, 18.4, 12.8; vyax: 1720, 1647 cm~!. There was
less than 5% of the cis-isomer.

3.1.24. Addition of methyl magnesium bromide to (E)-3-
[(1S,2R)-2-((S)-2,2-dimethyl[1,3]dioxolan-4-yl)cyclopro-
pyllacrylic acid methyl ester (27). Methyl magnesium bro-
mide (35.4 ml, 106.2 mmol) was added dropwise to a stirred
suspension of copper bromide (7.6 g, 53.1 mmol) indry tetra-
hydrofuran (250 ml) at —40 °C under nitrogen. The mixture
was stirred for 30 min then (E)-3-[(1S,2R)-2-((S)-2,2-di-
methyl[1,3]dioxolan-4-yl)-cyclopropyl]acrylic acid methyl
ester (8 g, 35.4 mmol) in dry tetrahydrofuran (50 ml) was
added dropwise at —30 °C. The mixture was allowed to reach
—5 °C over 2 h, when GLC showed no starting material, then
quenched slowly with satd aq ammonium chloride (50 ml)
at —30 °C. The product was extracted with ethyl acetate
(3%250 ml). The combined organic layers were washed with
brine (100 ml), dried and evaporated to give a brown oil.
Chromatography (5:2 petrol/ethyl acetate) gave a mixture
of  (R)-3-[(15,2R)-2-((S)-2,2-dimethyl[1,3]dioxolan-4-yl)-
cyclopropyl]butyric acid methyl ester and (S)-3-[(1S,2R)-2-
((S)-2,2-dimethyl[ 1,3]dioxolan-4-yl)cyclopropyl]butyric acid
methyl ester in ratio 1:1 (28) (6 g, 70%) [Found [M+Na]*:
265.1414; C,3H,,0,4Na requires: 265.1410], [a]F —12.3 (¢
1.14, CHCIl;). The mixture showed o6y (500 MHz, CDCl5):
4.05 (1H, dd, J 6.3, 7.6 Hz), 4.02 (1H, dd, J 6, 12 Hz), 3.67
(3H, s), 3.667 (1H, t, J 7.9 Hz), 3.66 (3H, s), 3.62 (1H, ¢,
J 7.9 Hz), 3.94 (1H, br dd, J 3.45, 7.9 Hz), 3.45 (1H, br dd,
J 3.15, 79 Hz), 2.4 (1H, br dd, J 6.3, 15 Hz), 2.35 (1H,
br dd, J 6.3, 15 Hz), 2.26 (2H, br dd, J 7.85, 14.8 Hz), 1.43
(3H, s), 1.42 (3H, s), 1.36-1.30 (2H, m), 1.33 (3H, s), 1.32
(3H, s), 1.03 (3H, d, J 6 Hz), 1.02 (3H, d, J 6.5 Hz), 0.82—
0.77 (1H, m), 0.76-0.71 (1H, m), 0.61-0.55 (2H, m), 0.54—
0.50 (3H, m), 0.49-0.44 (1H, m); 6y (500 MHz, C¢Dg):
3.87 (1H, dd, J 6, 7.9 Hz), 3.81 (1H, dd, J 6, 7.9 Hz), 3.54
(1H, t, J 7.6 Hz), 3.5 (1H, t, J 7.6 Hz), 3.36 (1H, dt, J 6.3,
7.6 Hz), 3.35 (6H, s), 3.33 (1H, dt, J 6, 7.3 Hz), 2.21 (1H,
dd, J 6.3, 14.8 Hz), 2.15 (1H, dd, J 6.3, 14.8 Hz), 2.06 (1H,
dd, J 7.85, 14.8 Hz), 2.02 (1H, dd, J 7.55, 14.8 Hz), 1.54
(6H, s), 1.44 (3H, s), 1.43 (3H, s), 1.32-1.24 (2H, m), 1.00
(3H, d, J 6.6 Hz), 0.93 (3H, d, J 6.9 Hz), 0.77-0.72 (1H,
m), 0.64-0.58 (1H, m), 0.57-0.52 (2H, m), 0.42-0.34 (3H,
m), 0.28 (1H, dt, J 4.7, 8.2 Hz); dc (125 MHz, CDCl;):
173.2, 173.1, 108.9, 108.8, 79.9, 79.8, 69.3, 69.2, 51.43,
51.41, 41.5, 41.4, 349, 34.8, 26.8, 25.75, 25.71, 25.69,
22.2,22.1,20.3,20.00, 19.8,19.7,9.7,9.2; vpax: 1738 cm ™1,

3.1.25. Reduction of (R)-3-[(1S,2R)-2-((S)-2,2-di-
methyl[1,3]-dioxolan-4-yl)cyclopropyl]butyric acid
methyl ester and (S)-3-[(1S,2R)-2-((S)-2,2-dimethyl[1,3]-
dioxolan-4-yl)-cyclopropyl]butyric acid methyl ester.
The mixture of (R)-3-[(1S,2R)-2-((S)-2,2-dimethyl[1,3]-
dioxolan-4-yl)cyclopropyl]butyric acid methyl ester and
(8)-3-[(1S,2R)-2-((S)-2,2-dimethyl[ 1,3]dioxolan-4-yl)-cyclo-
propyl]butyric acid methyl ester (5.5 g, 22.7 mmol) in dry
tetrahydrofuran (30 ml) was added dropwise to a stirred sus-
pension of lithium aluminium hydride (1.73 g, 45.4 mmol)
in tetrahydrofuran (150 ml) at room temperature under
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nitrogen. The mixture was refluxed for 1 h when TLC showed
no starting material, then cooled to 0 °C and quenched with
satd aq sodium sulfate (40 ml) until a white solid was formed.
The precipitate was filtered off and washed with tetrahydro-
furan (2x50 ml). The filtrate was evaporated to give a crude
product which was purified by chromatography (1:1 petrol/
ethyl acetate) to give a mixture of (R)-3-[(1S,2R)-2-((S)-
2,2-dimethyl[1,3]dioxolan-4-yl)cyclopropyl]butan-1-ol and
(8)-3-[(15,2R)-2-((S)-2,2-dimethyl[ 1,3]dioxolan-4-yl)cyclo-
propyl]butan-1-ol (4.47 g,92%) [Found [M+Na]*: 237.1454;
C,H,,05Na requires: 237.1461], [a]® —13.9 (¢ 1.69,
CHCl5;), which showed 6y (mixture, C¢Dg, 500 MHz): 3.84
(1H, dd, J 5.35, 6 Hz), 3.85 (1H, dd, J 5.1, 6 Hz), 3.55 (1H,
t, J 7.85Hz), 3.54 (1H, t, J 7.6 Hz), 3.48-3.32 (6H, m),
1.49-1.40 (8H, including two s at 6 1.44 and 1.42 (each
3H)), 1.35-1.23 (8H, including two s at ¢ 1.33 and 1.32
(each 3H)), 0.97 (2H, br s), 0.84 (3H, d, J 6.95 Hz), 0.77
(3H, d, J 6.3 Hz), 0.74-0.67 (2H, m), 0.66-0.61 (1H, m),
0.53-0.43 (3H, m), 0.33-0.24 (2H, m), 0.21-0.13 (2H, m);
Oc (mixture, C¢Dg, 125 MHz): 109.5, 109.4, 80.5, 79.9,
70.1, 69.9, 61.3, 61.2, 40.9, 40.8, 35.2, 35.0, 27.8, 27.7,
26.7, 26.6, 23.3, 23.2, 21.3, 20.7, 20.4, 10.8, 9.3; vyax:
3410 cm ™.

3.1.26. tert-Butyl-{(R)-3-[(1S,2R)-2-((S)-2,2-dimethyl[ 1,3]-
dioxolan-4-yl)cyclopropyl]butoxy}diphenylsilane and
tert-butyl-{(S)-3-[(15,2R)-2-((S)-2,2-dimethyl[1,3]dioxo-
lan-4-yl)cyclopropyl]butoxy }diphenylsilane  (29). The
mixture of (R)-3-[(1S,2R)-2-((S)-2,2-dimethyl[1,3]-dioxo-
lan-4-yl)cyclopropyl]butan-1-ol and (S)-3-[(1S,2R)-2-((S)-
2,2-dimethyl[1,3]dioxolan-4-yl)cyclopropyl]butan-1-ol (3 g,
14 mmol) in dry DMF (15 ml) was added to a stirred solution
of imidazole (1.43 g, 21 mmol) in dry DMF (40 ml) at 5 °C
under nitrogen. The mixture was stirred for 20 min then tert-
butyldiphenylsilylchloride (4.62 g, 16.8 mmol) was added,
then allowed to reach room temperature and stirred for 4 h
when TLC showed no starting material. The solvent was
evaporated under high vacuum and the residue was diluted
with dichloromethane (100 ml) and water (50 ml). The
organic layer was separated and the aqueous layer was re-
extracted with dichloromethane (2x50 ml). The combined
organic layers were washed with water and brine, dried and
evaporated to give a residue, which was purified by chroma-
tography on silica eluting with 5:1 petrol and ethyl acetate to
give amixture of tert-butyl-{ (R)-3-[(15,2R)-2-((S)-2,2-dime-
thyl[1,3]dioxolan-4-yl)cyclopropyl]butoxy }diphenylsilane
and tert-butyl-{(S)-3-[(1S,2R)-2-((S)-2,2-dimethyl[ 1,3]di-
oxolan-4-yl)cyclopropyl]butoxy }diphenylsilane (29) (5.5 g,
87%) [Found [M+Na]*: 475.2628; C,3H4003SiNa requires:
475.2639], [a]3 —6.8 (¢ 137, CHCl5). The mixture showed
oy (500 MHz, CDCl3): 7.70-7.65 (8H, m), 7.45-7.38 (12H,
m), 4.05 (1H, dd, J 6, 8.2 Hz), 3.96 (1H, dd, J 6, 8 Hz),
3.79-3.64 (5H, m), 3.57 (1H, t, J 8 Hz), 3.46-3.40 (2H, m),
1.70-1.63 (2H, sext, J 6.5 Hz), 1.56-1.48 (2H, m), 1.45
(3H, s), 1.43 (3H, s), 1.35 (3H, s), 1.34 (3H, s), 1.30-1.25
(2H, m), 1.06 (9H, s), 1.05 (9H, s), 0.91 (3H, d, J 6.3 Hz),
0.907 (3H, d, J 6.6 Hz), 0.72-0.63 (2H, m), 0.56-0.47 (3H,
m), 0.46-0.34 (3H, m); oy (500 MHz, C¢Dg): 7.79-7.76
(8H, m), 7.25-7.22 (12H, m), 3.83 (1H, dd, J 6, 7.85 Hz),
3.78 (1H, dd, J 6, 7.6 Hz), 3.76-3.67 (4H, m), 3.54 (1H, t, J
7.85Hz), 3.5 (1H, t, J 7.6 Hz), 3.42-3.38 (1H, br q, J
7.25 Hz), 3.37-3.33 (1H, br dt, J 6.3, 7.55 Hz), 1.67-1.60
(2H, m), 1.50-1.44 (2H, m), 1.44 (3H, s), 1.42 (3H, s), 1.33

(3H, s), 1.32 (3H, s), 1.17 (18H, s), 0.86-0.82 (5H, br m),
0.76 (3H, d, J 6.6 Hz), 0.63-0.58 (1H, m), 0.54-0.5 (1H,
m), 0.49-0.44 (2H, m), 0.36-0.33 (1H, dt, J 5.05, 8.2 Hz),
0.35-0.25 (1H, m), 0.21-0.14 (2H, m); dc (125 MHz,
CDCly): 135.5, 134.1, 133.9, 129.6, 129.5, 127.60, 127.58,
127.56, 108.8, 108.6, 80.5, 80.0, 69.3, 69.2, 62.0, 61.8,
39.8, 39.7, 34.1, 34.0, 30.9, 26.9, 26.8, 26.5, 25.8, 25.7,
23.5,22.8, 22.5, 20.2, 19.8, 19.5, 19.4, 19.2, 10.2, 8.8; dc
(125 MHz, C¢Dy): 136.6, 135.10, 135.05, 130.60, 130.55,
80.5, 79.8, 70.2, 70.1, 63.1, 62.9, 40.9, 40.8, 35.2, 34.9,
27.8,27.7, 26.74, 26.72, 23.4, 23.22, 21.4, 20.6, 20.5, 20.4,
20.1, 20.0, 10.7, 9.2; vpae: 2932, 2858, 1111, 1062 cm .

3.1.27. (1R,2S)-2-[(R)-3-(tert-Butyldiphenylsilanyloxy)-1-
methylpropyl]cyclopropanecarbaldehyde and (1R,2S5)-2-
[(S)-3-(tert-butyldiphenylsilanyloxy)-1-methylpropyl] cy-
clopropanecarbaldehyde. Periodic acid (6.3 g, 27.6 mmol)
was added to a stirred mixture of tert-butyl-{(R)-3-[(1S,2R)-
2-((S)-2,2-dimethyl[1,3]dioxolan-4-yl)cyclopropyl]butoxy } -
diphenylsilane and fert-butyl-{(S)-3-[(1S,2R)-2-((S)-2,2-
dimethyl[1,3]dioxo-lan-4-yl)cyclopropyl]butoxy }diphenyl-
silane (5 g, 11.1 mmol) in dry ether (100 ml) under nitrogen
at room temperature. After stirring for 16 h, TLC showed no
starting material. The precipitate was filtered, washed with
ether and the solvent was evaporated to give a residue.
Chromatography (10:2 petrol/ethyl acetate) gave a mixture
of (1R,25)-2-[(R)-3-(tert-butyldiphenylsilanyloxy)- 1-methyl-
propyl]cyclopropanecarbaldehyde and (1R,2S5)-2-[(S)-3-
(tert-butyldiphenylsilanyloxy)- 1-methylpropyl]cyclopropane-
carbaldehyde (3.86 g, 92%) [Found [M+Na]*: 403.2048;
C,4H3,0,SiNa requires: 403.2064], [a]E —17.85 (c 1.26,
CHCIl3). The mixture showed oy (500 MHz, CDCl;): 8.98
(2H, d, J 5.65Hz), 7.68-7.65 (8H, m), 7.45-7.37 (12H,
m), 3.82-3.66 (4H, m), 1.74-1.47 (7H, m), 1.35-1.18 (7H,
m), 1.06 (18H, s), 0.97 (3H, d, J 6.6 Hz), 0.95 (3H, d, J
6.65 Hz); oy (500 MHz, C¢Dg): 8.74 (1H, d, J 3.15 Hz),
8.73 (1H, d, J 2.85Hz), 7.78-7.73 (8H, m), 7.28-7.19
(12H, m), 3.67-3.57 (4H, m), 1.5-1.39 (3H, m), 1.38-1.29
(2H, m), 1.28-1.22 (1H, m), 1.15 (9H, s), 1.14 (9H, s),
0.87-0.76 (6H, m), 0.71 (3H, d, J 6.3 Hz), 0.67 (3H, d, J
6.3 Hz), 0.49-0.45 (1H, m), 0.35-0.31 (1H, br ddd, J 4.4,
6.0, 10.1 Hz); 6c (125 MHz, CDCl3): 200.9, 200.8, 135.5,
134.8, 133.9, 133.8, 129.6, 127.64, 127.61, 61.5, 61.4,
39.4, 39.3, 33.5, 33.3, 30.1, 29.3, 29.25, 29.19, 26.8, 26.5,
19.5, 19.3, 19.2, 14.6, 13.5; 6c (125 MHz, C¢Dg): 199.6,
199.5, 136.6, 136.5, 135.8, 134.91, 134.90, 134.8, 130.64,
130.63, 62.6, 62.5, 40.3, 40.26, 34.2, 34.1, 30.6, 29.6, 29.3,
29.0,27.7, 27.4, 20.1, 20.0, 14.7, 13.3; vay: 1703 cm™ 1,

3.1.28. 2,2-Dimethylpropionic acid 18-{(1R,2S)-2-[(R)-3-
(tert-butyldiphenylsilanyloxy)-1-methylpropyl]cyclo-
propyl}octadecyl ester and 2,2-dimethylpropionic acid
18-{(1R,2S)-2-[(S)-3-(tert-butyldiphenylsilanyloxy)-1-
methylpropyl]cyclopropyl}octadecyl ester (30). Lithium
hexamethyldisilazide (16.6 ml, 16.6 mmol, 1 M THF) was
added dropwise to a stirred solution of 2,2-dimethylpro-
pionic acid 17-(1-phenyl-1H-tetrazol-5-sulfonyl)heptadecyl
ester 16 (6.06 g, 11.1 mmol) and a mixture of (1R,2S)-2-
[(R)-3-(tert-butyldiphenylsilanyloxy)-1-methylpropyl]cyclo-
propanecarbaldehyde and (1R,25)-2-[(S)-3-(tert-butyldiphe-
nylsilanyloxy)-1-methylpropyl]cyclopropanecarbaldehyde
(3.5g, 9.21 mmol) in dry tetrahydrofuran (50 ml) under
nitrogen at —15 °C. The reaction was exothermic and the
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temperature rose to —5 °C giving in a yellow solution. The
mixture was allowed to reach room temperature and stirred
for 2 h when TLC showed no starting material, cooled to
0 °C and quenched with satd aq ammonium chloride (10 ml).
The product was extracted with 1:1 petrol/ether (3 x50 ml).
The combined organic layers were washed with brine, dried
and evaporated to give a thick yellow oil. Chromatography
(10:1 petrol/ether) gave a pale yellow oil, (E/Z)-2,2-di-
methylpropionic acid 18-{(1S,25)-2-[(R)-3-(tert-butyldi-
phenylsilanyloxy)-1-methylpropyl]cyclopropyl}octadec-17-
enyl ester and 2,2-dimethylpropionic acid 18-{(1S,25)-2-
[(S)-3-(tert-butyldiphenylpropylsilanyloxy)- 1-methylpropyl]
cyclopropyl}octadec-17-enyl ester (5.17 g, 80%). Dipotas-
sium azodicarboxylate (3.9 g, 20.1 mmol) was added to
a stirred solution of the above mixture (4.7 g, 6.69 mmol)
in dry THF (30 ml) and methanol (15 ml) at 10 °C under
nitrogen, resulting in a yellow suspension. Freshly distilled
glacial acetic acid (4 ml) in dry THF (4 ml) was added drop-
wise over 48 h, after which a white precipitate had formed.
The mixture was cooled to 0 °C and quenched slowly with
satd aq ammonium chloride (5 ml). The product was ex-
tracted with petrol/ether (1:1) (2x100 ml). The combined
organic layers were washed with water (20 ml), dried and
evaporated to give a thick oil, which solidified slowly; how-
ever, the "H NMR spectrum showed that there was still start-
ing material left. The procedure was repeated twice for 16 h
and the residue was purified by chromatography (10:1 petrol/
ether) to give 2,2-dimethylpropionic acid 18-{(1R,2S)-2-
[(R)-3-(tert-butyldiphenylsilanyloxy)- 1-methylpropyl]cyclo-
propyl}octadecyl ester and 2,2-dimethylpropionic acid
18-{(1R,25)-2-[(S)-3-(tert-butyldiphenylpropylsilanyloxy)-
1-methylpropyl]cyclopropyl }octadecyl ester (30) as a white
solid (3.77 g, 80%) [Found [M+Na]*: 727.5470; C4sH;605SiNa
requires: 727.5456], [2]E —6.1 (¢ 1.23, CHCl;). The mix-
ture showed oy (500 MHz, CDCl3): 7.68-7.67 (8H, m),
7.43-7.37 (12H, m), 4.06 (4H, t, J 6.65 Hz), 3.79-3.7 (4H,
m), 1.74-1.68 (2H, m), 1.65-1.6 (4H, m), 1.57-1.47 (2H,
m), 1.38-1.24 (64H, m), 1.21 (18H, s), 1.18-1.13 (2H, m),
1.06 (9H, s), 1.05 (9H, s), 0.86 (3H, br s), 0.84 (3H, br s),
0.42-0.31 (2H, m), 0.19-0.04 (6H, m); dc (125 MHz,
CDCls3): 178.6, 135.6, 134.2, 129.4, 127.5, 67.9, 64.5,
62.3, 62.2, 40.2, 40.0, 38.7, 34.8, 34.7, 34.4, 34.35, 29.7,
29.63, 29.56, 29.5, 29.4, 29.2, 28.6, 27.2, 269, 25.9,
25.88, 25.6, 20.0, 19.8, 19.2, 18.6, 17.5, 11.8, 10.6; v :
2920, 2850, 1732 cm ™.

3.1.29. 2,2-Dimethylpropionic acid 18-{(1R,2S)-2-((R)-3-
hydroxy-1-methylpropyl)cyclopropyl]octadecyl ester
(31) and 2,2-dimethylpropionic acid 18-{(1R,25)-2-((S)-
3-hydroxy-1-methylpropyl)cyclopropyl]loctadecyl ester
32). Tetra-n-butylammonium fluoride (7.45 ml,
7.45 mmol) was added to a stirred solution of 2,2-dimethyl-
propionic acid 18-{(1R,2S)-2-[(R)-3-(tert-butyldiphenylsila-
nyloxy)-1-methylpropyl]cyclopropyl}octadecyl ester and
2,2-dimethylpropionic acid 18-{(1R,25)-2-[(S)-3-(tert-butyl-
diphenylsilanyloxy)-1-methylpropyl]cyclopropyl Joctadecyl
ester (3.5 g, 4.97 mmol) in dry tetrahydrofuran (50 ml) at
0 °C under nitrogen. The mixture was stirred at room temper-
ature for 16 h when TLC showed no starting material, cooled
to 5°C and quenched with satd aq ammonium chloride
(50 ml) and the product extracted with ethyl acetate
(3%x50 ml). The combined organic layers were washed with
brine (50 ml) and water (50 ml), dried and evaporated to

give an oil. Chromatography (5:1 petrol/ethyl acetate) gave
as the first fraction 2,2-dimethylpropionic acid 18-{(1R,2S)-
2-((R)-3-hydroxy-1-methylpropyl)cyclopropyl]octadecyl
ester (31) as a white solid (1.1 g, 48%) [Found [M+Na]*:
489.4290; C;pHs303Na requires: 489.4278], [a]® —11.29
(c 1.08, CHCIl3), mp 34-36°C, which showed oy
(500 MHz, CDCl;): 4.04 (2H, t, J 6.6 Hz), 3.76-3.67 (2H,
m), 1.74-1.68 (1H, br sext., J 6.65 Hz), 1.64-1.58 (2H,
pent, J 6.65 Hz), 1.57-1.51 (1H, m), 1.49 (1H, br s), 1.35-
1.23 (31H, br m), 1.19 (9H, s), 1.13 (1H, m), 0.95 3H, d, J
6.65 Hz), 0.88-0.82 (1H, m), 0.51-0.44 (1H, m), 0.25-0.13
(3H, m); oc (125 MHz, CDCl;): 178.6, 64.4 (+), 61.3 (+),
404 (+), 38.7, 34.9 (—), 34.3 (+), 29.7 (+), 29.6 (+), 29.57
(+), 29.5 (+), 29.48 (+), 29.2 (4), 28.6 (+), 27.2 (—), 25.9
(+), 19.8 (=), 18.7 (=), 10.6 (+); Ymax: 3396, 1730 cm ™.
The second fraction was 2,2-dimethylpropionic acid 18-
{(1R,25)-2-((S)-3-hydroxy-1-methylpropyl)cyclopropyl]-
octadecyl ester (32), a white solid (0.92 g, 40%) [Found
[M+Na]*: 489.4288; C;9HsgO3;Na requires: 489.4278],
[a]g —4.03 (c 1.29, CHCI3), mp 44-46 °C, which showed
oy (500 MHz, CDCl;): 4.04 (2H, t, J 6.65 Hz), 3.76 (1H, br
dd, J 6.3, 10.5 Hz), 3.71 (1H, br dd, J 6.9, 10.5 Hz), 1.72—
1.65 (1H, br sext., J 6.95 Hz), 1.64-1.59 (2H, br pent, J
6.6 Hz), 1.56-1.51 (1H, m), 1.46 (1H, br s), 1.36-1.26
(31H, br m), 1.29 (9H, s), 1.09-1.02 (1H, m), 0.99 (3H, d, J
6.6 Hz), 0.90-0.82 (1H, m), 0.46-0.39 (1H, m), 0.29-2.00
(3H, m); oc (125 MHz, CDCl;): 178.6, 64.5 (+), 61.4 (+),
40.3 (+), 38.7,35.2 (—), 34.3 (+), 29.7 (+), 29.6 (+), 29.54
(+), 29.50 (+), 29.2 (+), 28.6 (+), 27.2 (—), 259 (+), 25.8
(—),20.3 (=), 17.6 (=), 11.9 (+); Vmmax: 3396, 1730 cm ™.

3.1.30. 2,2-Dimethylpropionic acid 18-[(1R,2S)-2-((R)-1-
methyl-3-oxopropyl)cyclopropyl]octadecyl ester. 2,2-Di-
methylpropionic acid 18-{(1R,25)-2-((R)-3-hydroxy-1-meth-
ylpropyl)cyclopropyl]octadecyl ester (0.7 g, 1.5 mmol) was
dissolved in dichloromethane (10 ml) and added to a suspen-
sion of pyridinium chlorochromate (0.8 g, 3.75 mmol) in di-
chloromethane (50 ml). The mixture was stirred vigorously
at room temperature for 3 h when TLC showed no starting
material was left, diluted with diethyl ether (150 ml) and fil-
tered through a pad of Celite and then through a pad of silica.
The silica was washed with ether. The combined filtrate was
evaporated to give aresidue, which was purified by chromato-
graphy (5:0.5 petrol/ethyl acetate) to give a colourless oil,
2,2-dimethylpropionic acid 18-[(1R,2S)-2-((R)-1-methyl-3-
oxopropyl)cyclopropyl]octadecyl ester, which solidified later
(0.62 g, 89%) [Found [M+Na]*: 487.4122; C3oHsc03Na re-
quires: 487.4122], [a]¥ —16.4 (c 1.82, CHCls), mp 28—
30 °C; oy (500 MHz, CDCl3): 9.78 (1H, t, J 2.5 Hz), 4.05
(2H, t, J 6.6 Hz), 2.50 (1H, ddd, J 2.5, 6.0, 15.75 Hz), 2.38
(1H, ddd, J 2.5, 7.6, 15.75 Hz), 1.62 (2H, br pent, J 6.6 Hz),
1.36-1.25 (32H, m), 1.2 (9H, s), 1.16-1.02 (4H, including
d, J 6.6 Hz, 6 1.03), 0.53-0.46 (1H, m), 0.35-0.22 (3H, m);
oc (125 MHz, CDCl;): 202.8 (+), 178.6, 64.4 (=), 51.4 (—),
38.7, 34.1 (=), 33.9 (+), 29.7 (—), 29.63 (—), 29.61 (—),
29.58 (—),29.5 (=), 29.49 (—), 29.2 (—), 28.6 (—), 27.2 (+),
259 (—), 25.6 (+), 19.9 (+), 18.8 (+), 11.4 (—); Vmax: 2920,
2850, 1728 cm™ 1.

3.1.31. 2,2-Dimethylpropionic acid 18-[(1R,2S)-2-((S)-
1-methyl-3-oxopropyl)cyclopropyl]octadecyl ester.
2,2-Dimethylpropionic acid 18-{(1R,25)-2-((S)-3-hydroxy-1-
methylpropyl)cyclopropyl]octadecyl ester (0.7 g, 1.5 mmol)
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was dissolved in dichloromethane (10 ml) and added to a sus-
pension of pyridinium chlorochromate (0.8 g, 3.75 mmol) in
dichloromethane (50 ml). The mixture was stirred vigorously
at room temperature for 3 h when TLC showed no starting ma-
terial, diluted with diethyl ether (150 ml) and worked up as
above to give 2,2-dimethylpropionic acid 18-[(1R,25)-2-((S)-
1-methyl-3-oxopropyl)cyclopropyl]octadecyl ester (0.63 g,
90%), [Found [M+Na]*: 487.4106; C;30HscO3Na requires:
487.4122], [a]& —0.011 (¢ 1.23, CHCl3), mp 31-32 °C; 0y
(500 MHz, CDCl3): 9.78 (1H, t, J 25Hz), 405 (2H, ¢,
J 6.6 Hz), 2.49 (1H, ddd, J 2.2, 6.0, 15.45 Hz), 2.35 (1H,
ddd, J 2.5, 7.6, 15.45 Hz), 1.61 (2H, br pent, J 6.6 Hz), 1.38—
1.24 (32H, m), 1.19 (9H, s), 1.09-1.02 (4H, including d,
J 6.65 Hz, 6 1.05), 0.54-0.48 (1H, m), 0.34-0.29 (1H, m),
0.27-0.21 (2H, m); oc (125 MHz, CDCl;): 202.9 (+), 178.6,
644 (—), 51.3 (—), 38.7, 34.2 (—), 34.0 (+), 29.7 (—), 29.6
(=), 29.54 (—), 29.51 (=), 29.2 (—), 28.6 (—), 27.2 (+), 25.9
(=), 25.6 (+), 203 (+), 18.5 (+), 11.9 (—); Vmax: 2920, 2850,
1728 cm™!.

3.1.32. Methyl (R)-18-{(1S,2R)-2-[18-(2,2-dimethylpro-
pionyloxy)octadecyl]cyclopropyl}nonadecanoate (33).
Lithium hexamethyldisilazide (1.87 ml, 1.87 mmol, 1M
THF) was added dropwise to a stirred solution of 15-(1-
phenyl-1H-tetrazol-5-sulfonyl)pentadecanoic methyl ester
(0.558 g, 1.375 mmol) and 2,2-dimethylpropionic acid 18-
[(1R,2S5)-2-((R)-1-methyl-3-oxopropyl)cyclopropyl]octa-
decyl ester 11 (0.58 g, 1.25 mmol) in dry tetrahydrofuran
(20 ml) under nitrogen at —15 °C. The reaction was exother-
mic and the temperature rose to 0 °C resulting in a yellow
solution. This was stirred at room temperature for 1 h when
TLC showed no starting material, then cooled to 0 °C,
quenched with satd aq ammonium chloride (10 ml) and ex-
tracted with 1:1 petrol/ether (330 ml). The combined or-
ganic layers were washed with brine, dried and evaporated
to give a thick yellow oil; chromatography (10:1 petrol/
ether) gave a pale yellow oil, (E/Z)-(R)-18-{(1S,2R)-2-[18-
(2,2-dimethylpropionyloxy)octadecyl]cyclopropyl }nonadec-
15-enoic acid methyl ester (0.57 g, 65%) as a 2.2:1 mixture
of isomers. Dipotassium azodicarboxylate (1.38 g,
7.12 mmol) was added to a stirred solution of the ester
(0.5 g, 0.712 mmol) in dry THF (15 ml) and methanol
(7 ml) at 10 °C under nitrogen, resulting in a yellow suspen-
sion. Glacial acetic acid (2 ml) in dry THF (4 ml) was added
dropwise over 48 h, after which a white precipitate had
formed. The mixture was cooled to 0 °C, quenched slowly
with satd aq ammonium chloride (5 ml), then extracted
with petrol/ether (1:1) (2x50 ml). The combined organic
layers were washed with water (20 ml), dried and evaporated
to give a thick oil, which solidified slowly; however, the
"H NMR spectrum showed that there was still starting mate-
rial left. The procedure was repeated twice for 24 h and the
residue was purified by chromatography (10:1 petrol/ether)
to give (R)-18-{(1S,2R)-2-[18-(2,2-dimethylpropionyloxy)-
octadecyl]cyclopropyl }Jnonadecanoic acid methyl ester
(33) as a white solid (0.4 g, 80%), mp 4749 °C, [Found
[M+Na]*: 727.6579; C46HggO4Na requires: 727.6575],
[a]& —5.08 (¢ 1.16, CHCl3); 6y (500 MHz, CDCls): 4.05
(2H, t, J 6.65 Hz, CH,0CO), 3.67 (3H, s, OCHj3), 2.30
(2H, t, J 7.27 Hz, CH,CO), 1.62 (4H, br pent, J 7 Hz,
CH,CH,CH,CO), 1.4-1.22 (59H, br m, satd alkane), 1.2
(9H, s, COC(CHj)3), 1.18-1.15 (1H, m, satd alkane), 0.90
(3H, d, J 6.9 Hz, «-CH3), 0.693-0.637 (1H, m, CHCH3),

0.48-0.43 (1H, m, CH-trans-cyclopropane), 0.216-0.087
(3H, m, CH and CH,-trans-cyclopropane); dc (125 MHz,
CDClz): 178.56, 174.25, 64.42 (+), 51.35 (—), 38.68,
38.11 (—), 37.41 (4), 34.46 (+), 34.07 (+), 30.05 (+), 29.69
(+), 29.63 (+), 29.588 (+), 29.55 (+), 29.51 (+), 29.44 (+),
29.24 (+), 29.21 (+), 29.13 (+), 28.59 (+), 27.24 (+), 27.17
(=), 26.11 (—), 25.88 (+), 24.93 (+), 19.677 (—), 18.60
(=), 10.47 (4); Vmax: 2918, 1733 cm™ .

3.1.33. Methyl (S)-18-{(1S,2R)-2-[18-(2,2-dimethylpro-
pionyloxy)octadecyl]cyclopropyl}nonadecanoate (34).
Lithium hexamethyldisilazide (1.6 ml, 1.6 mmol, 1 M) was
added dropwise to a stirred solution of 15-(1-phenyl-1H-tet-
razol-5-sulfonyl)pentadecanoic methyl ester 11 (0.48 g,
1.375 mmol) and 2,2-dimethylpropionic acid 18-[(1R,2S)-
2-((S)-1-methyl-3-oxopropyl)cyclopropyl]octadecyl  ester
(0.50 g, 1.07 mmol) in dry tetrahydrofuran (20 ml) under
nitrogen at —15 °C. The reaction was exothermic and the
temperature rose to 0 °C resulting in a yellow solution.
This was allowed to reach room temperature and stirred for
1 h when TLC showed no starting material, then worked up
as above. Chromatography gave (E/Z)-(S)-18-{(1S,2R)-2-
[18-(2,2-dimethylpropionyloxy)octadecyl]cyclopropyl } nona-
dec-15-enoic acid methyl ester (0.52 g, 70%). Hydrogena-
tion and purification as above gave methyl (5)-18-{(1S,2R)-
2-[18-(2,2-dimethylpropionyloxy)octadecyl]cyclopropyl]-
nonadecanoate (34) as a white solid (0.4 g, 80%) [Found
[M+Na]*: 727.6552; C46HggO4Na requires: 727.6575],
[a]& —3.87 (¢ 1.16, CHCl3), mp 60-62 °C; oy (500 MHz,
CDCl3): 4.05 (2H, t, J 6.65 Hz, CH,OCO), 3.67 (3H, s,
OCHs;), 2.30 (2H, t, J 7.25 Hz, CH,CO), 1.62 (4H, br pent,
J 6.3 Hz, CH,CH,CH,CO), 1.43-1.23 (59H, br m, satd
alkane), 1.2 (9H, s, COC(CHs)3), 1.07-1.01 (1H, m, satd
alkane), 0.93 (3H, d, J 6.65 Hz, a-Me), 0.69-0.64 (1H, m,
CHCH;), 0.41-0.35 (1H, m, CH-trans-cyclopropane),
0.23-0.21 (1H, m, CH-trans-cyclopropane), 0.197-0.14
(2H, m, CH,-trans-cyclopropane); oc (125 MHz, CDCly):
178.61, 174.30, 64.45 (+), 51.38 (—), 38.71, 38.05 (—),
37.34 (+), 34.48 (+), 34.1 (+), 30.08 (+), 29.69 (+), 29.63
(+), 29.588 (+), 29.55 (+), 29.51 (+), 29.44 (+), 29.24 (+),
29.21 (+), 29.13 (+), 28.59 (+), 27.24 (+), 27.17 (—), 26.11
(=), 25.90 (4), 24.95 (+), 19.90 (=), 17.34 (—), 11.81 (+);
Vmax: 2918, 1733 cm ™!
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Abstract—(Z)-a-Fluoro-o,B-unsaturated esters (Z)-7a—f were stereoselectively prepared by a tandem reduction—olefination of triethyl
2-acyl-2-fluoro-2-phosphonoacetates 6a—f with NaBH, in EtOH. A concise synthesis of Cbz-Gly-W[(Z)-CF=C]-Gly (26) as a dipeptide
isostere was achieved via the tandem reduction—olefination of the corresponding 2-acyl-2-fluoro-2-phosphonoacetate 20.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

There is currently much interest in the synthesis of a-fluoro-
a,B-unsaturated carbonyl compounds as valuable building
blocks for biologically active compounds.'~® Recent efforts
in our laboratory have focused on the stereoselective
Horner—Wadsworth—-Emmons (HWE) reactions for the
synthesis of a,B-unsaturated esters or o,B-unsaturated
carboxylic acids using HWE reagents,””'” such as
methyl bis(2,2,2-trifluoroethyl)phosphonoacetate (1),'® bis-
(2,2,2-trifluoroethyl)phosphonoacetic acid (2),!>!° triethyl
2-fluoro-2-phosphonoacetate (3),%° and 2-fluoro-2-diethyl-
phosphonoacetic acid (4).> Although, the stereoselective
synthesis of (E)-o-fluoro-a,B-unsaturated esters utilizing
the HWE reaction of phosphonoacetate 3 with aldehydes
is well known,?! =32 there are few reports on the stereoselec-
tive HWE reaction, which was successfully employed in the
synthesis of (Z)-a-fluoro-a,B-unsaturated esters.

(0] (0]
CF4CH,0.! CF4CH,0.!
CFSCHZO/ ~~CO,Me CFBCHZO/ ~~CO,H

1 2

(0] (0]
EtO\::|> EtO\g
EtO~ \rCOZEt EtO~ \rCOZH
F F
3 4

Keywords: Reduction; Olefination; Fluorine; Phosphonoacetates; a-Fluoro-
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We have demonstrated the HWE reaction of various
aldehydes with 2-fluoro-2-diethylphosphonoacetic acid (4)
with i-PrMgBr in THE.'> However, the HWE reactions
resulted in satisfactory Z-selectivities only for aromatic
and o,B-unsaturated aldehydes. Consequently, we describe
herein a tandem reduction—olefination of triethyl 2-acyl-2-
fluoro-2-phosphonoacetates 6a—f for the stereoselective syn-
thesis of (Z)-a-fluoro-a,B-unsaturated esters (Z)-7a—f.3> In
addition, to expand the application of this methodology,
we achieved a concise synthesis of Cbz-Gly-W[(Z)-
CF=C]-Gly (26) as a dipeptide isostere based on the tandem
reduction—olefination. It is well known that fluoroolefins
play an important role as amide isosteres, from the stand-
point of mimicking of the steric demand, bond lengths,
and bond angles.>**° Namely, (Z)-fluoroolefins mimic the
(s-Z)-amide bonds, as shown in Figure 1.

R! F R’ o)
= = NAK
H R H R

(2)-fluoroolefin (s-Z)-amide

Figure 1. (2)-Fluoroolefins mimic the (s-Z)-amide bonds.

2. Results and discussion

2.1. Tandem reduction—olefination of triethyl 2-acyl-2-
fluoro-2-phosphonoacetate

Triethyl 2-acyl-2-fluoro-2-phosphonoacetates 6a—f were pre-
pared by the treatment of commercially available triethyl 2-
fluoro-2-phosphonoacetate (3) with n-BuLi (1.05 mol equiv)
in THF at 0°C, followed by acylation of the resulting
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O
EtO. [

SP._CO,Et
B0

(e}
EtO.!! 6a: 58%, 6b: 60%, 6¢: 77%
6d: 60%, 6e: 52%, 6f: 54%

Eto- " COaEt
F

3 i, iv H F
=
R CO,Et
(E)-Ta—f

iii R F
— =
H CO,Et
(2)-7Ta—f
CH
a:R= Q/( 2 d: R =tBu
b: R = Ph(CH,), e:R=Ph
c: R = cyclohexyl f: R = 2-Naph

Scheme 1. Reagents and conditions: (i) n-BuLi, THF, 0 °C, 1 h; (ii) RCOCI Sa—f, THF, 0 °C, a: 2h, b: 1 h, ¢: 5h,d: 6 h, e: 1 h, f: 1 h; (iii) NaBH,4, EtOH,

—78°C to rt (Table 1); (iv) RCHO 8af, THF, rt (Table 2).

lithium enolate with acyl chlorides Sa—f (1.05 mol equiv)
in 52-77% yields (Scheme 1). Tandem reduction—olefina-
tion of phosphonoacetates 6a—f with NaBH, (1 mol equiv)
in EtOH was then examined, as shown in Scheme 1 and
Table 1. In the case of phosphonoacetate 6a, NaBH,
(1 mol equiv) was added to the solution of 6a in EtOH
at —78 °C, and the mixture was then stirred for 2 h, after
which the temperature was allowed to rise to room
temperature. After 1 h of stirring at room temperature,
(Z2)-a-fluoro-a,B-unsaturated ester (Z)-7a was obtained in
83% vyield as the sole stereoisomer (Table 1, entry 1).
Excellent Z-selectivity was also achieved in all the other
tandem reduction—olefination reactions with phosphono-
acetates 6b—f (Table 1, entries 2—-6). The disappearance
of the starting phosphonoacetates 6a—f was conveniently
monitored by thin-layer chromatographic (TLC) analysis,
and after that the reaction temperature was raised to com-
plete the olefination of the resulting pro-(Z)-oxyanion in-
termediate (Fig. 2). The reduction of phosphonoacetates
6¢,d with bulky acyl groups was slower than that of phos-
phonoacetates 6a,b.e.f, and the tandem reduction—olefina-
tion of phosphonoacetate 6d was achieved at —78 °C for
18 h without an increase in temperature (Table 1, entries
3 and 4). High volatility of (Z)-a-fluoro-a,B-unsaturated
ester (Z)-7d caused an inaccurate yield (Table 1, entry 4).
Moderate yields of (Z)-a-fluoro-o,B-unsaturated esters

Table 1. Tandem reduction—olefination of 6a—f with NaBH,"

Entry Phosphonoacetate Temperature/time Yield EZ°

(%)
1 6a —78°C/2htort/Th 83 (7a) 0:100 (7a)
2 6b —78°C/2htort/Th 76 (7b) <1:>99 (7b)
3 6c¢ —78°C/18 hto rt/1 h 84 (7¢) 9:91 (7¢)
4 6d —78°C/18 h 58 (7d)“l 4:96 (7d)
5 6e° —78°C/2htort/1h 59 (7e) 0:100 (7e)
6 6f° —78°C/lhtort/1Th 63 (7f) <1:>99 (7f)

% EtOH, 6/NaBH, (1:1 molar ratio).

® Isolated yields.

¢ Determined by "H NMR (300 or 400 MHz, CDCl5) analysis.
4 High volatility.

¢ Labile compounds.

8 F e F
Eto-l__ & Eto-l__ &
P CO,Et P CO,Et
EtO/o 2 EtO/o 2
.-||R --llH
o N e %

pro-(Z)-oxyanion pro-(E)-oxyanion

Figure 2. Pro-(Z)- and pro-(E)-oxyanion intermediate in tandem reduction—
olefination of 6a—f.

(Z2)-7e,f were probably attributable to the high lability of
the starting phosphonoacetates 6e.f (Table 1, entries 5 and 6).

On the other hand, ordinary E-selective HWE reactions of
phosphonoacetate 3 with aldehydes 8a—f were performed
under n-BuLi conditions at room temperature. As antici-
pated, (E)-o-fluoro-a,B-unsaturated esters (E)-7a—f were ob-
tained as major products in each corresponding reaction
(Scheme 1, Table 2). That is to say, a complementarity of
stereoselectivity was found between the HWE reaction of
phosphonoacetate 3 with aldehydes 8a—f and the tandem
reduction—olefination of phosphonoacetate 6a—f. The geom-
etry and the diastereomeric ratios of olefins 7a—f were
confirmed on the basis of the coupling constants between
fluorine and the adjacent olefinic proton (3JH,F), and the in-
tegration of appropriate proton absorptions was obtained by
"H NMR (300 or 400 MHz) analysis, respectively.

Table 2. HWE reactions of 2-fluoro-2-phosphonoacetate 3 with aldehydes
8a—f*

Entry Aldehyde Yield (%)° EZ°

1 8a 78 (7a) 88:12 (7a)
2 8b 77 (7b) 92:8 (7b)°
3 8c 81 (7¢) 91:9 (7¢)
4 8d 37 (7d)° 97:3 (7d)°
5 8e 84 (7e) 93:7 (7e)
6 8f 93 (7f) 89:11 (7f)

* THEF, rt, 20 h, 3/n-BuLi/8 (1.2:1.2:1 molar ratio).

® Isolated yields.

¢ Determined by "H NMR (300 or 400 MHz, CDCl5) analysis.
4 High volatility.

¢ Determined by 'H NMR (400 MHz, C¢Ds) analysis.

We also subjected a series of phosphonoacetates 9a—c to the
tandem reduction—olefination. Phosphonoacetates 10a—c
were prepared by the treatment of phosphonoacetates 9a—c
with n-BuLi (1.05 mol equiv) in THF at 0 °C, followed by
acylation of the resulting lithium enolate with 3-phenyl-
propionyl chloride (5§b) (1.05 mol equiv) (Scheme 2). Under

o
EtO ? i, ii E0.5 CO,Et PhL\:(x
N i, i - 2 iii
“P__COEt ——— EO7, L
B0, © H CO.Et
9a—c 10a—c PH (E)-11a—c
10a: 36%
10b: 73% a: X=H, b: X=Me, c: X =i-Pr

10c: 13%

Scheme 2. Reagents and conditions: (i) n-BuLi, THF, 0°C, 1h; (ii)
PhCH,CH,COCI (5b), THEF, 0 °C, a: 30 min, b: 3 h, ¢: 20 h; (iii) NaBH,,
EtOH, —78 °C to rt (Table 3).
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Table 3. Tandem reduction—olefination of 10a—c with NaBH,"

Entry Phosphonoacetate Temperature/time Yield EZ°

(%)
1 10a —78°C2htort/lh 48 (11a)" 100:0 (11a)
2 10b —78°C/20h tort/1h 49 (llb) 93:7 (11b)
3 10c —78°C/6h
4 10c 0°C/20h 9 (11c) 56 44 (11c¢)

% EtOH, 10/NaBH, (1:1 molar ratio).

® Isolated yields.

° Determined by 'H NMR (400 MHz, CDCl5) analysis.
4 3-Phenyl-1-propanol (19%) was obtained.

¢ No reaction.

the same reaction conditions of the tandem reduction—olefi-
nation described above, phosphonoacetates 10a,b provided
o, B-unsaturated esters 11a,b in E:Z ratios of 100:0 and
93:7, respectively (Table 3, entries 1 and 2). According to
Cahn-Ingold—Prelog (CIP) priority, each major stereoiso-
mer of o,B-unsaturated esters 11a,b was assigned as the E-
configuration, while (E)-11a,b and (Z)-7a—f refer to the
same geometry. Thus, the olefinic proton and the ester moi-
ety of (E)-11a,b and (Z)-7a—f are on the same side of the
double bond. However, the reaction of phosphonoacetate
10c¢ with a bulky isopropyl group instead of the H, F, or Me
group appeared to suffer, as indicated by the low stereoselec-
tivity and the low yield (Table 3, entries 3 and 4). The geom-
etry of olefin 11a was confirmed on the basis of the coupling
constants (3JH,H:15.6 Hz) of 'H NMR (400 MHz) analysis
between both olefinic protons. The geometry of olefins 11b,c
was determined on the basis of the chemical shift of the
olefinic proton by application of Tobey—Pascual substituent
shielding constants.”*-2 The diastereomeric ratios of olefins
11a—c were also confirmed on the basis of the integration of
appropriate proton absorptions by 'H NMR (400 MHz) anal-
ysis. It is worth noting that the tandem reaction of 10a with
NaBH, afforded 3-phenyl-1-propanol (13) in 19% yield as
a by-product together with 48% of (E)-o.,3-unsaturated ester
(E)-11a (Table 3, entry 1). That is to say, reduction of phos-
phonoacetate 10a furnished the pro-(E)-oxyanion intermedi-
ate, from which a retro-aldol type reaction would take place
under the basic conditions to give the 3-phenylpropionalde-
hyde (8b). The aldehyde 8b would be reduced by NaBH, to
3-phenyl-1-propanol (13), immediately (Scheme 3).

E0.5 0
,P H Ph
EtO COkRt EtO\P CoE y
H =o EtO” e
10a o Y, -pn CO,Et
Ph _
pro-(E)-oxyanion (E)-11a
EtO. 1l o
EtO/P\/COZEt Ph ——  Ph"OH
12 8b "

Scheme 3. Tandem reduction—olefination of 10a and by-product 13.

2.2. Mechanistic consideration of tandem
reduction—olefination

As stated above, we performed the reduction step in the
tandem reduction—olefination of phosphonoacetates 6a—f
—78 °C to better differentiate a transition state for the

diastereoselective reduction with NaBH,. In fact, Burton
and Thenappan reported in 1991 that the use of NaBH, as
a reducing agent of 6e at room temperature led to a mixture
of two geometrical isomers (E:Z=52:48).5 In our experi-
ment, an apparent decrease in Z-selectivity (E:Z=16:84,
63% yield) was also found in the tandem reduction—olefina-
tion of 6b at room temperature (Scheme 4).

0
EtO. 1l
Ph ~
Et0-P o COEL
F + F )-oH
EtO\('P? / H CO,Et 14 on
EtO~ . CO,Et 2-b
o)
6b x
Ph (2)-Tb
14

Scheme 4. Reagents and conditions: (i) NaBH,, EtOH, —78 °C, 18 h; (ii)
NaBH,, EtOH, rt, 2 h; (iii) NaBHy, EtOH, rt, 1 h; (iv) n-BuLi, THE, rt, 1 h.

Next, we tried to isolate the oxyanion intermediate of the
tandem reduction—olefination reaction of 6a—f. In the case
of 6b, the tandem reduction—olefination at —78 °C gave
a fortuitous mixture of (Z)-7b and alcohol 14. Chromato-
graphic separation and isolation of the products afforded
(2)-7b (44%, E:Z=<1:>99) and alcohol 14 (46%), as shown
in Scheme 4. '3C NMR analysis (75 MHz) of alcohol 14
strongly suggested that the alcohol was obtained in a dia-
stereomerically pure form. In addition, treatment of alcohol
14 with NaBH,4 (1 mol equiv) in EtOH at room temperature
resulted in the formation of (Z£)-7b with an E:Z ratio of
<1:>99 in 80% yield. On the other hand, the addition of
n-BuLi (1 mol equiv) to a solution of alcohol 14 in THF at
room temperature gave (Z)-7b in 80% yield with a slightly
lower stereoselectivity (E:Z=8:92). It can therefore be pre-
sumed that a retro-aldol type reaction is involved here that
is similar to the reaction of 10a. Unfortunately, 3-phenyl-
1-propanol (13) was not obtained as a by-product in the re-
action with NaBH,. A decrease in the stereoselectivity of
the olefination of alcohol 14 under n-BuLi conditions com-
pared with that under NaBH, conditions may be ascribed to
the ordinary E-selective HWE reaction of a small amount of
aldehyde 8b with phosphonoacetate 3 formed by a retro-
aldol type reaction of pro-(Z)-oxyanion intermediate.

On the basis of the experimental results described above, ex-
cellent Z-selectivity of this tandem reduction—olefination of
6a—f to a-fluoro-a,B-unsaturated esters 7a—f should be the
result of highly diastereoselective reduction. When a possi-
ble Felkin—Anh type transition state is envisioned,>*°° the
attack of hydride preferentially involves the conformation
A of phosphonoacetates 6a—f, not B, to minimize steric inter-
actions, as indicated in the Newman projections (Fig. 3).
This Felkin—Anh model considers that the transition state
mostly resembles the ketones and hydrides.®! The tandem
reduction—olefination of 10a,b to a,B-unsaturated esters
11a,b is also stereoselective, and the stereoselective out-
come may be understood in terms of the similar Felkin—
Anh type conformation of 10a,b (conformation C), as shown
in Figure 3. In the case of phosphonoacetate 10c (X=i-Pr),
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Figure 3. Plausible conformations of 6a—f and 10a,b for diastereoselective
reduction with NaBH,.

the reduction is slightly stereoselective because the two pos-
sible conformations C and D are equally important.

2.3. Synthesis of Cbz-Gly-W[(Z)-CF=C]-Gly
as a dipeptide isostere

The chemistry described above was extended to the prepara-
tion of dipeptide isosteres. A possible strategy for the syn-
thesis of Cbz-Gly-W[(Z)-CF=C]-Gly (26) as a dipeptide
isostere via Z-selective tandem reduction—olefination of tri-
ethyl 2-acyl-2-fluoro-2-phosphonoacetate 20 with NaBH,
is shown in Scheme 5. Our synthesis began with a ring open-
ing reaction of the commercially available B-propiolactone
(15), followed by protection of the resultant alcohol 16
with tert-butyldiphenylsilyl chloride (TBDPSCI) in the pres-
ence of imidazole according to the procedure of Ley and
co-workers (96% yield).®> Alkaline hydrolysis of the methyl
ester 17 with aqueous EtOH solution of NaOH furnished car-
boxylic acid 18 (99% yield). Upon treatment with oxalyl
chloride in CH,Cl,, carboxylic acid 18 provided the desired

acyl chloride 19 in a quantitative yield. Acylation of phos-
phonoacetate 3 then afforded triethyl 2-acyl-2-fluoro-2-
phosphonoacetate 20 via treatment with acyl chloride 19
under n-BuLi conditions at —78 °C in THF. As expected,
phosphonoacetate 20 was easily converted to (Z)-a-fluoro-
a,B-unsaturated ester 21 by the tandem reduction—olefina-
tion with NaBH, in EtOH with excellent stereoselectivity
(E:Z=0:100) at —78 °C in 63% yield (two steps).

Reduction of the (Z)-a-fluoro-o,B-unsaturated ester 21 gave
the corresponding primary alcohol 22 in 93% yield. The
hydroxyl group of 22 was successively transformed to the
protected amino group of 23 under Mitsunobu reaction
conditions.®*~% In this reaction, PPhs, N-carbobenzoxy-2-
nitrobenzenesulfonamide (N-Cbz-NsNH), and alcohol 22
were dissolved in CH,Cl, and diethyl azodicarboxylate
(DEAD) in toluene was slowly added to the solution. How-
ever, when DEAD was first reacted with the phosphine,
a poor result was obtained. Next, Cbz-protected 24 was ob-
tained in 95% yield (two steps) by chemoselective deprotec-
tion of the 2-nitrobenzenesulfonyl (Ns) group of 23 with
4-tert-butylthiophenol in the presence of K,CO3; in DMF.
Deprotection of the TBDPS group of 24 with tetra-n-butyl-
ammonium fluoride (TBAF) in THF cleanly produced the
primary alcohol 25 in 92% yield. Finally, oxidation of alco-
hol 25 with an excess amount of Jones reagent in acetone
delivered Cbz-Gly-W[(Z)-CF=C]-Gly (26) as a dipeptide
isostere in 80% yield.

3. Conclusion

We described here the tandem reduction—olefination of 2-
acyl-2-fluoro-2-phosphonoacetates 6a—f, as a novel one-
pot reaction, for the preparation of a-fluoro-o,B-unsaturated
esters 7a—f with excellent Z-selectivity. Furthermore, a con-
cise synthesis of Cbz-Gly-W[(Z)-CF=C]-Gly (26) as a di-
peptide isostere was achieved by virtue of an application
of this reaction.

5 fo i Howcone TBDPSO\/\COZMG i TBDPSO\/\COZH
15 16 17 18
iv
—— TBDPSO_~cogl
0o
19 vi Eto‘lg CO.Et vii F
EtO F%oz Etozc)\/\/OTBDPS
Eto\g v 20 -OTBDPS 2
F
3
viii F ix Ns F x H F
——— HO_ . ~_OTBDPS CbZ,N\/\/\/OTBDPS —_ CbZ,N\/\/\/OTBDPS
22 23 24
Xi H F Xii H F
CbZ,NMOH Cbz‘N\/\/\COZH
25 26

Scheme 5. Reagents and conditions: (i) NaOMe, MeOH, 50 °C, 4 h; (ii) TBDPSCI, imidazole, CH,Cl,, rt, 14 h; (iii) 1 N NaOH, EtOH, 1t, 6 h; (iv) (COCl),,
CH,Cl,, 1t, 15 h; (v) n-BuLi, THF, —78 °C, 1 h; (vi) 19, THF, —78 °C, 1 h; (vii) NaBHy, EtOH, —78 °C, 2 h to rt, 1 h; (viii) LiAlH4, THF, 0 °C, 30 min; (ix)
PPhj, N-Cbz-NsNH, DEAD, CH,Cl,, rt, 1 h; (x) 4-tert-BuC¢H4SH, K,CO5, DMF, 1t, 15 min; (xi) TBAF, THF, rt, 45 min; (xii) Jones reagent, acetone, rt, 30 min.
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4. Experimental
4.1. General

All melting points were determined on a Yanagimoto micro
melting point apparatus and are uncorrected. IR spectra were
obtained using a JASCO FT/IR-420 IR Fourier transform
spectrometer. 'H NMR (400 or 300 MHz) and '*C NMR
(100 or 75 MHz) spectra were recorded on JEOL JNM-
AL400 and JEOL JNM-AL300 spectrometers, respectively.
Chemical shifts are given in ¢ values (parts per million)
using tetramethylsilane (TMS) as an internal standard.
Electron impact mass spectra (EIMS) were recorded on
a JEOL JMS SX-102A spectrometer. Electron spray ioniza-
tion mass spectra (ESIMS) were recorded on a Waters LCT
Premier spectrometer. Elemental combustion analyses were
performed using a Yanagimoto CHN CORDER MT-5. All
reactions were monitored by TLC employing 0.25-mm silica
gel plates (Merck 5715; 60 F,s4). Preparative TLC (PTLC)
was performed on 0.5-mm silica gel plates (Merck 5744;
60 F»54). Column chromatography was carried out on silica
gel [Kanto Chemical 60N (spherical, neutral); 63-210 um].
Anhydrous THF, CH,Cl,, MeOH, and DMF were used as
purchased from Kanto Chemical. Anhydrous EtOH was
commercially obtained from Wako Pure Chemical Industry.
All aldehydes and acyl chlorides were distilled prior to use.
All other reagents were used as purchased.

4.2. Acylation of triethyl 2-fluoro-2-phosphonoacetate
(3) with 3-phenylpropionyl chloride (5b)

A 1.6 mol/l solution of n-BuLi (4.9 ml, 13.0 mmol) in n-hex-
ane was added to a stirred solution of phosphonoacetate 3
(1.5 ml, 12.4 mmol) in anhydrous THF (20 ml) at 0 °C under
argon. The mixture was stirred at 0 °C for 1 h, and then
3-phenylpropionyl chloride (Sb) (1.16 ml, 13.0 mmol) was
slowly added to the solution. After being stirred at 0 °C for
1 h, the reaction mixture was treated with 5% HCI (10 ml)
and then extracted with AcOEt (50 mlx3). The extract
was washed with brine, dried over anhydrous MgSQO,, fil-
tered, and concentrated in vacuo. The oily residue was puri-
fied by silica gel column chromatography [#-hexane—AcOEt
(1:1)] to afford 6b (1.68 g, 60%) as a colorless oil.

4.2.1. Triethyl 5-cyclopentyl-2-fluoro-3-oxo-2-phospho-
nopentanoate (6a). Colorless oil; 'H NMR (400 MHz,
CDCl3) 6 1.02-1.15 (2H, m), 1.31-1.41 (9H, m), 1.45-
1.82 (9H, m), 2.77 (2H, dt, J=3.2, 7.3 Hz), 4.23-4.40 (6H,
m); '3C NMR (75MHz, CDCly) 6 14.0 (s), 16.3 (d,
3Jcp=6.2 Hz), 16.4 (d, 3Jcp=6.2 Hz), 25.1 (s), 28.9 (d,
3J=2.5Hz), 32.5 (s), 37.9 (s), 394 (s), 63.4 (s), 65.2
(d, 2Jcp=6.9 Hz), 65.3 (d, 2Jcp=6.9 Hz), 98.5 (dd, 'Jc p=
208.6 Hz, 'Jcp=155.7Hz), 1622 (d, *Jcg=23.7 Hz),
199.0 (d, *Jcp=23.0 Hz); IR (neat) 1758, 1733, 1270,
1022 cm™!; EIMS caled for C;cHosFOsP MW 366.1608,
found m/z 366.1606 (M™).

4.2.2. Triethyl 2-fluoro-3-oxo-5-phenyl-2-phosphonopen-
tanoate (6b). Colorless oil; 'H NMR (400 MHz, CDCl5)
0 1.25-1.40 (9H, m), 2.90-2.97 (2H, m), 3.07-3.14 (2H,
m), 4.18-4.35 (6H, m), 7.15-7.33 (5H, m); '*C NMR
(75 MHz, CDCl3) 6 13.9 (s), 16.3 (d, *Jcp=6.2 Hz), 28.8
(d, 3J=2.5Hz), 40.2 (s), 63.3 (s), 65.2 (d, 2Jcp=6.9 Hz),

65.3 (d, 2Jcp=6.9 Hz), 98.5 (dd, 'Jc=208.6 Hz, 'Jcp=
154.4 Hz), 126.3 (s), 128.4 (s), 128.5 (s), 140.2 (s), 162.0
(d, 2Jcp=22.4Hz), 197.8 (d, 2Jcr=23.0 Hz); IR (neat)
1757, 1732, 1265, 1018 cm™!; EIMS calcd for C7H,4FOGP
MW 374.1295, found m/z 374.1295 (M*). Anal. Calcd for
C7H,4FOg¢P: C, 54.54; H, 6.46. Found: C, 54.57; H, 6.46%.

4.2.3. Triethyl 3-cyclohexyl-2-fluoro-3-oxo-2-phosphono-
propanoate (6¢). Colorless oil; '"HNMR (400 MHz, CDCl5)
0 1.13-1.49 (14H, m), 1.63-1.96 (5H, m), 2.98-3.10 (1H,
m), 4.25-4.40 (6H, m); '3C NMR (75 MHz, CDCl5) 6 14.0
(s), 16.4 (d, *Jcp=6.2 Hz), 25.3 (s), 25.6 (s), 25.7 (s), 28.1
(s), 28.6 (d, “J=12Hz), 464 (s), 63.3 (s), 65.1 (d,
ZJC,P:6-9 HZ), 65.2 (d, 2JC,]:>:6.9 HZ), 98.5 (dd, I.IC,F:
209.3 Hz, Jep=156.3Hz), 162.3 (d, %Jcr=22.4 Hz),
201.8 (d, %Jcp=22.4Hz); IR (neat) 1756, 1726, 1271,
1097, 1022cm™'; EIMS caled for C;sH,sFOsP MW
352.1451, found m/z 352.1473 (M*). Anal. Calcd for
C5sH,6FOgP: C, 51.13; H, 7.44. Found: C, 50.97; H, 7.30%.

4.2.4. Triethyl 2-fluoro-4,4-dimethyl-3-oxo-2-phosphono-
pentanoate (6d). Colorless oil; 'TH NMR (400 MHz, CDCl5)
01.24 (9H, d, J=1.7 Hz), 1.25-1.45 (9H, m), 4.25-4.45 (6H,
m); 3C NMR (75 MHz, CDCl3) 6 14.0 (s), 16.4 (d,
3Jcp=6.2 Hz), 25.8 (d, *Jcr=5.0 Hz), 45.8 (dd, *J=2.5,
3.7 Hz), 63.3 (s), 65.0 (d, 2Jcp=6.9 Hz), 65.1 (d, *Jcp=
6.9 Hz), 99.9 (dd, 'Jcg=214.2 Hz, 'J-p=158.8 Hz), 162.5
(d, 2Jcp=22.4Hz), 203.6 (d, *Jcr=21.8 Hz); IR (neat)
1752, 1716, 1268, 1245, 1022 cm™'; EIMS caled for
C3HFOgP MW 326.1295, found m/z 326.1308 (M™).
Anal. Calcd for C3H4,FOgP: C, 47.85; H, 7.41. Found: C,
47.41; H, 7.18%.

4.2.5. Triethyl 2-fluoro-3-oxo-2-phosphono-3-phenylpro-
panoate (6e). Colorless oil; '"H NMR (400 MHz, CDCl5)
o 1.26 (3H, t, J=7.1 Hz), 1.32-1.41 (6H, m), 4.22-4.46
(6H, m), 7.42-7.55 (2H, m), 7.57-7.65 (1H, m), 7.95-8.03
(1H, m), 8.07-8.14 (1H, m); ESIMS calcd for C;sH,;FO4P
MW 347.1060, found m/z 347.1031 (M*+H).

4.2.6. Triethyl 2-fluoro-3-(2-naphthyl)-3-oxo-2-phospho-
nopropanoate (6f). Colorless oil; 'H NMR (400 MHz,
CDCl;) 6 1.26 (3H, t, J=7.1 Hz), 1.32-1.43 (6H, m),
4.14-4.51 (6H, m), 7.53-7.67 (2H, m), 7.83-7.93 (2H, m),
7.94-8.03 (2H, m), 8.60 (1H, s); ESIMS calcd for
CoH>3sFOgP MW 397.1216, found m/z 397.1190 (M*+H).

4.2.7. Triethyl 3-o0xo0-5-phenyl-2-phosphonopentanoate
(10a). Yellow oil; '"H NMR (400 MHz, CDCl5) 6 1.20—
1.39 (9H, m, keto- and enol-tautomer), 2.86-3.36 (4H, m,
keto- and enol-tautomer), 3.86—4.33 (6H, m, keto- and
enol-tautomer), 3.86-4.33 (1H, m, keto-tautomer), 7.14—
7.33 (5H, m, keto- and enol-tautomer), 13.70 (1H, s, enol-
tautomer); IR (neat) 1738, 1703, 1580, 1433, 1236, 1077,
1025, 976 cm™'; EIMS caled for C;7Hs0P MW
356.1389, found m/z 356.1403 (M™).

4.2.8. Triethyl 2-methyl-3-0x0-5-phenyl-2-phosphono-
pentanoate (10b). Colorless oil; 'H NMR (400 MHz,
CDCls) 6 1.23-1.36 (9H, m), 1.63 (3H, d, 3JH,p:15.6 Hz),
2.89-3.17 (4H, m), 4.08-4.28 (6H, m), 7.15-7.34 (5H, m);
13C NMR (75 MHz, CDCl;) 6 13.9 (s), 16.3 (d, 3JC,p:
6.2 Hz), 16.4 (d, SJC’P:6.2 Hz), 17.1 (d, %Jcp=5.6 Hz),
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30.0 (s), 42.0 (s), 62.2 (s), 63.4 (d, 'Jcp=133.3 Hz), 63.3 (d,
2Jcp=6.9 Hz), 63.5 (d, 2Jcp=6.9 Hz), 126.1 (s), 128.4 (s),
128.5 (s), 140.9 (s), 168.5 (d, 2Jcp=3.7 Hz), 200.8 (d,
2Jcp=1.9 Hz); IR (neat) 1732, 1716, 1455, 1257, 1106,
1048, 1021, 970 cm~!; EIMS calcd for C;3H,70,P MW
370.1545, found m/z 370.1546 (M™).

4.2.9. Triethyl 2-isopropyl-3-oxo-5-phenyl-2-phosphono-
pentanoate (10c). Colorless oil; 'H NMR (400 MHz,
CDCls) 6 1.12 (3H, d, /=6.8 Hz), 1.19 (3H, d, J=6.8 Hz),
1.25-1.38 (9H, m), 2.61-2.77 (1H, m), 2.86-3.05 (4H, m),
4.05-4.31 (4H, m), 4.25 (2H, q, J=7.1 Hz), 7.10-7.34
(5H, m); '3C NMR (75 MHz, CDCls) ¢ 14.0 (s), 16.3 (d,
3Jcp=2.5Hz), 16.4 (d, *Jcp=1.9Hz), 19.0 (d, *Jcp=
7.5 Hz), 19.1 (d, *Jcp=5.0 Hz), 30.2 (s), 32.7 (d, 2Jcp=
3.1Hz), 63.0 (d, 2Jcp=6.9 Hz), 63.3 (d, 2Jcp=7.5 Hz),
72.1 (d, Yep=129.5 Hz), 126.1 (s), 128.42 (s), 128.45 (s),
167.8 (d, 2Jcp=3.7 Hz), 201.4 (d, *Jcp=1.9 Hz); IR (neat)
1716, 1255, 1226, 1047, 967 cm™'; EIMS calcd for
C,oH3,04P MW 398.1858, found m/z 398.1877 (M*).

4.3. Tandem reduction—olefination of triethyl 5-cyclo-
pentyl-2-fluoro-3-oxo-2-phosphonopentanoate (6a)

To a solution of phosphonoacetate 6a (100 mg, 0.273 mmol)
in EtOH (7 ml) was added a solution of NaBH, (10.3 mg,
0.273 mmol) in EtOH (3 ml) at —78 °C under argon. After
stirring at —78 °C for 2 h, the reaction mixture was allowed
to warm to room temperature and then was stirred for 1 h.
The mixture was treated with aqueous solution saturated
with  NH4Cl (5ml) and then extracted with AcOEt
(20 m1x3). The extract was washed with brine, dried over
anhydrous MgSQ,, filtered, and concentrated in vacuo.
The oily residue (E:Z=0:100) was purified by silica gel
column chromatography [n-hexane—AcOEt (19:1)] to afford
(Z)-7a (48 mg, 83%) as a colorless oil.

4.3.1. Ethyl (Z)-5-cyclopentyl-2-fluoro-2-pentenoate [(Z)-
7a]. Colorless oil; '"H NMR (300 MHz, CDCl5) 6 1.00-1.20
(2H, m), 1.33 (3H, t, J=7.1 Hz), 1.39-1.68 (6H, m), 1.70—
1.87 (3H, m), 2.52 (2H, q, J=7.6 Hz), 4.28 (2H, q,
J=7.1Hz), 6.13 (1H, dt, 3Jyr=33.5 Hz, *Jup=8.1 Hz);
IR (neat) 1735, 1679, 1455, 1371, 1311, 1083 cm™!; EIMS
caled for C,H;oFO, MW 214.1369, found m/z 214.1348
(M™). Anal. Calcd for C;,H;oFO,: C, 67.26; H, 8.94. Found:
C, 66.89; H, 8.82%.

4.3.2. Ethyl (Z)-2-fluoro-5-phenyl-2-pentenoate [(Z)-
7b].66¢771 Colorless oil; 'H NMR (400 MHz, CDCl5)
6 1.32 (3H, t, J=7.1 Hz), 2.51-2.61 (2H, m), 2.76 (2H, t,
J=7.3Hz), 427 (2H, q, J=7.1 Hz), 6.14 (1H, dt, 3Jyp=
33.2 Hz, 3Jyu=7.6 Hz), 7.10-7.34 (5H, m); '>*C NMR
(75 MHz, CDCl3) 6 14.4, 26.0 (d, 3Jc g=2.5 Hz), 34.45 (d,
Ucr=19Hz), 61.5, 1195 (d, *Jcg=11.2Hz), 126.29,
128.20, 128.31, 128.53, 140.59, 148.21 (d, ' Jc p=256.6 Hz),
160.8 (d, 2Jc =35.5 Hz); IR (neat) 1733, 1679, 1455, 1371,
1313, 1105cm™!; EIMS caled for C;3H;sFO, MW
222.1056, found m/z 222.1051 (M*). Anal. Calcd for
C,3H,5FO,: C, 70.25; H, 6.80. Found: C, 69.79; H, 6.74%.

4.3.3. Ethyl (Z)-3-cyclohexyl-2-fluoro-2-propenoate [(Z)-
7¢].%8 Colorless oil; 'H NMR (300 MHz, CDCl5) 6 1.09—-
1.42 (9H, m), 1.60-1.82 (5H, m), 2.49-2.64 (1H, m), 4.27

(1H, q, J=72Hz), 5.98 (1H, dd, *Jyr=33.9 Hz, *Jyu=
9.7Hz); IR (neat) 2929, 2854, 1736, 1673, 1304,
1087 cm™!; EIMS caled for C;;H,sFO, MW 200.1213,
found m/z 200.1218 (M™).

4.3.4. Ethyl (Z)-2-fluoro-4,4-dimethyl-2-pentenoate [(Z)-
7d]1.%%7° Colorless oil; '"H NMR (300 MHz, CDCl5) 6 1.20
(9H, d, J=0.7 Hz), 1.33 (3H, t, J=7.2 Hz), 4.26 (2H, q,
J=7.2Hz), 6.06 (1H, d, *Jyr=38.7 Hz); IR (neat) 1735,
1671, 1282, 1205, 1095 cm™!; EIMS calcd for CoH,sFO,
MW 174.1056, found m/z 174.1060 (M™*).

4.3.5. Ethyl (Z)-2-fluoro-3-phenyl-2-propenoate [(Z)-
7¢].57%8 Colorless oil; 'TH NMR (400 MHz, CDCls) 6 1.39
(3H, t, J=7.1 Hz), 4.36 (2H, q, J=7.1 Hz), 6.92 (1H, d,
3Jur=35.2 Hz), 7.33-7.44 (3H, m), 7.61-7.68 (2H, m); '*C
NMR (75 MHz, CDCl3) 6 14.2, 61.9, 117.5 (d, *Jop=
4.4 Hz), 128.8, 129.7, 130.3 (d, *Jcp=8.1 Hz), 131.2 (d,
3Jcr=4.4 Hz), 148.6 (d, 'Jcp=267.2 Hz), 161.4 (d, *Jc =
34.3 Hz); IR (neat) 3060, 2983, 2939, 1730, 1660, 1496,
1450, 1371, 1282, 1201, 1101 cm™—'; ESIMS calcd for
C1H;NaFO, MW 217.0641, found m/z 217.0626 (M*+Na).

4.3.6. Ethyl (Z)-2-fluoro-3-(2-naphthyl)-2-propenoate
[(Z)-7f]. Colorless solid (CHCl3—n-hexane), mp 60-61 °C;
'"H NMR (400 MHz, CDCl;) 1.41 (3H, t, J=7.1 Hz), 4.38
(2H, q, J=7.1 Hz), 7.09 (1H, d, *Jy =352 Hz), 7.45-7.57
(2H, m), 7.75-791 (4H, m), 8.10 (1H, s); '*C NMR
(75 MHz, CDCl3) 6 14.2, 61.9, 117.7 (d, %Jcx=5.0 Hz),
126.6, 126.8 (d, “Jcr=8.1 Hz), 127.3, 127.7, 128.5, 128.6,
128.68, 128.74, 130.8 (d, *Jcr=8.1 Hz), 133.4 (d, *Jor=
33.0Hz), 147.2 (d, 'Jcg=267.8 Hz), 161.5 (d, *Jcr=
342 Hz); IR (KBr) 3421, 3371, 3062, 2985, 1726, 1655,
1373, 1254, 1099, 1022 cm™!; ESIMS calcd for C,sH,4,FO,
MW 245.0978, found m/z 245.0983 (M*+H). Anal. Calcd
for C;5sH3FO,: C, 73.76; H, 5.36. Found: C, 73.43; H, 5.55%.

4.3.7. Ethyl (E)-5-phenyl-2-pentenoate [(E)-11a].”> Color-
less oil; 'H NMR (400 MHz, CDCl;) 6 1.28 (3H, t,
J=7.1Hz), 2.45-2.61 (2H, m), 2.71-2.86 (2H, m), 4.18
(2H, q, J=7.1 Hz), 5.85 (1H, d, J=15.6 Hz), 7.00 (1H, dt,
J=6.6, 15.6 Hz), 7.14-7.40 (5H, m); IR (neat) 1719, 1653,
1267, 1197, 1039 cm~'; EIMS caled for C3H;s0, MW
204.1150, found m/z 204.1121 (M*). Anal. Calcd for
Ci3H603: C, 76.44; H, 7.90. Found: C, 76.19; H, 7.92%.

4.3.8. Ethyl (E)-2-methyl-5-phenyl-2-pentenoate [(E)-
11b].73 Colorless oil; '"H NMR (400 MHz, CDCl5) 6 1.29
(3H, t, J=7.1 Hz), 1.78 (3H, s), 2.41-2.56 (2H, m), 2.69—
2.82 (2H, m), 4.19 (2H, q, J=7.1 Hz), 6.81 (1H, dt, J=1.2,
7.3 Hz), 7.15-7.33 (5H, m); IR (neat) 1709, 1649, 1266,
1116, 1080cm™'; EIMS caled for C;4H;s0, MW
218.1307, found m/z 218.1281 (M™). Anal. Calcd for
Ci4H305: C, 77.03; H, 8.31. Found: C, 76.75; H, 8.33%.

4.3.9. Ethyl (Z)-2-methyl-5-phenyl-2-pentenoate [(Z)-
11b].7# Colorless oil; "H NMR (400 MHz, CDCl;) 6 1.30
(3H, t, J=7.1 Hz), 1.89 (3H, d, J=1.2 Hz), 2.68-2.83 (4H,
m), 4.19 (2H, q, J/=7.1 Hz), 5.96 (1H, dt, J=1.2, 7.1 Hz),
7.15-7.33 (SH, m); IR (neat) 1702, 1652, 1125,
1028 cm™!; EIMS caled for C,,H,;30, MW 218.1307, found
m/z 218.1304 (M™). Anal. Calcd for C4H,30,: C, 77.03; H,
8.31. Found: C, 76.63; H, 8.36%.
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4.3.10. Mixture of ethyl (£)-2-isopropyl-5-phenyl-2-pen-
tanoate [(E)-11c] and ethyl (Z)-2-isopropyl-5-phenyl-2-
pentanoate [(Z)-11¢].”® Colorless oil; '"H NMR (400 MHz,
CDCls) 6 1.04 (6H, d, J=6.8 Hz, E-isomer), 1.11 (6H, d,
J=6.8 Hz, Z-isomer), 1.30 (3H, t, /=7.1 Hz, E- and Z-iso-
mer), 2.45-2.91 (5H, m, E- and Z-isomer), 4.11-4.27 (2H,
m, E- and Z-isomer), 5.73 (1H, t, J=7.3 Hz, Z-isomer),
6.61 (1H, t, J=7.1 Hz, E-isomer), 7.11-7.36 (5SH, m, E-
and Z-isomer); EIMS calcd for C;¢H»,0, MW 246.1620,
found m/z 246.1598 (M™*). Anal. Calcd for C4H;30,: C,
78.01; H, 9.00. Found: C, 77.66; H, 9.01%.

4.3.11. Ethyl 2-diethylphosphono-2-fluoro-3-hydroxy-5-
phenylpentanoate (14). Colorless prism (Et,O-n-hexane),
mp 66.5-67.5 °C; '"H NMR (300 MHz, CDCl5) 6 1.24 (3H,
t, J=70Hz), 132 (3H, t, J=7.0Hz), 134 (3H, t,
J=7.0Hz), 1.54-1.71 (1H, m), 1.93-2.11 (1H, m), 2.60—
2.79 (1H, m), 2.85-3.03 (1H, m), 3.40 (1H, br s), 4.09-
4.42 (7TH, m) 7.10-7.34 (5H, m); '3C NMR (75 MHz,
CDCl3) 6 13.9 (s), 16.25 (d, *Jcp=5.3 Hz), 16.28 (d, *Jc p=
5.3 Hz), 31.6 (d, *Jcp=1.3 Hz), 32.2 (dd, *Jcp=4.7 Hz,
3Jcp=8.4 Hz), 62.4 (s), 64.2 (d, 2Jcp=6.9 Hz), 64.6 (dd,
4Jer=1.3 Hz, 2Jcp=6.9 Hz), 71.8 (d, 2Jcr=19.9 Hz), 98.0
(dd, 'Jcp=204.9 Hz, 'Jc p=160.7 Hz), 125.9 (s), 128.3 (s),
128.4 (s), 141.2 (s), 165.8 (dd, %Jcr=22.7Hz, *Jcp=
22Hz); IR (KBr) 3314, 1756, 1601, 1444, 1396,
1255 cm™!; EIMS caled for C7H,s06FP MW 379.1451,
found m/z 376.1439 (M*). Anal. Calcd for C,7H,5OxFP:
C, 54.25; H, 6.96. Found: C, 54.17; H, 6.84%.

4.4. HWE reaction of triethyl 2-fluoro-2-phosphono-
acetate (3) with 3-phenylpropionaldehyde (8b)

To a solution of phosphonoacetate 3 (201 pl, 0.99 mmol) in
anhydrous THF (10 ml) was added a solution of n-BuLi
(1.58 mol/l in n-hexane, 0.63 ml, 0.99 mmol) at 0 °C under
argon. After being stirred at 0 °C for 1 h, 3-phenylpropion-
aldehyde (8b) (110 pl, 0.83 mmol) was slowly added to the
solution at 0 °C. After being stirred at room temperature for
20 h, the reaction mixture was treated with 5% HCI (3 ml)
and then extracted with AcOEt (20 mlx3). The extract was
washed with brine, dried over anhydrous MgSQy, filtered, and
concentrated in vacuo. The oily residue (E:Z=92:8) was
purified by silica gel column chromatography [n-hexane—
AcOEt-acetone (100:4:1)] to afford a diastereomeric mixture
of (E)-7b and (Z)-7b (142 mg, 77%) as a colorless oil.

4.4.1. Ethyl (E)-5-cyclopentyl-2-fluoro-2-pentenoate
[(E)-7a]. Colorless oil; 'H NMR (400 MHz, CDCls)
6 1.01-1.16 (2H, m), 1.35 (3H, t, J=7.1 Hz), 1.39-1.69 (6H,
m), 1.70-1.86 (3H, m), 2.52 (2H, q, J=7.8 Hz), 4.30 (2H, q,
J=7.1Hz), 5.94 (1H, dt, 3Jy; p=21.7 Hz, 3Jyz=8.1 Hz); IR
(neat) 1729, 1666, 1375, 1342, 1220, 1126 cm™!; EIMS caled
for C1,H;oFO, MW 214.1369, found m/z 214.1349 (M™).

4.4.2. Ethyl (E)-2-fluoro-5-phenyl-2-pentenoate [(E)-
7b1.7¢ Colorless oil; 'H NMR (400 MHz, CDCl;) ¢ 1.34
(3H, t, J=7.1Hz), 2.70-2.93 (4H, m), 4.28 (2H, q,
J=7.1Hz), 593 (1H, dt, 3Jyr=21.3 Hz, 3Jyu=8.1 Hz),
7.15-7.40 (5H, m); IR (neat) 1730, 1455, 1375, 1261,
1024 cm™!; EIMS calcd for C,3H;sFO, MW 222.1056,
found m/z 222.1066 (M*). Anal. Calcd for C;3H;5sFO,: C,
70.25; H, 6.80. Found: C, 70.08; H, 6.84%.

4.4.3. Ethyl (E)-3-cyclohexyl-2-fluoro-2-propenoate [(E)-
7¢].3%77 Colorless oil; "H NMR (300 MHz, CDCl;) 6 1.02—
1.44 (9H, m), 1.60-1.82 (5H, m), 2.94-3.10 (1H, m), 4.29
(1H, q, J=7.2 Hz), 5.76 (1H, dd, *Jyr=22.0 Hz, *Jyu=
10.3 Hz); IR (neat) 2929, 2852, 1729, 1300, 1213 cm™};
EIMS calcd for C;;H{7FO, MW 200.1213, found m/z
200.1207 (M™).

4.4.4. Ethyl (E)-2-fluoro-4,4-dimethyl-2-pentenoate [(E)-
7d].7° Colorless oil; "H NMR (400 MHz, CDCl5) 6 1.22 (9H,
s), 1.36 (3H, t, J=7.1 Hz), 4.30 (2H, q, J/=7.1 Hz), 5.93 (1H,
d, 3Jup=28.6 Hz); IR (neat) 1735, 1651, 1374, 1348,
1252 cm™!; EIMS caled for CoH;sFO, MW 174.1056,
found m/z 174.1030 (M™).

4.4.5. Ethyl (E)-2-fluoro-3-phenyl-2-propenoate [(E)-
7e].2%7! Colorless oil; '"H NMR (400 MHz, CDCl5) 6 1.24
(3H, t, J=7.1 Hz), 4.25 (2H, q, J=7.1 Hz), 6.92 (1H, d,
3Jurp=22.2 Hz), 7.30-7.36 (3H, m), 7.44-7.47 (2H, m);
13C NMR (75 MHz, CDCl;) ¢ 13.8, 61.6, 117.5 (d,
2JcF=25.5Hz), 128.0, 128.7, 129.6 (d, *Jcr=2.5 Hz),
131.0 (d, *Jcr=9.3 Hz), 147.0 (d, 'Jcr=255.3 Hz), 160.5
(d, 2Jcp=36.7 Hz); IR (neat) 3058, 2983, 2939, 1732,
1656, 1494, 1448, 1375, 1284, 1230, 1132, 1022 cm™};
ESIMS calcd for C;;H;;NaFO, MW 217.0641, found m/z
217.0657 (M*+Na).

4.4.6. Ethyl (E)-2-fluoro-3-(2-naphthyl)-2-propenoate
[(E)-7f]. Colorless solid (CHCl3—n-hexane), mp 32-34 °C;
'H NMR (400 MHz, CDCl;) 6 1.23 (3H, t, J=7.1 Hz),
425 (2H, q, J=7.1Hz), 7.07 (1H, d, *Jyr=22.2 Hz),
7.46-7.72 (3H, m), 7.77-7.90 (3H, m), 7.94 (1H, s); 3C
NMR (75MHz, CDCl;) 6 13.9, 61.6, 121.6 (d,
2JcFp=26.8 Hz), 126.3, 126.7, 127.1 (d, *Jcp=2.5 Hz),
127.5, 127.6, 128.2, 128.3, 128.4, 129.5 (d, *Jcz=3.7 Hz),
133.0 (d, 3Jcp=23.7Hz), 147.1 (d, 'Jcr=255.3Hz),
160.5 (d, 2Jcp=36.1 Hz); IR (neat) 3056, 2983, 1730,
1651, 1506, 1468, 1375, 1336, 1226, 1132, 1020 cm™!;
ESIMS calcd for CisH4FO, MW 245.0978, found mi/z
245.0970 (M*+H). Anal. Calcd for C;sH3FO,: C, 73.76;
H, 5.36. Found: C, 73.45; H, 5.49%.

4.5. Synthesis of Cbz-Gly-W[(Z)-CF=C]-Gly (26)

4.5.1. Methyl 3-hydroxypropionate (16).°> To a solution of
sodium methoxide (146 mg, 2.65 mmol) in anhydrous MeOH
(8 ml) was added B-propiolactone (15) (1.9 g, 26.5 mmol) at
room temperature under argon. After being stirred at 50 °C
for 4 h, the reaction mixture was submitted to filtration
through a silica gel short column (Et,0). The filtrate was con-
centrated in vacuo to afford 16 (2.74 g, quant.) as a colorless
oil. '"HNMR (400 MHz, CDCls) 2.36 (1H, s, OH), 2.59 (2H,
t,J=5.6 Hz), 3.72 (3H, s), 3.88 (2H, t, J=5.6 Hz); 13C NMR
(100 MHz, CDCl3) ¢ 36.6, 51.7, 58.2, 173.3.

4.5.2. Methyl 3-(tert-butyldiphenylsilyloxy)propanoate
(17). To a solution of 16 (1.24 g, 11.9 mmol) in anhydrous
CH,Cl, (50 ml) were added imidazole (1.62 g, 23.8 mmol)
and tert-butylchlorodiphenylsilane (3.1 ml, 11.9 mmol) at
room temperature under argon. After being stirred at room
temperature for 14 h, an aqueous solution saturated with
NH,CI (20 ml) was added and then extracted with CHCl;
(70 mlx3). The extract was dried over anhydrous MgSOQy,
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filtered, and evaporated in vacuo to afford an oily residue,
which was purified by chromatography on silica gel column
[n-hexane—AcOEt (15:1)] to give 17 (3.92 g, 96%) as a color-
less oil. "H NMR (400 MHz, CDCls) 6 1.03 (9H, s), 2.58
(2H, t, J=6.3 Hz), 3.68 (3H, s), 3.94 (2H, t, /=6.3 Hz),
7.35-7.50 (6H, m), 7.62-7.74 (4H, m); '3C NMR
(75 MHz, CDCly) ¢ 19.1, 26.7, 37.7, 51.5, 59.8, 127.7,
129.7, 133.5, 135.5, 172.1; IR (neat) 3072, 3049, 2931,
2858, 1745, 1589, 1471, 1429, 1362, 1194, 1111,
1008 cm™!; ESIMS calcd for CooH,705S1 MW 343.1729,
found m/z 343.1761 (M*+H). Anal. Calcd for C,oH,605Si:
C, 70.13; H, 7.65. Found: C, 69.72; H, 7.71%.

4.5.3. 3-(tert-Butyldiphenylsilyloxy)propanoic acid (18).
To a solution of 17 (3.92 g, 11.4 mmol) in EtOH (15 ml)
was added 1 N NaOH (11.4 ml), and the resulting mixture
was stirred at room temperature for 6 h. The reaction mix-
ture was concentrated in vacuo, acidified with 10% HCI,
and then extracted with CHCI; (50 mlx3). The extract was
dried over anhydrous MgSO,, filtered, and evaporated
in vacuo to afford 18 (3.74 g, 99%) as a white powder. Mp
95-97 °C (CHCl5-n-hexane); '"H NMR (400 MHz, CDCl5)
o 1.04 (9H, s), 2.60 (2H, t, J=6.3 Hz), 395 (2H, t,
J=6.3 Hz), 7.35-7.51 (6H, m), 7.63-7.75 (4H, m), 10.18—
11.51 (1H, br s, CO,H); '3*C NMR (75 MHz, CDCl;)
0 19.1, 26.7, 37.6, 59.5, 127.7, 129.7, 133.3, 135.5, 178.3;
IR (KBr) 3261, 3070, 2929, 2858, 1587, 1469, 1427, 1390,
1109, 1045, 1008 cm™'; ESIMS calcd for C;9H,4NaO5Si
MW 351.1392, found m/z 351.1392 (M*+Na). Anal. Calcd
for C19H,405Si: C,69.47; H, 7.36. Found: C,69.36; H, 7.65%.

4.5.4. 3-(tert-Butyldiphenylsilyloxy)propanoyl chloride
(19). Oxalyl chloride (2.1 ml, 24.4 mmol) was added to a so-
lution of 18 (4.0 g, 12.2 mmol) in anhydrous CH,Cl, (50 ml)
under argon. After being stirred at room temperature for
15 h, the reaction mixture was evaporated to dryness
in vacuo to afford 19 (4.22 g, quant.) as a white powder,
which was used without further purification. 'H NMR
(400 MHz, CDCl3) 6 1.04 (9H, s), 3.07 (2H, t, J=5.9 Hz),
3.96 (2H, t, J=5.9 Hz), 7.33-7.51 (6H, m), 7.63-7.75 (4H,
m); IR (KBr) 3072, 2931, 2886, 2857, 1793, 1471, 1427,
1390, 1361, 1110 cm™'; ESIMS caled for C;oH»,ClO5Si
MW 347.1234, found m/z 347.1240 (M*+H).

4.5.5. Ethyl (Z)-5-(tert-butyldiphenylsilyloxy)-2-fluoro-
pent-2-enoate (21). A 1.6 mol/l solution of n-BuLi
(7.6 ml, 12.2 mmol) in n-hexane was added to a stirred solu-
tion of phosphonoacetate 3 (2.4 ml, 11.6 mmol) in anhy-
drous THF (30 ml) at —78 °C under argon. The mixture
was stirred at —78 °C for 1 h, and then a solution of acyl
chloride 19 (4.22 g, 12.2 mmol) in anhydrous THF (30 ml)
was added to the solution. After being stirred at —78 °C
for 1h, the reaction mixture was treated with 5% HCI
(40 ml) and then extracted with CHCl; (100 mlx3). The
extract was dried over anhydrous MgSQ,, filtered, and con-
centrated in vacuo to give an oily residue.

To a solution of the crude 20 in EtOH (30 ml) was added a so-
lution of NaBH, (439 mg, 11.6 mmol) in EtOH (30 ml) at
—78 °C under argon. After stirring at —78 °C for 2 h, the re-
action mixture was allowed to warm to room temperature
and then was stirred for 1 h. The mixture was treated with
an aqueous solution saturated with NH4CI (50 ml), concen-
trated in vacuo, and then extracted with CHCl5 (100 mlx3).

The extract was dried over anhydrous MgSO,, filtered, and
concentrated in vacuo. The oily residue (E:Z=0:100) was
purified by silica gel column chromatography [r-hexane—
AcOEt (15:1)] to afford 21 (2.94 mg, 63%) as a colorless
oil. 'TH NMR (400 MHz, CDCl5) ¢ 1.05 (9H, s), 1.33 (3H,
t, J=7.1 Hz), 2.45-2.54 (2H, m), 3.74 (2H, t, J=6.4 Hz),
4.28 (2H, q, J=7.1Hz), 6.23 (1H, dt, 3Jyr=33.4 Hz,
3Jun=7.6 Hz), 7.33-7.49 (6H, m), 7.62-7.71 (4H, m); 1*C
NMR (75 MHz, CDCl3) ¢ 14.1, 19.2, 26.8, 27.8 (d,
3Jcr=2.5Hz), 61.5, 62.1 (d, *Jcg=2.5Hz), 117.5 (d,
2Jer=11.8 Hz), 127.7,129.7, 133.5, 135.5, 148.7 (d, 'Jc =
256.0 Hz), 160.7 (d, >Jc £=36.1 Hz); IR (neat) 3072, 2931,
1732, 1682, 1589, 1471, 1427, 1371, 1313, 1111 cm™;
ESIMS calcd for Cy3H,9FNaO;Si MW 423.1768, found
miz 423.1748 (M*+Na). Anal. Calcd for C,3H,9FO5Si: C,
68.97; H, 7.30. Found: C, 68.67; H, 7.46%.

The geometry and the diastereomeric ratio of 21 were con-
firmed on the basis of the coupling constant between fluorine
and the adjacent olefinic proton (*Jy p=33.4 Hz), and the in-
tegration of appropriate proton absorptions was obtained by
"H NMR (400 MHz) analysis. The corresponding E-isomer
of 21 was prepared by HWE reaction of phosphonoacetate
3 and 3-(tert-butyldiphenylsilyloxy)propanal " utilizing
n-BuLi as a colorless oil. E-Isomer of 21: 'H NMR
(400 MHz, CDCl3) 6 1.04 (9H, s), 1.33 (3H, t, /=7.1 Hz),
2.73-2.82 (2H, m), 3.74 (2H, t, J=6.1 Hz), 4.28 (2H, q,
J=7.1Hz), 6.05 (1H, dt, *Jyr=21.2 Hz, *Jyu=7.8 Hz),
7.33-7.48 (6H, m), 7.62-7.68 (4H, m); '3C NMR
(75 MHz, CDCls) 6 14.1, 19.2, 26.8, 29.0 (d, *Jc z=5.0 Hz),
61.3, 62.7 (d, *Jcr=2.5Hz), 120.5 (d, *Jcr=19.3 Hz),
127.7, 129.7, 133.5, 135.5, 147.7 (d, 'Jcp=251.6 Hz),
160.9 (d, 2Jcp=36.1 Hz); IR (neat) 3072, 2931, 2858,
1732, 1427, 1375, 1325, 1217, 1111 cm™'; ESIMS calcd
for C,3H,0FNaO3Si MW 423.1768, found m/z 423.1800
(M*+Na). Anal. Calcd for C,3H,oFOsSi: C, 68.97; H,
7.30. Found: C, 68.80; H, 7.29%.

4.5.6. (Z)-5-(tert-Butyldiphenylsilyloxy)-2-fluoropent-2-
en-1-ol (22). To a solution of 21 (458 mg, 1.14 mmol) in an-
hydrous THF (10 ml) was added LiAIH,4 (91 mg, 2.4 mmol)
at 0 °C under argon. After being stirred at 0 °C for 30 min,
the reaction mixture was treated with 5% HCI (10 ml) and
then extracted with CHCl; (50 mlx3). The extract was dried
over anhydrous MgSOQy, filtered, and concentrated in vacuo.
The oily residue was purified by silica gel column chroma-
tography [n-hexane—AcOEt (4:1)] to afford 22 (380 mg,
93%) as a colorless oil. 'H NMR (400 MHz, CDCl5)
0 1.05 (9H, s), 2.28-2.43 (2H, m), 3.69 (2H, t, J=6.6 Hz),
4.08 (2H, dd, 3Jy p=15.6 Hz, 3Jy y=6.4 Hz), 4.90 (1H, dt,
3Jup=36.9 Hz, 3Jyyz=7.6 Hz), 7.32-7.48 (6H, m), 7.57—
7.72 (4H, m); '*C NMR (75 MHz, CDCl;) é 19.2, 26.8,
27.0 (d, 3Jcg=3.7Hz), 61.4 (d, 2Jcr=32.4 Hz), 63.0 (d,
Jcr=19Hz), 104.6 (d, *Jcg=13.7Hz), 127.6, 129.6,
133.8, 135.6, 158.4 (d, 'Jc=255.4 Hz); IR (neat) 3356,
3072, 2931, 2858, 1714, 1589, 1471, 1427, 1390, 1111,
1020 cm~!; ESIMS calcd for C,1H,gFO,Si MW 359.1843,
found m/z 359.1879 (M*+H). Anal. Calcd for C,;H,7FO,Si:
C, 70.35; H, 7.59. Found: C, 70.06; H, 7.39%.

4.5.7. Benzyl (Z)-5-(tert-butyldiphenylsilyloxy)-2-fluoro-
pent-2-enylcarbamate (24). To a solution of 22 (500 mg,
1.40 mmol) in anhydrous CH,Cl, (15 ml) were added
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PPh; (475 mg, 1.81 mmol) and N-Cbz-NsNH (610 mg,
1.81 mmol), and then a 2.2 mol/l solution of DEAD
(823 pl, 1.81 mmol) in toluene was added slowly at room
temperature under argon. After being stirred at room temper-
ature for 1 h, the reaction mixture was concentrated in vacuo.
The crude solid was purified by silica gel column chromato-
graphy [n-hexane—AcOEt (4:1)] to afford crude 23 (1.03 g)
as a yellow oil, which was used without further purification.

To a solution of 23 (360 mg) in anhydrous DMF (3 ml) were
added K,COj3 (220 mg, 1.60 mmol) and 4-fert-butylthiophe-
nol (116 pl, 0.69 mmol) at room temperature under argon.
After being stirred at room temperature for 15 min, the reac-
tion mixture was treated with 5% HCIl (10 ml) and then
extracted with CHCI; (20 mlx3). The extract was dried
over anhydrous MgSQy,, filtered, and concentrated in vacuo.
The oily residue was purified by silica gel column chromato-
graphy [n-hexane—AcOEt (7:1)] to afford 24 (230 mg, 95%)
as a colorless solid. Mp 4445 °C (CHCls—n-hexane); 'H
NMR (400 MHz, CDCl3) 6 1.04 (9H, s), 2.16-2.52 (2H,
m), 3.66 (2H, t, J=6.6 Hz), 3.86 (2H, dd, *Jy r=14.9 Hz,
3Jun=>5.9 Hz), 4.68-4.97 (2H, m, olefinic proton and NH),
5.11 (2H, s), 7.28-7.53 (11H, m), 7.61-7.69 (4H, m); '3C
NMR (75 MHz, CDCls) 6 19.2,26.8,27.0 (d, *Jc =3.7 Hz),
41.7 (d, 2Jc r=31.8 Hz), 62.9 (d, *Jc =2.5 Hz), 66.9, 104.2
(d, 2Jcp=13.7 Hz), 127.6, 128.08, 128.11, 128.5, 129.6,
133.7, 135.5, 136.3, 156.10, 156.12 (d, 'Jcg=255.4 Hz);
IR (neat) 3334, 3070, 2931, 2858, 1714, 1518, 1427, 1390,
1250, 1111 cm™!; ESIMS calcd for CyoH3sFNO;Si MW
492.2383, found m/z 492.2370 (M*+H). Anal. Calcd for
C,oH34FNOsSi: C, 70.84; H, 6.97; N, 2.85. Found: C,
70.61; H, 6.98; N, 2.81%.

4.5.8. Benzyl (Z)-2-fluoro-5-hydroxypent-2-enylcar-
bamate (25). A 1.0 mol/l solution of TBAF (927 ul,
0.927 mmol) in THF was added to a stirred solution of 24
(380 mg, 0.77 mmol) in anhydrous THF (20 ml) at room
temperature under argon. The mixture was stirred at room
temperature for 45 min, after which the reaction mixture
was treated with an aqueous solution saturated with NaHCO;
(10 ml) and then extracted with CHCI; (30 mlx3). The ex-
tract was washed with brine, dried over anhydrous MgSQO,,
filtered, and concentrated in vacuo. The oily residue was
purified by silica gel column chromatography [r-hexane—
AcOEt (1:1)] to afford 25 (180 mg, 92%) as a white powder.
Mp 55-57 °C (CHCl3-n-hexane); 'H NMR (400 MHz,
CDCl3) 6 1.50 (1H, br s, OH), 2.29-2.41 (2H, m), 3.65
(ZH, t, J=6.1 HZ), 3.90 (2H, dd, 3JH,F:14'4 HZ, 3JH,H:
6.1 Hz), 4.86 (1H, dt, *Jy z=36.4 Hz, 3Jiy;=7.3 Hz), 4.95—
5.06 (1H, br s, NH), 5.12 (2H, s), 7.29-7.46 (5H, m); '3C
NMR (75 MHz, CDCls) 6 27.0 (d, *Jcr=3.7 Hz), 41.7 (d,
3Jcr=10.0 Hz), 61.5, 67.0, 1040 (d, %Jcp=13.7 Hz),
128.1,128.2,128.5,136.2, 156.4, 156.6 (d, 'J g=255.4 Hz);
IR (KBr) 3319, 3064, 2945, 1712, 1687, 1547, 1454, 1259,
1138, 1051 cm™!; ESIMS caled for C,3H;sFNNaO; MW
276.1012, found m/z 276.1016 (M*+Na). Anal. Calcd for
C3HcFNO;: C, 61.65; H, 6.37; N, 5.53. Found: C, 61.42;
H, 6.26; N, 5.49%.

4.5.9. (Z2)-5-(Benzyloxycarbonylamino)-4-fluoropent-3-
enoic acid {Cbz-Gly-W[(Z)-CF=C]-Gly, 26}. To a solu-
tion of 25 (100 mg, 0.395 mmol) in acetone (5 ml) was
added Jones reagent (500 pl) at 0 °C. After the reaction

mixture was stirred at room temperature for 30 min, 2-prop-
anol (1 ml) was added to it and the resulting mixture was
then stirred until the color of the reaction mixture disap-
peared. After filtration, the filtrate was concentrated in vacuo
and then treated with an aqueous solution saturated with
NaHCOj; (20 ml), washed with CHCI; (20 ml). The aqueous
layer was acidified with 10% HCI (10 ml) and then extracted
with AcOEt (50 mlx5). The extract was dried over anhy-
drous MgSQ,, filtered, and concentrated in vacuo to afford
26 (85mg, 80%) as a white powder. Mp 74-75°C
(CHCl3-n-hexane); '"H NMR (400 MHz, DMSO) 4 3.02
(2H, d, J=7.1 Hz), 3.25-3.43 (1H, br s, NH), 3.76 (2H, dd,
3Jur=12.7 Hz, *Jyyup=5.9 Hz), 4.90-5.09 (3H, m), 7.26—
7.45 (5H, m), 12.16-12.63 (1H, br s, CO,H); '*C NMR
(75 MHz, CDs;0D) 6 29.7 (d, *Jcr=5.6 Hz), 42.0 (d,
2Jcr=33.6 Hz), 67.7, 100.6 (d, %Jcr=12.5Hz), 128.8,
129.0, 129.5, 138.2, 158.7, 158.9 (d, 'Jcp=257.2 Hz),
174.6; IR (KBr) 3313, 2956, 1687, 1550, 1271, 1167,
1140, 1053, 993 cm™'; ESIMS calcd for C;3H;4FNNaO,
MW 290.0805, found m/z 290.0821 (M*+Na). Anal. Calcd
for C3H14,FNO,: C, 58.42; H, 5.28; N, 5.24. Found: C,
57.98; H, 5.42; N, 4.93%.
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Abstract—Several series of phosphorus dendrimers decorated by potential fluorescent end groups (naphthalene, anthracene, and pyrene)
have been synthesized. Unexpectedly, we found that it is absolutely necessary to link the fluorophore to the dendrimer through an alkyl
link, and not directly through heteroelements such as oxygen or nitrogen, in order to preserve the fluorescence. One series of dendrimers
from generation 1 (6 pyrene end groups) to generation 4 (48 pyrene end groups) has been tested for the elaboration of organic light-emitting
diodes (OLEDs). The threshold voltage for the emission of light is high (over 20 V), however, electroluminescence is observed in all cases.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Dendrimers'™ constitute a very special type of polymers,
whose hyperbranched and perfectly defined structure arouse
the interest of thousands of researchers since about 20 years.
Their stepwise synthesis allows the grafting where the de-
sired (core, branches, and surface) functional groups were
chosen to impart properties in particular in materials science,
catalysis, or biology. Among these functional groups, fluo-
rescent entities occupy a special place; they have been
grafted to several types of dendrimers and for a lot of pur-
poses,*> including analytical uses such as the detection of
dendritic defects® or the measurement of hydrodynamic
radius,’ and also for several applications such as labeling of
biological entities® or elaboration of electroluminescent
materials usable as light-emitting diodes. Indeed, organic
light-emitting diodes (OLEDs) have key advantages for
full-color flat-panel displays, such as high luminescence effi-
ciency, color purity, wide viewing angle, low weight, and
lower drive voltages.”™!! Several types of fluorescent and
electroactive dendrimers have already been used for re-
searches in this field, based in particular on fully conjugated
dendrimers such as poly(distyrylbenzene),'? poly(p-phenyl-
ene),'? or poly(phenylenevinylene)'* dendrimer, and also on
non-fully conjugated dendrimers (generally of type poly
(benzyl ether)) possessing one fluorescent unit at the

Keywords: Dendrimers; Fluorescence; Electroluminescence; OLED.
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core.!>16 However, none of these examples concerns phos-
phorus-containing dendrimers, despite the known influence
of the type of skeleton on the properties (stability, solubility,
polarity, density, etc.). We have already reported the grafting
of fluorescent entities at the core,'”~'? in the interior,2° or as
end groups of phosphorus dendrimers,?'2 as well as the syn-
thesis of electroactive phosphorus dendrimers, possessing
in most cases ferrocene,?>2> thiophene,26 or TTF?728 unit.
We report here the grafting of several potential fluorescent
entities (naphthalene, anthracene, and pyrene) as end groups
of several types and generations of phosphorus-containing
dendrimers, and the tentative use of one series for the elabo-
ration of organic light-emitting diodes (OLEDs).

2. Results and discussion

2.1. Grafting of fluorescent derivatives on the surface
of phosphorus dendrimers

In a first attempt, we decided to use our classical series of
phosphorus dendrimers, synthesized by the repetition of
two steps (a nucleophilic substitution of hydroxybenzalde-
hyde on P(S)Cl, groups and a condensation reaction of
a phosphorhydrazide with the aldehydes),?®-3? starting from
hexafunctional cyclotriphosphazene core.>! The simplest
way to graft functional groups on the surface of phosphorus-
containing dendrimers having P(S)CI, end groups consists of
using functional phenols in basic conditions, generally as
their sodium salts. The grafting of naphthol on the surface
of the second generation dendrimer 1-G, possessing 12
P(S)Cl, end groups (Scheme 1) is easily monitored by >'P


mailto:caminade@lcc-toulouse.fr
mailto:majoral@lcc-toulouse.fr

11892

L. Brauge et al. / Tetrahedron 62 (2006) 11891-11899

\ I,
P3N3<O c N- N P‘< Oc N—N-— P\Cl>>+24 NaO O
RS
Me S Me S
\ 1 H \ 1
PNy OOC:N*N*P OOCNNP<O>
H
&y
3-G, ?/e

Scheme 1.

NMR. An intermediate signal at 6=67.5 ppm corresponding
to the monosubstitution on each end group is first observed,
replaced after the completion of the reaction by a singlet at
61.9 ppm, in addition to the signals corresponding to the
core in the first generation. This dendrimer 3-G, is also
characterized by 'H and '*C NMR.

Surprisingly, despite the presence of 24 fluorophores on the
surface of dendrimer 3-G,, this compound is not fluorescent.
In order to determine whether the skeleton of the dendrimer
could be responsible for this astonishing result, we decided
to try to graft naphthol on the surface of another type of
phosphorus dendrimers, based on P=N-P=S linkages.??
This series of dendrimers has free or protected phosphines
as end groups at each step. Thus, naphthol cannot be directly
linked to these end groups, and we decided to synthesize first
the azide 4, obtained by the reaction of 2 equiv of naphthol
on P(S)Cl;, followed by the substitution of the remaining
Cl by Nj. The reactivity of this azide toward phosphines
was first tested with PPh; as a model and with the second
generation dendrimer 5-G,. The Staudinger reactions occur
as expected, creating P=N linkages in the model compound
6 and the dendrimer 6-G, (Scheme 2).

The Staudinger reaction is characterized by *'P NMR, which
displays both the disappearance of the singlet corresponding
to the phosphine end groups (6=—6 ppm) and the singlet
corresponding to the azide 4 (6=59.3 ppm), on behalf of
the appearance of two doublets at 6=12 ppm (P=N) and
51 ppm (P=S), with 2Jpp=32 Hz. These signals are obtained
in addition to two other doublets corresponding to the inter-
nal P=N-P==S linkages, and one singlet corresponding to

™R ™S
1
Ph—P=N-P{-0 O s=p OOIIDZN*P
Ph Ph
: O
2 6-G,
™o " oS
" "
erfo O P Ho O o O
Ph Ph

Scheme 2.

the core of the dendrimer 6-G,. The azide 4 was also reacted
with the third and fourth generations of the dendrimer 5-G,,,
to afford dendrimers 6-G3 and 6-Gy, respectively.

The presence of numerous conjugated Ph—P=N-P==S link-
ages incited us to test the electrochemical behavior of this
series of dendrimers. The cyclic voltammogram of the first
generation displays a single wave characteristic of an irre-
versible oxidation. This assumption is supported by the 3'P
NMR spectrum obtained after electrolysis: the doublets
characteristic of 6-G, disappeared on behalf of a multitude
of signals between —10 and +60 ppm. This observation im-
plies the occurrence of an EC process, that is, an electronic
transformation followed by a chemical transformation. Such
instability under current is incompatible with the use of this
series of dendrimers 6-G,, for the elaboration of OLEDs,
thus we decided to move back to the first type of dendritic
skeleton (shown in Scheme 1), and to modify the type of
fluorophore end groups.

In a first attempt, we decided to use the sodium salt of anthra-
cen-9-ol to react with P(S)Cl, end groups. The reaction is
monitored by *'P NMR, which shows the appearance of an
intermediate signal at 6=68.8 ppm, corresponding to the
substitution of one Cl on each end groups, slowly followed
by the appearance of a signal at 63.3 ppm, corresponding to
the di-substitution. However, the fully substituted dendrimer
could not be isolated, presumably due to a [2+2] photochem-
ical cycloaddition reaction, which induces the precipitation
of insoluble compounds. Such behavior has been already
observed when two 9-anthryl groups are linked through three
atoms,* such as the O—P-O linkage in our case.

s s
— srfo o Ot blo- )
Ph Ph O
2/2
6-G, 3
s s
" "
Ot Qo)
Ph Ph O
2/2/2 /5
™S s
1" "
P=N-P o{ }IID:NfP 0 O
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2/2
223
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Scheme 3.

Thus, we designed another strategy, in order to have a longer
linker between both anthryl groups. For such purpose,
2 equiv of 9-anthraldehyde 8 was reacted with 1 equiv of
the phosphotrihydrazide 7, to afford compound 9, which is
isolated in 73% yield. No trace of dimerization is observed
for this compound, in which both anthryl groups are sepa-
rated by seven atoms. The unreacted NH, group of com-
pound 9 is used in condensation reactions with the
aldehyde end groups of the first generation dendrimer
1-G¢',3! to afford the second generation dendrimer 10-G,
(Scheme 3). The completion of the condensation reaction
is easily shown by the disappearance of the signals corre-
sponding to the aldehydes by 'H and '*C NMR and by IR
spectroscopy.

Unfortunately, this dendrimer also is not fluorescent. In view

of all the problems we encountered concerning fluorescence,
we reasoned that the presence of several heteroatoms in close

S=P‘<O

MeIS

\ I{
6 H,N
. 980

Scheme 4.

2/s

proximity to the fluorophores might be the reason, by induc-
ing non-radiative relaxations, in particular due to n—7*
transitions. Thus, we decided to introduce an alkyl linker to
isolate the chromophore from the electronic effects of the
dendrimer. Our choice was made on the simplest linker,
a CH, group, present for instance in 1-pyrenemethylamine
12. This compound was used in condensation reactions on al-
dehyde end group of the dendrimer 11-G{/,>*-3* which differs
from 1-Gy’ only by the type of core, and the number of end
groups. The condensation reactions induce the total disap-
pearance of the signals corresponding to the aldehydes in
'H and '>C NMR and IR spectra. We did not observe hydro-
lysis of the imine bonds, neither in solution in organic
solvents nor when kept as a powder in air. The same
condensation reactions were carried out with generations
two, three, and four of dendrimer 11-G,’/, to afford
dendrimers 13-G,, 13-G3, and 13-Gy, respectively (Scheme
4 and Fig. 1).

Me S

\ ol
11-G, — S=P O-@-CH=N—N—P O—©—CH=N Q
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Figure 1. Structure of dendrimer 13-Gy4.
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Our assumption concerning the negative influence of hetero- 2.2. Photo-physical properties of dendrimers 13-G,,
atoms on the fluorescence properties appears right: the series

of dendrimers 13-G,, is fluorescent. Thus, we have carried The first property we checked concerns the thermal stability.
out a series of tests with these dendrimers, in view of the Thermogravimetric analyses of all compounds display
elaboration of OLEDs. Most of the tests were carried out a slight loss of mass (2-7%) between 80 and 180 °C, corre-
on the first generation as a model, then on generations three sponding to the evaporation of residual solvents, as identi-

and four to compare with large compounds.

fied by GC mass. The real decomposition of dendrimers
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Figure 2. Thermogravimetric analyses of dendrimers 13-G,, (n=1, 3, and 4).

begins at about 320 °C for all generations (Fig. 2); thus this
series of dendrimers is thermally stable enough to be used
for the elaboration of OLEDs. The insensitivity of the ther-
mal stability toward generations was already observed for
other series of dendrimers having the same skeleton but dif-
ferent end groups.>*

The second point to be verified concerns the glass transition
temperature (7). Indeed, the T, value must be higher than
the temperature of the OLED; if not, crystalline microdo-
mains can be formed, inducing a degradation of the perfor-
mances of the OLED. No glass transition temperature
could be detected for 13-G between 20 and 300 °C; this re-
sult is surprising in view of the value found for the parent
compound 11-Gy' (74 °C).* The T, value is 153 °C for
13-G3 and 243 °C for 13-G4. Thus, OLEDs created from
both dendrimers must be used at temperatures lower than
150 and 240 °C, respectively.

The photoluminescence properties of these dendrimers were
measured on thin films of 13-G, 13-G3, and 13-G4. The UV-
visible absorption spectra display the bands characteristic of
pyrene at 335 and 352 nm, in addition to a very broad band
between 230 and 330 nm, corresponding to the aromatic
groups of the dendrimers.>® The fluorescence measured after
excitation at 250 nm displays a single emission band in the
blue at 484 nm for all three dendrimers. This very broad
band corresponds to the emission of excimers of pyrene
(Fig. 3). No emission of monomeric pyrene could be detected,
in accordance with our previous experiments concerning pyr-
ene derivatives included within the interior of dendrimers.?°

Electroluminescence was measured on diodes elaborated
from a glass substrate covered by a thin film of indium tin
oxide (ITO), constituting the transparent anode. The emit-
ting organic layer is deposited by spin coating on the anode
of a solution in trichloroethane of dendrimer 13-G,, (5 g/L)
in a matrix of poly(vinylcarbazole) (PVK, 20 g/L); then
the solvent is eliminated by slow evaporation. The PVK
polymer acts as hole transporter and prevents crystallization.
The inorganic refractive cathode is constituted by a layer of
Ca/Al (Fig. 4).

Application of a voltage between the electrodes should
induce the injection of charges into the organic layer (holes

Intensity (a.u.)
'
|

0 -7 T T T T T T T T I
300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 3. Emission spectra of pyrene excimers of thin films of 13-G4,
13-G3;, and 13-G4 (intensities in arbitrary units).

emission

\
Cathode
(CalAl)
Glass \
substrate

Anode Emitting layer
(ITO) (13-G,, + PVK)

Figure 4. OLED device structure elaborated for electroluminescence
experiments.

from the anode and electrons from the cathode); their recom-
bination will create excitons; a fraction of them will decay
radiatively. In the case of the materials elaborated from
dendrimers 13-G,,, the threshold tension (Vy) is very high
(18 V for 13-G and 13-G3, 20 V for 13-G4) (Fig. 5). This
high value might be due to the trapping of electrons by the
dendritic structure, a phenomenon that we already ob-
served.?” Such high working voltage precludes any practical
applications of such devices; however, we decided to deter-
mine their brightness.

In all devices, electroluminescence emission peaks are in the
blue at about 484 nm, as observed for the photoluminescence
spectra of the corresponding dendrimers in thin films.
Figure 6 displays the current-luminance characteristics of
these OLEDs. The best results are obtained with the fourth
generation dendrimer, but even in this case the emission of
light is low, only 3.5 cd/m?. The inset in Figure 6 shows
that the threshold voltage for both current and light is similar,
indicating a fairly balanced charge injection and transport;
furthermore, the luminance is approximately proportional
to the current density, indicating that the quantum efficiency
is constant over a relatively large range of current.
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Figure 6. Light—voltage characteristics of 13-G,, (n=1, 3, and 4) dendrimer-
based OLEDs with structure of (ITO/13-G,:PVK/Ca,Al). Inset: light—
current correlation.

3. Conclusion

We have synthesized several series of phosphorus dendrimers
bearing potential fluorescent entities as end groups (naphtha-
lene, anthracene, and pyrene). However, the loss of fluores-
cence observed in several cases led us to the unexpected
conclusion that the fluorophore must not be linked to the den-
drimer through a heteroelement (oxygen or nitrogen) but
through an alkyl linkage. The condensation of 1-pyreneme-
thylamine with the aldehyde end groups of the dendrimer
led to a series of compounds fluorescent even in the solid state,
and thermally very stable (up to 320 °C). This series of den-
drimers has been tested for the elaboration of organic light-
emitting diodes. These OLEDs have a threshold voltage for
emission of light that is too high for practical purposes (18—
20 V), but they do possess electroluminescent properties.

4. Experimental
4.1. General

All compounds were protected against light by wrapping the
vessel in aluminum film. All manipulations were carried out

with standard high vacuum and dry-argon techniques. The
solvents were freshly dried and distilled (THF and ether
over sodium/benzophenone, pentane and CH,Cl, over
phosphorus pentoxide). 'H, '°C, and *'P NMR spectra
were recorded with Bruker AC 200, AC 250, or DPX 300
spectrometer. References for NMR chemical shifts are
85% H;PO, for 3'P NMR, and SiMe, for 'H and '*C
NMR. The attribution of '*C NMR signals has been done
using Jiod, two-dimensional HMBC, and HMQC, Broad
Band or CW 3*'P decoupling experiments when necessary
(br s means broad singlet). The number scheme used for NMR
assignments is shown in Figure 7. Compounds 1-G,,>*'
1-G,’ *' 5-G,,,*? and 11-G,,’***° were synthesized according
to published procedures. The OLEDs are elaborated and
characterized according to published procedures.”-383

4.1.1. Synthesis of dendrimer 3-G,. A solution of den-
drimer 1-G5 (0.1 g. 20.9 pmol) in THF (30 mL) was added
to a suspension of sodium salt of 1-naphthol 2 prepared
with 0.1 g (0.69 mmol) of 1-naphthol and 17 mg of sodium
hydride in THF (50 mL). The resulting mixture was stirred
for 16 h at room temperature, then centrifuged, and the solu-
tion was evaporated to dryness to afford a powder, which
was washed twice with ether (2x30 mL) to afford dendrimer
3-G; as a pale beige powder in 96% yield.

31p {TH} NMR (CDCls): 6=7.8 (s, Py), 60.7 (s, P,), 61.9 (s,
P,) ppm. '"HNMR (CDCl5): 6=3.1 (d, *Jyp;=10.1 Hz, 18H,
Me,), 33 (d, *Jup,=10.6Hz, 36H, Me,), 6.9 (d,
3Jun=8.5Hz, 12H, H-C?), 7.1 (d, 3Juy=8.1 Hz, 24H, H-
C?%, 7.2-7.6 (m, 174H, H Arom), 7.7 (d, 3Jyy=7.5 Hz,
24H, H-C>), 8.1 (d, 3Jyu=7.8 Hz, 24H, H-C?) ppm. 3¢
{'H} NMR (CDCl3): 6=32.9 (d, 2Jcpi_»=13.8 Hz, Me,,
Me,), 116.0 (d, 3Jcp,=3.9 Hz, C?), 121.3 (br s, C3), 121.5
(d, 3Jcp1=3.9 Hz, C?), 122.5 (s, C*), 125.2, 125.3 (2s, C7,
C¥), 126.0 (s, C?), 126.5 (s, C%), 127.0 (s, C3), 127.1 (s,
C3), 127.6 (s, C), 128.2 (s, C%), 132.1 (s, C{), 132.2 (s,
Ch, 134.7 (s, C'9, 138.6 (d, 3Jcp;»=13.8 Hz, C3, C?),
147.0 (d, 2Jcp,=9.8 Hz, C"), 151.1 (d, %Jcpo_1=6.0 Hz,
C(l), C}) ppm. Anal. Calcd for C384H312N39066P21518
(7757): C, 59.46; H, 4.05; N, 7.04. Found: C, 59.19; H,
3.88; N, 6.85.

4.1.2. Synthesis of the azide 4. A solution of 1-naphthol
(0.94 g, 6.5 mmol) and triethylamine (1 mL, 7.2 mmol) in
THF (20 mL) was added dropwise at room temperature to
a solution of trichlorothiophosphine (0.33 mL, 3.25 mmol)
in THF (30 mL). After stirring for 24 h, the solution was fil-
tered, and then concentrated. Acetone (20 mL) and sodium
azide (0.23 g, 3.5 mmol) were added, and the resulting mix-
ture was stirred for 3 days at room temperature, then concen-
trated and centrifuged. The solution was evaporated to
dryness to afford the azide 4 without further purification as
maroon oil in 88% yield.

3Ip (lH) NMR (CDCly): 6=59.3 (s)ppm. 'H NMR
(CDCl3): 6=7.30-7.90 (m, 12H, H,,), 82 (m, 2H,
H-Cg) ppm. '*C {'H} NMR (CDCly): 6=116.6 (d,
3Jcp1:4.1 Hz, CZ), 122.0 (S, CS), 125.4 (d, SJCPZI.O Hz,
C7), 125.8 (d, °Jep=1.0 Hz, C*), 126.6 (s, C?), 126.7 (s,
C%), 126.8 (d, *Jep=5.6 Hz, C%), 127.8 (s, C%), 134.8 (s,
C'9), 146.8 (d, 2Jep=10.0 Hz, C') ppm. IR (THF): 2160
(vn3) em™ L
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Figure 7. Numbering used for NMR assignments.

4.1.3. Synthesis of the model compound 6. A solution of
the azide 4 (100 mg, 0.26 mmol) in THF (10 mL) was added
to a solution of triphenylphosphine (70 mg, 0.26 mmol) in
THF (10 mL) and stirred at room temperature for 1 h. The
resulting solution was evaporated to dryness to afford
a powder, which was washed three times with a diethy-
lether/pentane mixture (1/9) to afford 6 as a white powder
in 95% yield.

3p {TH} NMR (CDCls): 6=12.6 (d, 2Jpp=32.0 Hz, P,), 51.0
(d, 2Jpp=32.0 Hz, P,) ppm. '"H NMR (CDCl5): 6=7.30-7.39
(m, 10H, H-C3, H-C’, H-C}), 7.40-7.47 (m, 2H, H-C9),
7.47-7.57 (m, 9H, H-C3, H-C}), 7.65 (m, 2H, H-C*), 7.71
(m, 2H, H-C?), 7.83 (m, 2H, H-C>), 8.15 (m, 2H,
H-C® ppm. 3C {'H} NMR (CDCly): 6=117.2 (d,
3Jcp1=4.5 Hz, C?), 123.8 (s, C®), 124.4 (d, °Jcp;=2.0 Hz,
CH, 126.0 (br s, C3, C7), 126.6 (s, C®), 127.8 (s, C°), 128.3
(d, *Jep1=5.0Hz, C%), 1289 (d, 3Jcpo=13.0Hz, CJ),
129.1 (dd, 3Jcp1=4.0 Hz, 'Jcpo=107 Hz, C}), 132.8 (d,
4Jcpo=3.0 Hz, C¥), 133.1 (d, 2Jcpo=11.0 Hz, C3), 135.2 (s,
C!9), 148.9 (d, 2Jcp1=10.0 Hz, C1) ppm. Anal. Calcd for
C33H,0NOLP,S (25,618): C, 72.95; H, 4.67; N, 2.24. Found:
C,71.74; H, 4.36; N, 1.99.

4.1.4. General method for the synthesis of the series of
dendrimers 6-G,, (n=2, 3, and 4). A stoichiometric amount
of azide 4 in dissolved in THF (10 mL) was added dropwise
to a solution of dendrimer 5-G,, 1 (typically 100 mg) in THF
(20 mL) and stirred at room temperature for 1 h. The result-
ing solution was evaporated to dryness to afford a powder,
which was washed three times with a diethylether/pentane
mixture (1/1) to afford dendrimers 6-G,, as white powders.

4.1.4.1. Compound 6-G,. Yield 89%. 3'P {'H} NMR
(CDCly): 6=113 (d, *Jpp=32.5Hz, P3), 13.0 (d,
2Jpp=30.5 Hz, P)), 49.2 (s, Py), 49.3 (d, *Jpp=30.5 Hz,
P,), 51.0 (d, 2Jpp=32.5 Hz, P,) ppm. 'H NMR (CDCl):
6=7.0~7.6 (m, 186H, CeHs, C¢Ha, naphthyl), 7.63 (d,
3JH5H6:7-9 HZ, 12H, H-CS), 7.96 (d, 3JH7H8:8~1 HZ, 12H,
H-C¥) ppm. 3C {!H} NMR (CDCly): 6=116.7 (d,
3Jepe=3.6 Hz, C2), 121.5-121.8 (m, C2, C3), 123.2 (s, C¥),
123.2 (br d, "Jep=111 Hz, C3), 123.9 (br s, C*), 125.5 (br
s, C3, C7), 126.1 (s, C%), 1273 (s, C5), 127.7 (br d,
Jepi=106 Hz, C1), 128.2 (br d, Jep=106 Hz, CL), 128.4

(d, 3Jcps=13.5Hz, C%), 128.7 (d, 3Jcp=13.1 Hz, C3, C3),
132.4 (s, C1, C%), 132.5 (d, 2Jp=11.3 Hz, C3, C3), 134.3
(d, 2Jep=12.1Hz, C3, C3), 134.6 (s, C'9), 148.3 (d,
2Jcps=9.7Hz, CY, 153.4 (br d, %Jepp=8 Hz, C}), 155.2
(dd, *Jcp3=3.69 Hz, 2Jcp,=7.63 Hz, C}) ppm. Anal. Calcd
for C282H21()N9021P19510 (4970) C, 6815, H, 426, N,
2.54. Found: C, 67.77; H, 3.92; N, 2.18.

4.1.4.2. Compound 6-G3. Yield 93%. *'P {'H} NMR
(CDCl3): 6=11.3 (d, %Jpp=33.4Hz, Ps), 13.0 (br d,
2Jpp:31.0 HZ, P], P3), 49.2 (S, Po), 493 (br d, 2]])})231 .0 HZ,
P,, P,), 51.0 (d, 2Jpp=33.4 Hz, Ps) ppm. '"H NMR (CDCl,):
0=7.0-7.6 (m, 414H, C¢Hs, CcH4, naphthyl), 7.60 (d,
3Tusue=7.9 Hz, 24H, H-C%), 7.95 (d, 3Ju7us=8.1 Hz, 24H,
H-C¥ ppm. 3C {'H} NMR (CDCly): 6=116.7 (d,
3Jepe=3.6 Hz, C?), 121.5-121.8 (m, C3, C3, C%), 123.2 (s,
C®), 123.2 (br d, 'Jep=111Hz, C3, C), 123.9 (br s, C*),
125.5 (brs, C3, C7), 126.1 (s, C%), 127.3 (s, C3), 127.7 (br
d, Jep;=106 Hz, C}), 128.2 (br d, 'Jcp=106 Hz, C}, Cb),
128.4 (d, 3Jepe=13.5 Hz, C°), 128.7 (d, >Jcp=13.1 Hz, C3,
C3, C3), 132.4 (s, Ct, C4, CH), 132.5 (d, 2Jp=11.3 Hz, C3,
C3, C%), 134.3 (d, %Jep=12.1Hz, C3, C3, C3), 134.6 (s,
C!9, 148.3 (d, 2Jcps=9.8 Hz, CY), 153.4 (br m, C}),
155.1-1553 (m, C} Clyppm. Anal. Caled for
C618H462N21O45P43822 (10,940) C, 6785, H, 426, N,
2.69. Found: C, 67.32; H, 3.90; N, 2.25.

4.1.4.3. Compound 6-G. Yield 93%. 3'P {'H} NMR
(CDCly): 6=11.3 (d, 2Jpp=33.7Hz, P;), 13.0 (br d,
2Jpp=30.6 Hz, Py, Ps, Ps), 49.1 (br d, 2Jpp=30.6 Hz, P,,
P4, Pg), 49.6 (s, Py), 50.9 (d, 2Jpp=33.7 Hz, Pg) ppm. 'H
NMR (CDCly): 6=7.1-7.5 (m, 822H, C¢Hs, C¢Hy4, naph-
thyl), 7.60 (d, 3Jusue=7.9 Hz, 48H, H-C%), 7.95 (d,
3JH7H8:8'1 Hz, 48H, H-CS) ppm. 13C {IH} NMR
(CDCly): 6=116.7 (d, *Jcpg=3.8 Hz, C?), 121.5-121.8 (m,
C3, C3, C3, C?), 123.2 (s, C¥), 123.2 (br d, Jep=111 Hz,
C3, CD), 123.7 (br d, Jepr;=109.7 Hz, C%), 123.9 (br s,
C*, 125.5 (br s, C3, C7), 126.0 (s, C%), 127.3 (s, C3), 127.7
(br d, 'Jep;=106 Hz, C1), 128.2 (br d, 'Jop=106 Hz, C},
Cl), 1284 (d, 3Jcpg=13.5Hz, C°), 128.7 (br d,
1Jcp=105.7 Hz, CY), 128.7 (d, 3Jep=13.1 Hz, C}, C3, C3,
C3), 1324 (s, C$, C3, C4, CH, 132.5 (d, 2Jep=11.0 Hz, C3,
C3, CZ, C3), 1342 d, %Jep=12.1Hz, C3, C3, C3, C),
134.6 (s, C'0), 148.3 (d, 2Jcps=10.0 Hz, C"), 153.4 (br m,
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CY), 155.1-155.7 (m, C}, Ci, C}) ppm. Anal. Calcd for
C1290H918N45093P91S4G (22,831) C, 6786, H, 405, N,
2.76. Found: C, 67.29; H, 3.92; N, 2.37.

4.1.5. Synthesis of compound 9. A solution of 9-anthralde-
hyde 8 (2.80 g, 13.6 mmol) in THF (10 mL) was added to
a solution of tris(1-methylhydrazino)thiophosphine 7
(1.1 g, 5.55 mmol) in THF (20 mL) at room temperature
and stirred overnight. A precipitate was obtained; it was
separated from the solution by filtration. The solution was
recovered, and the precipitate was partly dissolved in
40 mL of THF (the trisubstitution product is insoluble).
The resulting solution was combined with the previous
one, and the solvent was removed under vacuum to afford
9 as a yellow powder in 73% yield.

3Ip {IH} NMR (CDCly): 6=75.5 (s)ppm. 'H NMR
(CDCls): 6=1.6 (br s, 2H, NH,), 3.1 (d, *Jyp=10 Hz, 3H,
Me), 3.5 (d, 3Jgp=9 Hz, 6H, Me), 7.9, 7.95 (2s, 4H,
CH=N, H anthryl), 7.1-7.4, 8.2-8.5 (m, 16H, H an-
thryl) ppm. '3C  {'H} NMR (CDCly): 6=33.2 (d,
2Jcp=8.5Hz, Me), 41.6 (d, *Jcp=11.5Hz, Me), 125.6
(s, C3), 126.5 (s, C%), 128.0 (s, C?), 128.5 (s, C°), 129.1 (s,
C%, 130.3 (s, Ch, 131.9 (s, C7), 135.8 (s, C¥), 136.5 (s,
CHZN) ppm. Anal. Calcd for C33H31N6PS (5747) C,
68.97; H, 5.44; N, 14.62. Found: C, 68.60; H, 4.17; N, 14.48.

4.1.6. Synthesis of dendrimer 10-G,. A solution of den-
drimer 1-G,' (2.80 g, 13.6 mmol) in THF (10 mL) was
added to a solution of compound 9 (1.10 g, 5.55 mmol) in
THF (20 mL). After stirring for 4 days at room temperature,
the solvent was removed under reduced pressure to afford
a powder, which was purified by column chromatography
on silica gel with ethyl acetate as eluent. Dendrimer 10-G,
was isolated as a yellow powder in 73% yield.

31p (H} NMR (CDCls): §=8.5 (s, Py), 62.5 (s, Py), 74.0 (s,
P,) ppm. 'H NMR (CDCly): 6=3.0 (d, *Jup=10.6 Hz, 18H,
Me,), 3.1 (d, *Jup=9.8 Hz, 36H, Me,), 3.4 (d, >Jyp=8.3 Hz,
72H, Mes), 6.8-8.5 (m, 330H, CH=N, H Ar) ppm. '>C {'H}
NMR (CDC13) 0=32.7 (br d, ZJCP:9.8 Hz, Mel,2,3), 121.3
(s, C5, CD), 125.6 (s, C?), 126.5 (s, C°), 127.7 (s, C3), 128.0
(s, C3), 128.2 (s, C2), 128.4 (s, C°), 129.6 (s, C*), 130.9 (s,
C3), 131.0 (s, C1), 132.1 (s, C7), 133.0 (s, C), 135.7 (d,
3Jepi=102Hz, Cj, C3), 1358 (s, C®, 136.6 (d,
3Jep=10.4 Hz, C3), 150.4 (d, 2Jep1=7.9 Hz, Cb, C!) ppm.
Anal. Calcd for C528H456N87O]8PZIS]8 (9536) C, 6651,
H, 4.82; N, 12.78. Found: C, 66.33; H, 4.67; N, 12.48.

4.1.7. General method for the synthesis of the series of
dendrimers 13-G,, (n=1, 2, 3, and 4). A stoichiometric
amount of pyrenemethylamine (freshly prepared from its
chlorohydrate by reaction with KOH) in MeOH (10 mL)
was added dropwise at room temperature to a solution of
dendrimer 11-G,, (typically 100 mg) in THF (20 mL). The
resulting solution was stirred at room temperature for 1 day
(G{), 3 days (G5'), 5 days (G3'), or 7 days (G4) until the
disappearance of the signal corresponding to the aldehydes
in 'H NMR. The solvent was evaporated to dryness to afford
dendrimers 13-G,, as white powders.

4.1.7.1. Compound 13-G;. Yield 91%. 3'P {'H} NMR
(CDCl3): 6=52.3 (s, Py), 61.7 (s, Py)ppm. 'H NMR

(CDCls): 6=3.3 (d, 3Jup;=10.6 Hz, 9H, Me,), 5.2 (s, 12H,
CH,), 7.2 (br d, 3Jgu=8.5 Hz, 18H, H-C}, H-C?), 7.5 (s,
3H, C3), 7.6 (d, 3Jug=8.6Hz, 6H, H-C3), 7.7 (d,
3Juu=8.6 Hz, 12H, H-C3), 7.8-8.30 (m, 60H, CH=N, pyr-
ene) ppm. 3C {'H} NMR (CDCly): 6=33.0 (d,
2Jep1=13.1Hz, Me,), 622 (s, CH,-Pyr), 121.5 (d,
3Jcpo=5.9 Hz, C3), 121.6 (d, 3Jcp;=4.9 Hz, C?), 123.3 (s,
C"), 124.8-125.2 (m, C2, C8, C'0, C15, C!9), 125.9 (s, C%),
126.7 (s, C°), 127.0 (s, C), 127.4, 127.7 (2s, C%, C'?),
128.4 (s, C3), 128.8 (s, C'%, 129.5 (s, C3), 130.7, 130.8
(2s, C7, C'N, 131.2 (s, C%, 132.5 (s, C3), 132.6 (s, CY),
133.6 (s, C), 138.6 (d, 3Jcpi=14.1Hz, C3), 151.2 (d,
2Jcpo=8.2 Hz, C}), 152.4 (d, %Jcp1=7.1 Hz, C}), 160.6 (s,
CH=N) ppm. Anal. Calcd for C168H120N1209P4S4 (2703)
C,74.65;H,4.47; N, 6.22. Found: C, 74.54; H, 4.19; N, 6.07.

4.1.7.2. Compound 13-G,. Yield 93%. 3'P {'H} NMR
(CDCl5): 6=52.0 (s, Py), 61.3 (s, P,), 61.6 (s, P;) ppm. 'H
NMR (CDCls): 6=3.2 (m, 27H, Me,, Me,), 5.2 (br s, 24H,
CH,), 7.1-8.3 (m, 213H, pyrene, C¢H4, CH=N) ppm. B¢
{1H} NMR (CDClg) 0=32.9 (d, 2.](:])1_2:12.8 Hz, Me],
Mez), 62.2 (S, CHz-PyI‘), 121.5 (d, 3JCP0—1—2:3‘4 HZ, C%,
C3, C?), 123.2 (s, C'¥), 124.7-125.1 (m, C?, C8, C'°, C1,
C!9), 125.8 (s, C3), 126.7 (s, C%), 127.0 (s, C>), 127.4,
127.6 (2s, C8, C!2), 128.2 (s, C3, C3), 128.7 (s, C'H), 129.5
(s, C3), 130.7, 130.8 (2s, C7, C'1, 131.2 (s, C*, C}), 132.0
(s, CP), 132.6 (s, ChH, 133.5 (s, C2), 138.8 (d, *Jcpo_1=
13.0 Hz, C3, C3), 151.3 (d, 2Jcpo1=6.9 Hz, C{, C}), 152.3
(d, 2Jepp=7.2 Hz, C}), 160.6 (s, CH=N) ppm. Anal. Calcd
for C36()H264N3()021P1()Sl() (5977) C, 7235, H, 445, N,
7.03. Found: C, 71.98; H, 4.32; N, 7.09.

4.1.7.3. Compound 13-G;. Yield 94%. 3'P {'H} NMR
(CDCly): 6=51.7 (s, Py), 61.2 (s, P3), 61.5 (s, P,), 61.8 (s,
Py) ppm. 'H NMR (CDCl;): 6=3.1 (m, 63H, Me;, Me,,
Mes), 5.2 (br s, 48H, CH,), 7.1-8.3 (m, 441H, pyrene,
Ce¢Hy, CH=N) ppm. 13C {'H} NMR (CDCl5): 6=32.9 (d,
2JCP1—2—3:12~6 HZ, Mel, Mez, Me3), 62.2 (S, CHZ-Pyr),
121.5 (d, 3Jcpo_1_»3=3.4 Hz, C3, C3, C3, C3%), 123.2 (s,
C13), 124.6-125.1 (m, C2, C?, C'9, C15, C'9), 125.8 (s, C3),
126.6 (s, C°), 127.0 (s, C?), 127.4, 127.6 (2s, C®, C!?),
128.2 (s, C3, C3, C3), 128.7 (s, C'¥), 129.5 (s, C3), 130.7,
130.8 (2s, C7, C'), 131.2 (s, C*, C%), 132.0 (s, C3, C}),
132.6 (s, CY), 133.5 (s, C%), 138.8 (d, 3Jcpo_1o=12.5 Hz,
C3, C3, C3), 151.3 (d, *Jepo_1=6.1 Hz, C§, Cl, Ch), 152.3
(d, 2Jep3=7.3 Hz, C}), 160.6 (s, CH=N) ppm. Anal. Calcd
for C744H552N66O45P22522 (12,524) C, 7135, H, 444, N,
7.38. Found: C, 71.10; H, 4.17; N, 7.57.

4.1.7.4. Compound 13-G,. Yield 93%. 3'P {'H} NMR
(CDCl3): 6=51.7 (s, Py), 61.2 (s, Py), 61.5 (s, P3), 61.9 (s,
P,), 62.2 (s, P;) ppm. 'H NMR (CDCl3): 6=3.0 (m, 135H,
Me;, Me,, Mes, Mey), 5.2 (br s, 96H, CH,), 7.0-8.0 (m,
897H, pyrene, C¢H,;, CH=N)ppm. 3C {'H} NMR
(CDC13) 0=32.7 (d, 2JCP1—2—34:13-8 HZ, Mel, Mez, Meg,
Me4), 62.2 (S, CHz-Pyr), 121.5 (d, 3JCP4:4-O HZ, C%),
121.8 (d, 3Jcpo_1_»3=4.0 Hz, C3, C3, C3, C%), 123.2 (s,
C"), 124.7 (s, C2, C'3, C'9), 125.0 (br s, C3, C'9), 125.8
(s, C%), 126.5 (s, C°), 127.0 (s, C7), 127.3, 127.5 (2s, C°,
C!2), 128.2 (br s, C3, C3, C3, C3), 128.6 (s, C'%), 129.5 (s,
C3), 130.5, 130.6 (2s, C7, C'1), 131.1 (s, C%), 131.2 (s, CH),
132.0 (s, C§, C1, C2), 132.6 (s, C1), 133.5 (s, C), 138.6-
139.5 (m, C3, C3, C3, C3), 150.3 (d, 2Jcpo_i_»3=7.4 Hz,
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Cb, Cl, C3, CY), 1513 (d, *Jeps=7.4 Hz, C}), 160.5 (s,
CHZN) ppm. Anal. Calcd for C1512H1128N138093P4GS46
(25,618): C, 70.89; H, 4.44; N, 7.54. Found: C, 70.64; H,
4.19; N, 7.38.
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Abstract—An imino Diels—Alder reaction of 2-siloxydienes with aldimines catalyzed by triflic imide (Tf,NH; 0.1~10 mol % amount) has
been developed leading to substituted piperidin-4-ones. Tf,NH catalyst is compatible with basic functions, such as pyridine and indole rings in
the imino Diels—Alder reaction. Furthermore, X-ray crystallographic analysis indicates that trans-2,6-diphenyl-4-piperidinone 4a obtained by

this reaction has a unique conformation in the solid state.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The piperidine ring system is a ubiquitous structural motif of
naturally occurring alkaloids, biologically active synthetic
molecules, and organic fine chemicals.! The imino Diels—
Alder reaction is one of the most powerful and useful tools
used to prepare heterocycles containing the piperidine
nucleus.>? There have been many studies on the imino
Diels—Alder reaction, which is typically classified into two
variants. One is the reaction of all-carbon 1,3-dienes
(C=C-C=C synthon) with imines (C=N synthon). The
other is the cycloaddition of azadienes (C=N-C=C or
N=C-C=C synthons) with dienophilic alkenes (C=C
synthon). The former strategy has been more extensively
studied because a variety of imine dienophiles are readily
available by the reaction of corresponding aldehydes or ke-
tones with amines. The literature contains many studies of
the imino Diels—Alder reaction of imines with Danishefsky’s
dienes (1-alkoxy-3-siloxybutadienes)* to give 2,3-dehydro-
piperidin-4-ones. Numerous kinds of Lewis acids,’ including
chiral catalysts and Brgnsted acids® have been developed in
the reaction of Danishefsky’s dienes. On the contrary, few
studies have focused on the reaction of less active 2-siloxy-
dienes with imines, which affords substituted piperidin-4-
ones (Scheme 1).”® Although several Lewis acids have
been found to activate the imino Diels—Alder reaction of

Keywords: Imino Diels—Alder reaction; Substituted piperidines; Triflic imide;

Three component reaction.
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2-siloxydienes, to the best of our knowledge, the Brgnsted
acid-catalyzed reaction has not been reported yet.® Sub-
stituted piperidin-4-one produced in the above reaction
would be useful in medicinal chemistry.'°

TBSO Ph
o]
N “Ph

TH,NH (cat)

CH,Cl,, 3 h
Ph
1a (1.2 eq) 2a (1eq)
TBSO «Ph TBSO Ph
| |
N.
\Q\“Ph Ph
Ph Ph
trans-3a cis-3a

Scheme 1.

We have recently reported that triflic imide (Tf,NH) works
as a good catalyst for (2+2)-cycloaddition of silyl enol ethers
with a,B-unsaturated esters even in low catalyst loading
(~1 mol %)."" Furthermore, we have found that Tf,NH
also catalyzes various cycloaddition reactions, such as
(2+2)-cycloaddition of allylsilane with acrylates,'? and the
Diels—Alder reaction of 2-siloxydiene and o,B-unsaturated
carbonyl compounds.'®!'* In these contexts, silyl triflic
imides (R3SiNTf,), which are generated from Tf,NH and
silyl enol ether substances, act as an active catalyst of the
above cycloadditions.'®!!:14* Herein, we report the Tf,NH-
catalyzed imino Diels—Alder reaction of 2-siloxydiene with
aldimine to give functionalized piperidin-4-one derivatives
and its application to the one-pot synthesis of piperidin-
4-ones from 2-siloxydiene, aldehyde, and amine.
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2. Results and discussion

2.1. Imino Diels—Alder reaction of 2-siloxydienes with
aldimines

At the outset of this study, the imino Diels—Alder reaction
of 2-siloxy-1,3-butadiene 1a (1.2 equiv) with benzaldimine
(2a) (1.0 equiv) in the presence of Tf,NH was examined
under various conditions (Scheme 1). With a 2 mol % of
Tf,NH in CH,Cl, at ambient temperature, a diastereomeric
mixture of 2,6-diphenyl-4-siloxy-3,4-didehydropiperidine
3a was obtained in 85% yield, and the diastereomeric ratio
was determined to be 4:1 (trans—cis) by 'H NMR (Table 1,
entry 1), whereas no reaction occurred in the absence of
the catalyst (entry 2). It is noteworthy that the reaction
proceeds smoothly even with 0.1 mol % catalyst loading
(entry 3). However, when a stoichiometric amount of
Tf,NH was used, decomposition of siloxydiene owing to
its protodesilylation was observed prior to promotion of
the desired cycloaddition (entry 4). The Tf,NH-catalyzed
reaction can be successfully performed in various solvents,
such as toluene, THF, and acetonitrile (entries 5-7), and
the diastereomeric ratio of 3a was similar within a range
of 3:1-4:1 in these solvents. When the reaction of 1a with
2a was conducted in CH;CN, 3a, which is hardly soluble
in the solvent, precipitated. It is noteworthy that 3a can be
isolated with ease only by filtration even in a multi-gram
scale (entry 7). The reaction temperature does not affect
the diastereomeric ratio, and no desired product was ob-
tained at high temperature (80 °C in a sealed tube) (entries
8 and 9).

The major diastereomer of 3a was almost quantitatively con-
verted into piperidin-4-one 4a, which could be crystallized
from CH,Cl,~hexanes, by treatment with TBAF at —78 °C
(Scheme 2). Neither epimerization nor retro-Michael reac-
tion was observed in the process. X-ray crystallographic
analysis determined that compound 4a, derived from the
major diastereomer of 3a, possesses trans-oriented 2,6-sub-
stituents (Fig. 1). Fascinatingly, the crystallized form of
trans-4a exists as an unusual conformation. Namely, both
phenyl substituents at the C(2) and C(6) positions are
oriented axially, and the conformation of the six-membered
piperidine ring is a twist-boat form. Three continuous bulky
phenyl substituents at N(1), C(2), and C(6) of trans-4a
would prevent the chair-conformation with equatorially
oriented bulky substituents at C(2) and C(6).

Table 1. Imino Diels—Alder reaction of 1a with 2a

Entry  Cat. (mol %)  Solvent Temp  Time % Yield
(°C) (h) (trans—cis)”
1 Tf,NH (2.0) CH,Cl, rt 3 85 (80:20)
2 None CH,Cl, t 72 0(—)
3 T£,NH (0.1) CH,Cl, rt 3 80 (75:25)
4 Tf,NH (100)  CH,Cl, rt 3 0(—)
5 Tf,NH (2.0) THF rt 3 69 (63:37)
6 Tf,NH (2.0) Toluene rt 3 82 (67:33)
7 Tf,NH (2.0) CH;CN  rt 0.3 75 (82:18)
8 Tf,NH (2.0) CH,Cl, —78 3 61 (79:21)
9° Tf,NH (2.0) CH,Cl, 80 3 0(—)

# Reaction was carried out in a sealed tube.
® Diastereomeric ratios were determined by '"H NMR.

TBAF (1.1 eq)
THF, -78 °C, 15 min

TBSO «Ph
|
\Q\l ) Ph

Ph Ph
97%

trans-3a trans-4a

Scheme 2.

Figure 1. Crystallographic structure of trans-4a (ORTEP drawing).

Next, the imino Diels—Alder reactions of 1la with various
aldimines 2b-2l under optimal conditions (2 mol % Tf,NH,
CH,Cl,, rt) were examined (Scheme 3). Electron-poor (2b),
electron-rich aromatic (2¢), and naphthyl substituted (2d)
aldimines also afforded desired adducts in good yields with
a similar stereoselectivity (Table 2, entries 1-3). Substrates
with a heterocyclic ring, such as pyridine (2e) and indole
(2f and 2l), underwent cycloaddition in the presence of
Tf,NH, but their reaction rates were decreased (entries 4, 5,
and 11). No protection is necessary for indole N-H in the
Tf,NH-catalyzed reaction (entries 5 and 11). Further studies
revealed that aldimines obtained from benzylamine (2g) and
allylamine (2h) afforded the corresponding piperidinone de-
rivatives 3g and 3h in good yields, respectively (entries 6 and
7). On the contrary, electrophilic aldimines, which possess
an electron-withdrawing function on the nitrogen atom, af-
forded poor results. Reaction with acyl imine 2i and sulfonyl
imine 2j resulted in the formation of many side products al-
though trace amounts of cycloadducts 3i and 3j, respectively,
were produced (entries 8 and 9). The strongly electrophilic
imines, such as 2i and 2j, may be too reactive to selectively
promote the desired cycloaddition in the presence of the
Tf,NH catalyst. Phosphonyl imine 2k promoted the imino
Diels—Alder reaction. However, desilylated piperidinone 4k
was obtained in a moderate yield (entry 10) because of the

R2 TBSO R

Tf,NH (2 mol%
o+ ) 2H@mow), N,
N.gr CHClrt 3h R

Ph
2b-l 3b-l

Scheme 3.
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Table 2. Imino Diels—Alder reaction of 1a with various aldimines

Entry Imine 2 Product % Yield (trans—cis)®
NO,
TBSO._~ ©/
1 2b (Ph, p-NO,CgH,) 3b 85 (75:25)
N\Ph
Ph
OMe
TBSO._~_ ©/
2 2¢ (Ph, p-MeOC¢Hy) 3c 67 (77:23)
N\Ph
Ph

TBSO._~_
3 2d (Ph, 1-naphthyl) \Q ‘ 3d 73 (84:16)
“Ph

Ph
7
TBSO. N
a H .
4 2e (Ph, 3-pyridyl) N\ph 30 61 (73:27)
Ph
H
N
5° 2f (Ph, 3-indolyl) TBSO.__~ D@ 35 (81:19)
N 3f
“Ph
Ph
6 2 h 39 (R"=Bn) 89 (85
X g (Bn, Ph) TBSO Ph 1 (85:15)
7° 2h (Allyl, Ph) Z" T 3h(RU=aly) 88 (80:20)
8 2i (CO,Et, Ph) N\R1 3i (R" = CO,E) Trace (—)
9 2j (Ts, Ph) 4 32 (89:11)
Ph 3j (R"=Ts)
o] «Ph
OFEt
10 2k (PO(OE),, Ph) T\:;\LP/ 4k 62 (63:37)
pn & OEt
| LN Ph
N
1 N N P 3 60 (60:40)"
2 OTBS
% Cat. 5mol %, 5 h.
" Cat. 6 mol %, 24 h.
¢ Cat. 5 mol %
4 Cat. 10 mol %, CH5CN, 8 h.
¢ Diastereomeric ratios were determined by "H NMR.
T Stereochemistry of each diastereomer was not assigned.
poor stability of the corresponding silyl enol ether 3k (the trans-3n was exclusively obtained as a sole diastereomer
reason is still unclear). in 69% yield, although a mixture of the geometrical isomer
(cis—trans=ca. 5:2) of 1c was conducted in the reaction
Results of the imino Diels—Alder reaction of various 2-siloxy-
dienes 1b—1e and 2-methoxydiene 1f with aldimine 2a to , R R’
give a variety of substituted piperidin-4-ones are summarized RFA Phw TENH (2 mol%) R? Ph
in Scheme 4 and Table 3. Whereas 3-methyl-2-siloxydiene RPN + ,\ll m , | N.
1b efficiently reacted (86% yield, entry 1), reactions with La Ph e R, P
1-methyl-2-siloxydiene 1c¢ and 2-fert-butyldimethylsiloxy- bt ) 3r§q
] a =

1,3-butadiene (1d) required 5 mol % of catalyst for com-
plete consumption of aldimine 2a (entries 2 and 3). Notably, Scheme 4.
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Table 3. Imino Diels—Alder reaction of 2a with various dienes

Entry Diene R', R’ R*, R*)  Cat. Product % Yield
(mol %) (dr)*

1 1b (H, OTBS, Me, H) 2 3m 86

2 lc (Me, OTBS, H,H) 5 3n 69 (100:0)°

3 1d (H, OTBS, H, H) 5 30 69

4 le (H, OTBS, H, OMe) 2 3p 0(—)

5 1f (H, OMe, H, Ph) 2 3q 48 (79:21)°

# Diastereomeric ratios were determined by 'H NMR.

" The relative configuration of the major diastereomer was assigned as
trans-3n because both protons at C(5) and C(6) exist on an equatorial
position (Jics)-mcey=3.1 Hz in "H NMR).

¢ The relative configuration of major diastereomer was tentatively assigned
as trans-3q by an analogy to 3a.

(entry 3). The mechanistic detail including the stereochem-
ical outcome is under investigation. Danishefsky diene le
was evaluated as a more electron-rich diene partner, but
only decomposition of 1e by Tf,NH was observed (entry 4).

We initially considered that the actual catalyst of the imino
Diels—Alder reaction would be R3SiNTf,, which is formed
from Tf,NH and siloxydiene in situ. ' However, the reaction
of 2-methoxydiene 1f occurred in the presence of 2 mol % of
catalyst to give 3q in moderate yield (entry 5). This observa-
tion indicates that Tf,NH (pK,=1.7 in water)'> directly acti-
vates aldimines as a Brgnsted acid in the imino Diels—Alder
reaction. The action of the Tf,NH catalyst in the reaction is
different from that in the (2+2)-cycloaddition, which was
recently established by our group.!! The following experi-
ment also suggests the catalytic role of Tf,NH. Thus, when
the mixture of 1la and 2a was treated with pre-organized
TBSTf, (50 mol %), which was prepared from TBSCI and
AgNTf, in CH,Cl,, decomposition of silyl enol ether 1a
quickly occurred prior to imino Diels—Alder reaction with 2a.

2.2. Application to multicomponent reaction

We have further assessed the one-pot multicomponent reac-
tion (MCR) for the formation of substituted piperidin-4-ones
derivatives starting from three components: siloxydiene 1,
aldehyde 5, and amine 6 (Scheme 5).!® When a mixture of
the whole substrates, 1a, benzaldehyde (5a), and aniline
(6a) (molar ratio: la:5a:6a=1.2:1:1), was treated with
Tf,NH (2 mol %), the desired MCR product 3a was isolated
in ca. 20% yield, but the major product was an aldol adduct

TBSO
Ti,NH (2 mol%), MS 4A
« * RICHO + R2NH,

CH,Cl,, 0°C, 4 h
Ph 5(1.0eq) 6(1.0eq)

1a (1.2 eq)
TBSO R? o R!
| TBAF
N-g2 CH,Cl,, N2
Ph 0 °C,10 min Ph
3 forentry 2 & 5 4
(0] Ph
PhWOH
7a
Scheme 5.

7a (ca. 60% yield). The result suggests that the undesired
reaction of aldehyde 5 with silyl enol ether 1 (Mukaiyama-
aldol reaction) competes with imine formation of § with
amine 6. On the other hand, sequential addition of the sub-
strates as an alternative protocol was successful (Table 4,
entry 1). Namely, after pre-treatment with aldehyde Sa and
amine 6a in the presence of molecular sieves 4 A (MS4A)
in CH,Cl, for 20 min at ambient temperature, siloxydiene
1a and Tf,NH (4 mol %) were added to the resulting mixture
at 0 °C to give the desired product 3a selectively in 78%
yield (no formation of 7a was observed). After completion
of the above three component reaction, successive treatment
with tetrabutylammonium fluoride (TBAF) in one-pot fur-
nished piperidinone 4b in a good yield (entry 2). The MCR
using aliphatic amine 6b instead of aromatic amine 6a also
successfully afforded 3g in good yield (entry 3). On the
contrary, the reaction of aliphatic aldehyde 5b resulted in
a poor yield of 3r’® under similar conditions (entries 4 and
5). This is possibly due to the instability of the corresponding
imine derived from Sb and 6b in the presence of Tf,NH
(Scheme 6).!7

Table 4. Three component syntheses of 3 and 4

Entry Aldehyde Amine Product % Yield
(trans—cis)*
1 5a (PhCHO) 6a (PhNH,) 3a 78 (80:20)
2° 5a (PhCHO) 6a (PhNH,) 4a 72 (82:18)
3 5a (PhCHO) 6b (BnNH,) 3g 74 (80:20)
4° 5b (‘PrCHO) 6b (BnNH,) 3r 16 (ND%)
5P 5b (‘PrCHO) 6b (BnNH,) 4r 15 (68:32)

? One-pot process involving three component reaction and desilylation was
carried out.

Cat. 6 mol %, 24 h.

Diastereomeric ratios were determined by 'H NMR.

ND means ‘not determined’.

a o o

3. Conclusion

In summary, we have demonstrated that triflic imide (Tf,NH)
works as an effective catalyst for the imino Diels—Alder
reaction of 2-siloxydienes and aldimines as well as the three
component reaction. Tf,NH catalyst is compatible for basic
functions, such as pyridine and indole rings in the imino
Diels—Alder reaction. In the reaction, Tf,NH would directly
activate the imine partner as a Brgnsted acid to promote
the imino Diels—Alder reaction. It is clearly different from
catalytic (2+2)-cycloaddition, in which Lewis acidic silyl
triflic imides, generated from Tf,NH and silylated substrates,
act as a real catalyst. Furthermore, X-ray crystallographic
analysis indicates that the obtained trans-2,6-diphenyl-
piperidin-4-one 4a has a unique conformation in the solid
state.

4. Experimental
4.1. General

All reactions were carried out under an inert atmosphere.
Anhydrous THF and CH,Cl, were purchased from the Kanto
Chemical Co., Inc. Unless otherwise described, other mate-
rials were obtained from commercial suppliers and used
without further purification. Column chromatography was
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performed on Merck silica gel 60 N (230-400 mesh), and
flash column chromatography was performed on Cica silica
gel 60 (spherical/40—100 um). Reactions and chromato-
graphy fractions were analyzed employing precoated silica
gel plate (Merck silica gel 60F,s4). All melting points
were determined on Yanaco micro melting point apparatus
and are uncorrected. IR spectra were measured on Shimadzu
FTIR-8300 spectrometer. The 'H and '*C NMR spectra were
recorded on JEOL AL 400 (400 and 100 MHz) and Varian
Gemini 2000 (300 and 75 MHz), respectively, as CDCl;
solutions, and were reported in parts per million downfield
from TMS (6=0) for the '"H NMR and relative to the central
CDCl; resonance (6=77.00) for the '>C NMR. Mass spectra
were recorded on JEOL DX-303 or AX-500 spectrometer.
Elemental analyses were performed on Yanagimoto MT-3
or YANACO CHN CORDER MT-6, and the results (C, H)
were within +0.4% of theoretical values. X-ray crystallo-
graphic analysis was performed on Rigaku R-AXIX RAPID.

4.2. General procedure for imino Diels—Alder reaction
in the presence of Tf,NH

To a solution of 2-siloxydiene 1 (1.2 equiv) and aldimine 2
(1.0 equiv) in CH,Cl, (1.0 M) was added Tf,NH (0.08 M
toluene solution, 2—10 mol %) dropwise at ambient temper-
ature. The reaction mixture was stirred for an appropriate
time, and then was quenched with saturated NaHCO; aq.
The mixture was extracted with CHCl;. The combined
organic layers were dried over MgSQO,, filtered, and concen-
trated in vacuo. The residue was purified by flash column
chromatography on silica gel using hexane—AcOEt (includ-
ing 1% NEt3) as an eluent to give 3 as a diastereomeric mix-
ture. Several compounds were recrystallized from MeOH to
give its trans-3 as a single diastereomer.

4.2.1. trans-4-(tert-Butyldimethylsiloxy)-1,2,6-triphenyl-
3,4-didehydropiperidine (trans-3a). Colorless needles.
Mp 125-127 °C; IR (KBr) 2930, 1680, 1599, 1502 cm™!;
'"H NMR (400 MHz, CDCl3) 6 7.36-7.14 (m, 10H), 6.99
(dd, J=8.7, 7.5 Hz, 2H), 6.63 (m, 3H), 5.24 (d, J=5.3 Hz,
1H), 5.19 (m, 2H), 3.02 (ddt, /=16.2, 5.8, 1.9 Hz, 1H),
2.45 (dd, J/=16.2, 3.6 Hz, 1H), 0.80 (s, 9H), —0.03 (s, 3H),
—0.12 (s, 3H); '3C NMR (75 MHz, CDCl5) 6 147.8, 147 4,
144.6, 142.8, 128.6, 128.5, 128.2, 127.3, 126.7, 126.6,
126.4, 118.4, 117.8, 106.9, 60.3, 58.0, 37.1, 25.4, 17.8,
—4.7, —4.9; LRMS m/z 441 (M"); Anal. Calcd for
C,9H35NOSi: C, 78.86; H, 7.99; N, 3.17. Found: C, 78.59;
H, 8.00; N, 3.07.

4.2.2. cis-4-(tert-Butyldimethylsiloxy)-1,2,6-triphenyl-
3,4-didehydropiperidine (cis-3a). The compound could
not be isolated in a pure form. The 'H NMR spectrum was
assigned from a mixture of trans-3a and cis-3a. 'H NMR
(400 MHz, CDCl3) ¢ 7.41-7.02 (m, 10H), 6.89 (t,
J=8.3 Hz, 2H), 6.76 (d, /=8.3 Hz, 2H), 6.72 (d, /=8.3 Hz,
1H), 4.98 (t, J=1.9 Hz, 1H), 4.71 (d, J=1.9 Hz, 1H), 4.66
(dd, J=9.8, 3.9 Hz, 1H), 2.71 (ddt, J=16.8, 9.8, 1.9 Hz,
1H), 2.40 (ddt, J/=16.8, 3.9, 1.7 Hz, 1H), 091 (s, 9H),
—0.15 (s, 6H).

4.2.3. trans-4-(tert-Butyldimethylsiloxy)-6-(p-nitro-
phenyl)-1,2-diphenyl-3,4-didehydropiperidine (trans-
3b). Colorless needles. Mp 139-140 °C; IR (KBr) 2955,

1681, 1597, 1518, 1346, 1207 cm™'; 'H NMR (400 MHz,
CDCls) 6 8.09 (d, J=8.5 Hz, 2H), 7.35 (d, /=8.8 Hz, 2H),
7.29-7.25 (m, 4H), 7.21-7.17 (m, 1H), 7.01 (t, J=7.8 Hz,
2H), 6.69 (t, J=7.1 Hz, 1H), 6.58 (d, J=8.5 Hz, 2H), 5.27-
5.22 (m, 2H), 5.18 (dd, J=4.9, 1.5Hz, 1H), 3.06 (dd,
J=16.1, 5.4 Hz, 1H), 2.43 (dd, J=16.6, 4.1 Hz, 1H), 0.81
(s, 9H), 0.00 (s, 3H), —0.07 (s, 3H); '*C NMR (75 MHz,
CDCl5) 6 150.7, 146.8, 143.6, 128.8, 128.7, 128.6, 128.5,
128.2, 128.1, 127.9, 126.8, 126.4, 126.1, 123.5, 119.2,
118.0, 106.7, 60.3, 57.9, 37.0, 25.5, 17.9, —4.4, —4.5;
LRMS m/z 486 (M*); Anal. Calcd for CyoH34N,05Si: C,
71.57; H, 7.04; N, 5.76. Found: C, 71.40; H, 7.14; N, 5.59.

4.2.4. cis-4-(tert-Butyldimethylsiloxy)-6-(p-nitrophenyl)-
1,2-diphenyl-3,4-didehydropiperidine (cis-3b). Pale yel-
low oil. IR (neat) 2930, 1680, 1597, 1521, 1346,
1207cm™!; 'H NMR (400 MHz, CDCl;) 6 8.00 (d,
J=8.7Hz, 2H), 7.48 (d, J=8.7 Hz, 2H), 7.25-7.15 (m,
5H), 6.96 (t, J/=8.0 Hz, 2H), 6.82 (t, J/=7.5 Hz, 1H), 6.77
(d, J=8.0Hz, 2H), 5.02 (t, J=2.4Hz, 1H), 4.81 (dd,
J=9.9, 39 Hz, 1H), 4.72 (d, J=1.9 Hz, 1H), 2.69 (ddt,
J=164, 9.4, 2.4 Hz, 1H), 2.42 (dd, J=16.4, 3.6 Hz, 1H),
0.96 (s, 9H), 0.21 (s, 3H), 0.03 (s, 3H); LRMS m/z 486
(M*); HRMS m/z 486.2316 (caled for C,9H34N,Os3Si:
486.2339).

4.2.5. trans-4-(tert-Butyldimethylsiloxy)-6-(p-methoxy-
phenyl)-1,2-diphenyl-3,4-didehydropiperidine (trans-
3c). Colorless oil. IR (neat) 2930, 1681, 1597, 1510,
1250 cm™!; '"H NMR (400 MHz, CDCl;) 6 7.18-7.09 (m,
4H), 7.04-6.99 (m, 3H), 6.92 (d, J=8.8 Hz, 2H), 6.84 (t,
J=8.8 Hz, 2H), 6.60 (d, /=8.8 Hz, 2H), 6.48 (t, /=6.3 Hz,
1H), 5.02-4.99 (m, 2H), 4.96 (t, J=4.6 Hz, 1H), 3.59 (s,
3H), 2.82 (dd, J=16.3, 5.6 Hz, 1H), 2.27 (dd, J=16.3,
3.9 Hz, 1H), 0.67 (s, 9H), —0.16 (s, 3H), —0.22 (s, 3H);
13C NMR (75 MHz, CDCl3) 6 158.3, 147.9, 147.5, 144.4,
129.0, 128.5, 128.4, 127.9, 127.8, 126.5, 126.4, 118.6,
113.5, 113.3, 106.9, 60.2, 57.7, 55.2, 37.2, 25.6, 14.7,
—4.5; LRMS m/z 471 (M*); HRMS m/z 471.2580 (calcd
for C39H37NO,Si: 471.2594).

4.2.6. trans-4-(tert-Butyldimethylsiloxy)-6-(1-naphthyl)-
1,2-diphenyl-3,4-didehydropiperidine (¢frans-3d). Color-
less crystals. Mp 159-160 °C; IR (KBr) 2928, 1686, 1597,
1502, 1207 cm™'; 'H NMR (400 MHz, CDCl3) 6 7.94—
7.92 (m, 1H), 7.88-7.85 (m, 1H), 7.70 (d, J=8.2 Hz, 1H),
7.49-745 (m, 2H), 7.42 (d, J=7.0Hz, 2H), 7.36 (t,
J=7.5 Hz, 2H), 7.30-7.25 (m, 2H), 7.08 (d, J/=7.0 Hz, 1H),
6.92 (dd, J=17.5, 7.2 Hz, 2H), 6.62 (t, J=7.2 Hz, 1H), 6.49
(d, J/=8.0 Hz, 2H), 5.87 (t, J=5.1Hz, 1H), 543 (d, J=
5.8 Hz, 1H), 5.34 (dd, J/=5.8, 1.9 Hz, 1H), 2.96 (dd, J=15.9,
5.8 Hz, 1H), 2.60 (dd, J=15.9, 4.3 Hz, 1H), 0.71 (s, 9H),
—0.11 (s, 3H), —0.26 (s, 3H); '*C NMR (75 MHz, CDCl5)
0 1484, 147.1, 144.5, 137.7, 133.9, 131.0, 129.0, 128.7,
128.3, 127.6, 126.7, 126.5, 126.0, 125.3, 125.2, 1229,
118.3,117.3,105.9, 61.3, 54.0, 35.0, 25.5, 17.8, —4.5, —4.8;
LRMS m/z 491 (M*); Anal. Calcd for C;3H3,NOSi: C,
80.60; H, 7.58; N, 2.85. Found: C, 80.55; H, 7.62; N, 2.80.

4.2.7. trans-4-(tert-Butyldimethylsiloxy)-1,2-diphenyl-6-
(3-pyridyl)-3,4-didehydropiperidine (trans-3e). Colorless
crystals. Mp 116-117 °C; IR (KBr) 2945, 1678, 1597,
1504, 1371, 1196cm™'; 'H NMR (400 MHz, CDCl;)
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08.45(d,J=2.2 Hz, 1H), 8.42 (dd, J=4.6, 1.4 Hz, 1H), 7.46
(dt, J=8.0, 1.9 Hz, 1H), 7.30-7.24 (m, 4H), 7.19-7.12 (m,
2H), 7.00 (dd, J=8.7, 7.2 Hz, 2H), 6.67 (t, J=7.2 Hz, 1H),
6.61 (d, J=8.9 Hz, 2H), 5.20 (dd, J=5.6, 4.1 Hz, 1H), 5.17
(s, 2H), 3.05 (dd, J=16.4, 5.8 Hz, 1H), 2.42 (dd, J=16.4,
3.9 Hz, 1H), 0.81(s, 9H), 0.00 (s, 3H), —0.06 (s, 3H); '3C
NMR (75 MHz, CDCl;) 6 149.0, 148.1, 147.2, 146.9,
143.7, 137.8, 134.9, 128.5, 126.7, 126.4, 123.0, 119.3,
118.5, 106.9, 60.1, 56.4, 36.9, 25.5, 17.9, —4.4, —4.6;
LRMS m/z 442 (M"); HRMS m/z 442.2440 (caled for
C,ogH34N,0Si: 442.2440).

4.2.8. trans-4-(tert-Butyldimethylsiloxy)-6-(3-indolyl)-
1,2-diphenyl-3,4-didehydropiperidine (¢rans-3f). Color-
less crystals. Mp 144-145 °C; IR (KBr) 1684, 1595, 1502,
1373, 1223 cm™!; 'H NMR (400 MHz, CDCl3) 6 7.84 (br
s, 1H), 7.33 (d, J=7.1 Hz, 2H), 7.27-7.04 (m, 6H), 6.95-
6.87 (m, 4H), 6.67-6.61 (m, 3H), 5.29 (t, J=4.9 Hz, 1H),
5.11 (dd, J=4.1, 1.7Hz, 1H), 5.02 (d, J=4.1 Hz, 1H),
2.87-2.82 (m, 1H), 2.48 (dd, J/=16.6, 4.9 Hz, 1H), 0.77 (s,
9H), —0.03 (s, 3H), —0.09 (s, 3H); '>*C NMR (75 MHz,
CDCl3) 6 148.6, 144.4, 136.0, 128.3, 128.1, 127.1, 126.5,
122.5, 121.8, 120.3, 119.6, 119.3, 119.2, 116.7, 110.8,
106.6, 60.0, 51.9, 35.3, 25.6, 18.0, —4.4; LRMS m/z 480
(M™*); Anal. Calcd for C3,H36N,0Si: C, 77.45; H, 7.55; N,
5.83. Found: C, 77.64; H, 7.59; N, 5.71.

4.2.9. trans-1-Benzyl-4-(tert-butyldimethylsiloxy)-2,6-di-
phenyl-3,4-didehydropiperidine (trans-3g). Colorless oil.
IR (neat) 2928, 1665, 1371, 1256, 891 cm™'; 'H NMR
(400 MHz, CDCl3) 6 7.20-6.92 (m, 15H), 4.83 (d,
J=3.9Hz, 1H), 4.02 (d, /=3.9 Hz, 1H), 3.83 (dd, J=8.5,
5.6 Hz, 1H), 3.22 (d, J=13.6 Hz, 1H), 3.11 (d, J=13.6 Hz,
1H), 2.25 (m, 2H), 0.74 (s, 9H), —0.21 (s, 3H), —0.25 (s,
3H); !3C NMR (75 MHz, CDCls) 6 149.6, 144.1, 141.5,
140.3, 128.9, 128.7, 128.4, 128.2, 128.0, 127.9, 127.0,
126.8, 104.5, 59.3, 54.8, 50.8, 31.3, 25.9, 25.7, 18.2, —4.0,
—4.1; LRMS m/z 379 (M*); HRMS m/z 455.2656 (calcd
for C3oH37NOSI: 455.2644).

4.2.10. trans-1-Allyl-4-(tert-butyldimethylsiloxy)-2,6-di-
phenyl-3,4-didehydropiperidine (frans-3h). Colorless oil.
IR (neat) 2928, 1666, 1362, 1171cm~'; 'H NMR
(400 MHz, CDCl3) 6 7.50-7.20 (m, 10H), 5.90-5.83 (m,
1H), 5.14 (dd, J=17.1, 1.7 Hz, 1H), 5.09 (dd, J=7.5,
1.7 Hz, 1H), 4.39 (br s, 1H), 4.06 (t, J/=7.2 Hz, 1H), 2.92
(dd, J=14.0, 7.0 Hz, 1H), 2.84 (dd, J=14.0, 5.3 Hz, 1H),
2.43 (d, J=7.2 Hz, 1H), 1.28-1.26 (m, 2H), 0.98 (s, 9H),
0.23 (s, 6H); '*C NMR (75 MHz, CDCl3) 6 149.5, 144.1,
141.5, 137.6, 128.5, 128.4, 128.2, 128.0, 127.9, 127.6,
126.7, 126.6, 116.6, 104.4, 59.1, 54.7, 49.8, 31.1, 25.8,
—4.3; LRMS m/z 405 (M™"); Anal. Calcd for C,¢H35NOSi:
C,76.98; H,8.70; N, 3.45. Found: C, 76.78; H, 8.69; N, 3.21.

4.2.11. trans-4-(tert-Butyldimethylsiloxy)-2,6-diphenyl-1-
(p-toluenesulfonyl)-3,4-didehydropiperidine (trans-3j).
Colorless crystals. Mp 124-126 °C; IR (neat) 1346, 1159,
1093cm~!; 'H NMR (400 MHz, CDCl3) 6 7.84 (d,
J=8.1 Hz, 2H), 7.33 (d, J/=8.1 Hz, 2H), 7.10 (t, J=3.9 Hz,
2H), 7.00 (dd, J=8.0, 2.2 Hz, 2H), 6.95-6.89 (m, 6H),
5.69 (t, J=2.4 Hz, 1H), 5.31 (d, J/=6.8 Hz, 1H), 4.99 (dd,
J=4.1, 2.4 Hz, 1H), 2.45 (s, 3H), 2.40 (dd, J=17.4 Hz,
1H), 2.04 (ddt, J=17.4, 7.2, 2.4 Hz, 1H), 0.88 (s, 9H), 0.09

(s, 3H), —0.01 (s, 3H); '3C NMR (75 MHz, CDCl5)
0 148.4, 143.3, 140.3, 138.4, 138.1, 129.9, 129.8, 128.2,
127.8, 127.5, 127.1, 102.8, 55.2, 52.8, 28.7, 25.7, 25.6,
18.0, —4.6; LRMS m/z 519 (M*); HRMS m/z 519.2233
(caled for C3oH37NO5SSi: 519.2263).

4.2.12. trans-1-(Diethoxyphosphonyl)-2,6-diphenyl-4-
piperidone (trans-4k). Colorless needles (from hexane—
AcOEt). Mp 92-94 °C; IR (neat) 3206, 1686, 1649, 1613,
1227 cm™'; '"H NMR (400 MHz, CDCl3) 6 7.51-7.45 (m,
3H), 7.39-7.21 (m, 7H), 6.64 (d, J=16.2 Hz, 1H), 4.79-
4.71 (m, 1H), 4.06-3.92 (m, 4H), 3.79-3.70 (m, 2H), 3.27
(ds, J=16.2, 6.0 Hz, 1H), 3.15 (dd, J=16.2, 6.0 Hz, 1H),
1.28 (t, J=7.1 Hz, 3H), 1.11 (t, J=7.1 Hz, 3H); '*C NMR
(75 MHz, CDCl3) 6 197.8, 143.4, 142.7, 134.2, 130.7,
128.9, 128.5, 128.3, 127.3, 126.4, 126.1, 62.5, 62.3, 52.5,
48.4, 16.3, 15.9; LRMS m/z 388 (M*+H); Anal. Calcd for
C, HxNO4P: C, 65.11; H, 6.76; N, 3.62. Found: C, 65.15;
H, 6.64; N, 3.60.

4.2.13. 2-(tert-Butyldimethylsiloxy)-4-phenyl-1,4,6,7,12,12b-
hexahydroindolo[2,3a]quinolizine (31). Pale brown solids
(major diastereomer). Mp 155-157 °C; IR (neat) 2930,
1674, 1454, 1201, 837 cm™'; '"H NMR (400 MHz, CDCl5)
0 7.54 (br s, 1H), 7.35-7.15 (m, 7H), 7.03-6.94 (m, 2H),
491 (d, J/=3.4 Hz, 1H), 4.52 (d, J=5.0 Hz, 1H), 4.13 (q,
J=5.0Hz, 1H), 3.06 (m, 1H), 2.83 (m, 1H), 2.59 (d,
J=14.5 Hz, 1H), 2.43 (dd, J=16.4, 4.8 Hz, 1H), 2.36-2.24
(m, 2H), 0.85 (s, 9H), 0.10 (s, 3H), 0.08 (s, 3H); '*C NMR
(75 MHz, CDCl5) 6 148.4, 139.9, 136.3, 135.0, 129.9,
128.0, 127.7, 127.5, 121.6, 119.5, 118.2, 110.7, 108.3,
105.2, 63.1, 48.2, 35.5, 25.7, 21.3, 18.0, —4.1, —4.2;
LRMS m/z 430 (M"); HRMS m/z 430.2455 (caled for
C,7H34N,0Si: 430.2440).

Colorless oil (minor diastereomer). IR (neat) 3418, 2972,
1672, 1452, 1163, 835 cm™!; 'H NMR (400 MHz, CDCl5)
6 7.73 (br s, 1H), 7.46-7.06 (m, 9H), 4.77 (s, 1H), 4.03 (s,
1H), 3.90 (d, J=10.1 Hz, 1H), 2.97 (dd, J=11.4, 4.8 Hz,
1H), 2.77-2.68 (m, 1H), 2.63-2.46 (m, 3H), 2.37 (td,
J=11.4, 3.9 Hz, 1H), 0.92 (s, 9H), 0.11 (s, 6H); '3*C NMR
(100 MHz, CDCl3) 6 148.0, 144.4, 136.6, 134.7, 128.7,
128.4, 128.3, 127.7, 127.2, 126.8, 121.5, 119.5, 118.2,
110.7, 109.0, 67.1, 55.7, 48.7, 35.9, 25.6, 21.7, 18.0, —4.2;
LRMS m/z 431 (M*+H); HRMS m/z 430.2467 (calcd for
C,7H34N>0Si: 430.2440).

4.2.14. 4-(tert-Butyldimethylsiloxy)-4-methyl-1,2-di-
phenyl-4,5-didehydropiperidine (3m). Colorless oil. IR
(neat) 2928, 1709, 1597, 1504, 1253 (br) cm™!; 'H NMR
(400 MHz, CDCl3) ¢ 7.26-7.15 (m, 7H), 6.83 (d,
J=7.9 Hz, 2H), 6.74 (t, J=7.2 Hz, 1H), 5.12 (dd, J=6.0,
1.9 Hz, 1H), 3.84 (d, /=15.5 Hz, 1H), 3.55 (d, J=15.0 Hz,
1H), 2.92 (m, 1H), 2.40 (d, J/=16.2 Hz, 1H), 1.65 (s, 3H),
0.92 (s, 9H), 0.00 (s, 3H), —0.01 (s, 3H); '*C NMR
(75 MHz, CDCl3) 6 149.0, 142.0, 140.1, 129.0, 128.1,
126.8, 126.7, 117.9, 114.7, 108.5, 60.3, 57.1, 49.3, 35.7,
25.7, 13.8, —=3.9, —4.1; LRMS m/z 379 (M*); Anal. Calcd
for C,4H33NOSi-0.2H,0: C, 75.22; H, 8.78; N, 3.66. Found:
C, 75.37; H, 8.72; N, 3.56.

4.2.15. trans-4-(tert-Butyldimethylsiloxy)-3-methyl-1,2-
diphenyl-4,5-didehydropiperidine (trans-3n). Colorless
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oil. IR (neat) 2930, 1668, 1595, 1495, 1254 cm™'; '"H NMR
(400 MHz, CDCl3) 6 7.25-7.13 (m, 7H), 6.81 (d, J=8.1 Hz,
2H), 6.70 (t, J=7.1 Hz, 1H), 4.99 (q, /=3.1 Hz, 1H), 4.92
(d, J=5.8 Hz, 1H), 3.93 (dt, J=15.0, 3.1 Hz, 1H), 3.76 (dt,
J=15.0, 3.1 Hz, 1H), 3.11-3.04 (m, 1H), 0.91 (s, 9H), 0.88
(d, J=7.3 Hz, 3H), 0.20 (s, 3H), 0.14 (s, 3H); '*C NMR
(75 MHz, CDCl;) 6 151.2, 138.9, 137.3, 129.4, 129.1,
128.9, 128.7, 128.6, 127.9, 127.8, 117.9, 115.0, 99.2, 63.7,
37.6, 25.7, 18.2, 13.9, 11.2, —3.5, —4.3; LRMS m/z 379
(M*); Anal. Calcd for C,4H33NOSI: C, 75.93; H, 8.76; N,
3.69. Found: C, 75.92; H, 8.85; N, 3.67.

4.2.16. 4-(tert-Butyldimethylsiloxy)-1,2-diphenyl-4,5-di-
dehydropiperidine (30). Colorless oil. IR (neat) 2856,
1688, 1597, 1201, 876 cm™'; 'H NMR (400 MHz, CDCl5)
0 7.23-7.15 (m, 7H), 6.84 (d, /=8.0 Hz, 2H), 6.75 (t,
J=7.4Hz, 1H), 5.15 (dd, J=6.3, 1.9 Hz, 1H), 4.96 (dd,
J=3.3, 1.6 Hz, 1H), 3.96 (dt, J=15.9, 2.7 Hz, 1H), 3.64
(ddd, J=15.7, 3.0, 1.6 Hz, 1H), 2.89 (m, 1H), 2.42 (dd,
J=16.5, 1.4 Hz, 1H), 0.88 (s, 9H), 0.09 (s, 3H), 0.03 (s,
3H); 13C NMR (75 MHz, CDCls) 6 149.3, 147.6, 141.7,
129.1, 128.1, 126.9, 118.0, 114.9, 100.8, 56.6, 44.1, 35.4,
25.7, 18.0, —4.4, —4.5; LRMS m/z 365 (M*); Anal. Calcd
for C,3H31NOSi-0.3H,0: C, 74.46; H, 8.59; N, 3.78. Found:
C, 74.23; H, 8.72; N, 3.73.

4.2.17. trans-4-Methoxy-1,2,6-triphenyl-3,4-didehydro-
piperidine (trans-3q). Colorless oil. IR (neat) 1682, 1599,
1502, 1371, 1221 cm™!; 'H NMR (400 MHz, CDCls)
0 7.34-7.15 (m, 10H), 7.00 (dd, J=8.8, 7.3 Hz, 2H), 6.66—
6.59 (m, 3H), 5.29 (d, J=5.1 Hz, 1H), 5.22 (t, J=5.1 Hz,
1H), 4.99 (dd, J=5.1, 1.2 Hz, 1H), 3.44 (s, 3H), 3.08 (dd,
J=15.8, 5.1 Hz, 1H), 2.53 (dd, J=15.8, 3.7 Hz, 1H); '3C
NMR (75 MHz, CDCl;) 6 152.2, 147.6, 144.8, 128.5,
128.4, 128.0, 127.1, 126.6, 126.5, 126.3, 118.2, 117.6,
97.1, 59.7, 58.1, 54.4, 35.0; LRMS m/z 341 (M*); HRMS
m/z 341.1785 (caled for Co4H,3NO: 341.1780).

4.3. Typical procedure for desilylation of trans-3a into
trans-4a"’

To a solution of trans-3a (0.30 mmol) in dry THF (0.5 M)
was added tetra-n-butylammonium fluoride (1.0 M in THF,
0.33 mL, 0.33 mmol) dropwise at —78 °C. The reaction
mixture was stirred for 15 min at the same temperature,
and then diluted with CHCl;. The solution was poured into
water, and the mixture was extracted twice with CHCl;.
The combined organic layers were dried over MgSQOy,
filtered, and concentrated in vacuo. The crude product was
purified by flash column chromatography on silica gel using
hexane—AcOEt (6:1) with 1% NEt; as an eluent to afford
trans-4a as white solids. An analytical sample for X-ray
crystallography was prepared by recrystallization from
dichloromethane—hexane as pillars, mp 206-207 °C;
'"H NMR (400 MHz, CDCl3) 6 7.35-7.22 (m, 10H), 7.10
(dd, J=8.9, 7.5 Hz, 2H), 6.71 (t, J/=7.2 Hz, 1H), 6.50 (d,
J=8.0 Hz, 2H), 5.48 (dd, J=6.3, 2.1 Hz, 2H), 3.24 (dd,
J=17.5, 6.3 Hz, 2H), 2.99 (dd, /=17.5, 2.1 Hz, 2H).

Crystal data for trans-4a.'® Co3H,NO, monoclinic, space
group  P2i/n, a=13.21(2) A, b=8.586(13) A, c=
16.023) A, 8=106.91(7)°, V=1738.7(50) A3, Z—4, D—
1.251 g/cm?, R=0.1635, R,,=0.1035, GOF=1.419.

4.3.1. Typical procedure for three component reaction
starting from 1a, 5a, and 6a (Table 4, entry 1). To a schlenk
round-bottom flask was introduced molecular sieves (4 A,
crushed), 5a (0.40 mmol) and 6a (0.40 mmol). Small
amount of CH,Cl, was used to wash the wall. The mixture
was stirred for 30 min at room temperature, then cooled
to 0°C in an ice bath. To the solution were added 1la
(0.48 mmol) and Tf,NH (0.08 M toluene solution, 200 uL,
16 umol, 4 mol %) dropwise. The reaction mixture was
stirred for 4h, and then was quenched with saturated
NaHCOj; aq. The mixture was extracted twice with CHCl;.
The combined organic layers were dried over MgSOQy,
filtered, and concentrated in vacuo. The residue was purified
by flash column chromatography on silica gel using hexane—
AcOEt with 1% NEt; to give 3a.

4.3.2. Typical procedure for three component reaction,
starting from 1a, 5a, and 6a followed by desilylation
(Table 4, entry 2). To a schlenk round-bottom flask was in-
troduced molecular sieves (4 A, crushed), 5a (0.40 mmol)
and 6a (0.40 mmol). Small amount of CH,Cl, was used to
wash the wall. The mixture was stirred for 30 min at room
temperature, then cooled to 0 °C in an ice bath. To the solu-
tion were added 1a (0.48 mmol) and Tf,NH (0.08 M toluene
solution, 200 pL, 16 umol, 4 mol %) dropwise. After the
reaction mixture was stirred for 4 h, to the resulting solution
was added tetra-n-butylammonium fluoride (1.0 M in THF,
0.48 mmol) at 0 °C. The reaction mixture was stirred for
10 min at the same temperature, and then was quenched
with saturated NaHCOj3 aq. Work-up and purification was
followed as above.
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Abstract—This paper describes a convenient and high yielding three-step approach for the synthesis of trans-tetraphenylporphyrins possess-
ing two thioethers in the ortho positions, which will facilitate the synthesis of more elaborate and complex porphyrin architectures. Their
synthesis is realized by a double nucleophilic aromatic substitution of 2 equiv of a thiolate on 2,6-dichlorobenzaldehyde to generate a bis-
thioether substituted benzaldehyde. This aldehyde is then condensed with 2 equiv of pyrrole to give a dipyrromethane, which in the final
step reacts with an aromatic aldehyde to give a series of thioether-substituted frans-tetraphenylporphyrins.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Porphyrins are a core structural motif that is central to the re-
search of a wide variety of fields including material science,!
supramolecular chemistry,” catalysis,> biomimetic chemis-
try,>** and small molecule sensing.’ Among porphyrins,
trans-substituted meso-tetraphenylporphyrins (TPPs) are es-
pecially attractive because they reduce the symmetry of the
molecule and provide an opportunity for selective function-
alization. The resulting linear substitution pattern can be
conveniently harnessed for the construction of large, derivat-
ized porphyrinic scaffolds and complex architectures.

Functionalization at the ortho positions (R groups, Fig. 1) of
the meso-aryl group of TPPs is crucial to the successful de-
velopment of many of these systems.>> This substitution
pattern is advantageous because it places the functionality
over the porphyrin core, thus enabling the chemists to alter
the photophysical or catalytic property of the system by
proximity and steric effects.

The low yields universal to the preparation of porphyrins
make elaborate multistep synthesis of their precursors unat-
tractive. Nevertheless, the utility of porphyrins decorated
with the desired 2,6-disubstituted phenyl groups on the
meso positions is highlighted by the numerous, often lengthy,
and expensive approaches taken by various researchers to
prepare these molecules. Recent examples include the
work of Jux® who described a useful approach to trans-
TPPs bearing meso-2,6-bis(bromomethyl)phenyl groups

Keywords: trans-Porphyrins; Thioethers; Synthesis; Dipyrromethanes; 2,6-

Disubstituted aldehydes.
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Figure 1. Retrosynthesis for C,-symmetric ABAB trans-porphyrins.

via 2,6-bis-(methoxymethyl)benzaldehyde (five steps to
the aldehyde and nine steps to the functionalized porphyrin).
Higuchi et al.” described the preparation of 2,6-diamido-
phenyl meso substituted porphyrins, requiring 10 chemical
transformations. Starting with 2,6-dimethoxybenzaldehyde,
Lindsey et al.® reported the preparation of TPPs possessing
alkoxy ethers at both ortho positions of the meso-phenyl
groups. Foxon et al.” prepared similarly substituted porphy-
rins substituted by chiral ethers starting from resorcinol
(three steps). Additionally, Rose et al.'” reported a carefully
optimized synthesis of the air sensitive meso-tetrakis(2,6-
diamino-4-tert-butylphenyl)porphyrin (five steps), which
required 3 weeks for a good yield in its final step.

Here, we report a conceptually simple, convenient, and effi-
cient method for the preparation of 2,6-dithioether
substituted benzaldehydes. These aldehydes are readily con-
verted to dipyrromethanes upon treatment with a Lewis acid,
which are then applied in a scrambling free synthesis of C5-
symmetric trans-TPPs. We envision that this approach will
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facilitate the synthesis of complex porphyrin architectures,
which are useful for broad range of applications in the field
of porphyrin chemistry including catalysis, biomimetic
chemistry, and material science.

2. Results and discussion
2.1. 2,6-Disubstituted benzaldehydes

We anticipated that starting from the inexpensive 2,6-di-
chlorobenzaldehyde, a variety of thiols could be introduced
at the ortho positions via thioethers using nucleophilic aro-
matic substitution. This was inspired by one example in
the literature where Gairns et al.'! prepared 2,6-bis(phenyl-
sulfanyl)benzaldehyde 2a from 2,6-dichlorobenzaldehyde
and potassium thiophenolate in HMPA over 2 days. We
sought to employ mild conditions while avoiding the use
of the known carcinogen HMPA.

We found that when heated to 60 °C for 30 min, 2,6-dichlor-
obenzaldehyde reacted smoothly with potassium thiopheno-
late to give the double substitution product in 93% yield
without chromatography (Table 1).

This method also succeeded with aliphatic thiols (Table 1,
entries 1b-1g). At 60 °C, over 3 h, 2,6-dichlorobenzalde-
hyde reacts with 2.2 equiv of KSMe to give dithioether 2b
in excellent yield. The application of similar conditions to
other substrates shows how this nucleophilic aromatic sub-
stitution is general for many aliphatic thiols. Treatment of

Table 1. Synthesis of 2,6-dithioether aldehydes

) DMF, 60 °C
Thiol —+ ¢ Cl “conditions i, ii oriii S SR
o~ 0~
1a-g 2a-g
Conditions  Product  Yield (%)

Thiol Rfl

1a ©\3/\ i 2a 93

1b

s/\
1c i 2¢ 89
MeO

1d S\ i 2d 71

i 2b 93

le HO\/\S/\ i 2e 83

1t >|\S/\ iii 2 38
/
N
(@]

1g o i 2 89
\/\S/\

Conditions: (i) 2.0 or 2.2 equiv of both thiol and K,COs; (ii) commercially
available potassium thiomethoxide was used, and the reaction was done in
a glove box; (iii) thiol 1f was premixed with NaH in DMF before the slow
addition of the aldehyde.

dichlorobenzaldehyde with 2.2 equiv of thiols 1c-le and
1g and K,CO; in DMF furnished the corresponding di-
thioether products 2c—2e and 2g in good to excellent yields,
typically without the need for chromatography.

Notably, tert-butyl mercaptan (1f) was unreactive when the
above conditions were employed (Table 1, i and ii), probably
due to the lower acidity of this thiol. This transformation
proceeded efficiently when the deprotonation of the thiol
was performed with NaH in DMF prior to the addition of
the aldehyde, affording the product in 88% yield.

The use of only 1 equiv of thiol 1h in the procedure leads to
the selective formation of the monosubstituted product 2h
in 82% isolated yield after recrystallization of the crude
reaction product (Fig. 2). '"H NMR analysis of the crude re-
action mixture showed 90% conversion to the desired 2h as
well as 6% of the disubstituted product 2e and 4% starting
aldehyde.'?

35 °C, K,COs Ho
cl cl ~"s cl
HO/\/SH
o/ oz

O
1h 2h

Figure 2. Selective monosubstitution of the dichlorobenzaldehyde.

2.2. Dipyrromethanes

With the series of 2,6-disubstituted aldehydes available, we
attempted to prepare the corresponding dipyrromethanes us-
ing the conditions developed by Lindsey et al.'*> Treatment
of aldehyde 2a with TFA in excess pyrrole gives dipyrro-
methane 3a in 53% yield (Table 2). Application of this
procedure to aldehydes 2b—2f followed by flash chromato-
graphy gave the desired dipyrromethanes 3b-3f, respec-
tively, in moderate yields ranging from 31-51% with no
observed scrambling. These results are typical for dipyrro-
methanes, which cannot be distilled or selectively precipi-
tated.!>!* The successful application of the method to
aldehyde 2h bearing an unprotected alcohol highlights the
convenience of this method for the rapid access of porphyrin
precursors under mild conditions without the need for
elaborate protecting group strategy.

2.3. Porphyrins

Initially, we explored the use of dipyrromethane 2a in the
synthesis of ABAB C,-symmetric trans-TPPs. Since stan-
dard conditions'® for the synthesis of trans-TPPs typically
give significant amounts of scrambling of the meso substitu-
ents, we employed conditions developed by Lindsey et al.
to minimize this for the preparation of porphyrins from 5-
(2,6-dichlorophenyl)dipyrromethane and 5-mesityldipyrro-
methanes.

Treating 1 equiv of 3a and 1 equiv of p-tolualdehyde with
1.78 equiv of TFA in DCM,!? followed by oxidation with
DDQ furnished the ABAB frans-porphyrin 4a in 25% yield
(Table 3, entry 1). Although the yields initially may seem
modest, they are quite reasonable for this type of porphyrin
formation.'?
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Table 2. Preparation of difunctionalized dipyrromethanes

Pyrrole
» - TFA
_ 15 min S =
0 \_NH HN—7/
2a-g 3a-g
Aldehyde R1—| R2—| Product  Yield (%)
2a R!=R>= ©\S/\ 3a 53
2b R'=R>= Me‘s/\ 3b 31
s/\
2¢ R'=R’= 3c 48
MeO
2d R'=R’= \/\S/\ 3d 51
2 R'—R%— >|\S/\ 3f 46
2h R'=Cl R?= Ho\/\s/\ 3h 40

This procedure was successfully applied to the synthesis of
a series of porphyrins. Employing Lindsey’s conditions,'?
porphyrins 4b—4i were prepared in moderate to good yields
(19-51%). The use of dipyrromethane 3h in the synthesis
gave porphyrin 4h as a mixture of rotamers, which were sep-
arated by careful flash chromatography to give 17% of the
a,a-isomer and 16% of the a,B-isomer.

Table 3. Synthesis of C,-symmetric trans-porphyrins

In conclusion, we have developed a quick, convenient, and
inexpensive way to prepare trans-TPPs bearing thioethers
in the 2 and 6 positions of the meso-phenyl groups. Con-
sidering the mild conditions used, this method should be
compatible with a wide range of functionality, making it an
attractive approach for the preparation of elaborate porphy-
rin architectures. Moreover, since these systems also bear
multiple thioether functions, it offers the possibility of using
these thioether porphyrins for applications requiring their
self-assembly on gold surfaces.

3. Experimental
3.1. General remarks

All reagents and solvents used were of ACS grade and were
used without further purification unless otherwise men-
tioned. All processes involving air or moisture sensitive
reactants and/or requiring anhydrous conditions were per-
formed under a positive pressure of pre-purified argon using
flame-dried glassware. Unless otherwise specified, solutions
of Na,COj3 and NaOH refer to saturated aqueous solutions.

Compound visualization during TLC analysis was achieved
by UV fluorescence, and simply heating on a hot plate for
30 s (this is particularly effective for dipyrromethanes,
which develop a green color, which is different from the
reaction byproducts).

Infrared spectra (IR) were recorded on a Nicolet Magna 750
FT-IR spectrometer as either a cast or microscope (jLscope).

R3
. 1) TFA, CH,Cly, t
2) DDQ, rt
O/
3a-g
Dipyrromethane R1—| R2—| R3—| Product Yield (%)
3a R'=R’= ©\s/\ ™MS—=—]| 4a 25
3b R'=R’= Mo g\ Me~y an 19
o
3c R!=R’= e 4c 51
MeQO /
3d R'—R?— S\ Mey 4d 21
ON
3h R'= HO\/\S/\ R'=C1 \672 / 4h 33" (a,0=17%, o,p=16%)
A
3c R'=R’= /©/\S '\/ 4i 21
MeO

? Due to the hindered rotation around the porphyrin-meso-aryl bond, the a,0- and the a,B-isomer could be separated.
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Cast refers to the evaporation of a solution on a NaCl plate.
Mass spectra (MS) were recorded on a Kratos AEIMS-50
high-resolution mass spectrometer (HRMS), using electron
impact ionization (EI), Applied Biosystems (sinapinic acid
as the matrix), and Micromass ZabSpec Hybrid Sector-
TOF using positive mode electrospray (ES). Microanalyses
were obtained on Perkin—Elmer 240 or Carlo Erba 1180
elemental analyzer. Nuclear magnetic resonance (NMR)
spectra were obtained on Inova Varian 400 and 500 MHz in-
struments. '"H NMR chemical shifts are reported in parts per
million (ppm) downfield relative to tetramethylsilane (TMS)
using the residual solvent resonance as the reference: CDClj3,
0 7.24; CD30D, 6 3.30. The coupling constants reported are
within an error range of 0.2-0.4 Hz. '*C NMR shifts are
reported relative to: CDCl3, 6 77.0; CD30D, 6 49.0. Porphy-
rin a-carbon signals are typically not reported because of
signal broadening due to NH tautomerization.'® Signals
are reported within 0.1 ppm except where close peaks neces-
sitate an additional significant figure.

3.1.1. 5-(3,5-Dioxo-4-aza-tricyclo[5.2.1%%]dec-8-en-4-
yDethanethiol (1g). Norborn-5-ene-2,3-endo-dicarboxylic
anhydride!” (1.64 g, 10.0 mmol), triethylamine (2.02 g,
20.0 mmol), and 2-thioethanolamine hydrochloride (1.13 g,
10.0 mmol) were dissolved in DMF (10 mL) and placed
in a sealed tube. The solution was purged with argon
(20 min), the reaction vessel was sealed, and then heated at
140 °C for 14 h. The tube was then cooled, the reaction mix-
ture was diluted with water (50 mL), extracted with EtOAc
(50 mL), and the organic layer was washed with water
(3%x50 mL), dried (Na,SQ,), and concentrated in vacuo. Pu-
rification by flash chromatography eluting with Hex/EtOAc
(4/1) afforded a white solid (290 mg, 11%): mp 111-
114 °C; IR (CHCls, cast) 3062, 2989, 2944, 2871, 2559,
1766, 1701, 1395, 1336, 1159, 724cm™'; 'H NMR
(CDCl3, 500 MHz) ¢ 1.33 (t, 1H), 1.50 (dt, 1H, J=9.0,
1.5 Hz), 1.69 (dt, 2H, J=8.5, 1.5 Hz), 2.53 (m, 2H), 3.22
(dd, 2H, J=1.5, 3.0 Hz), 3.35 (m, 2H), 3.47 (m, 2H), 6.07
(t, 2H, J=2.0 Hz); '3C NMR (CDCl;, 125 MHz) 6 22.0,
41.3, 45.0, 45.8, 52.3, 134.4, 177.2; HRMS (EI) calcd for
C,3H;50,NS: 265.0772, found: 265.0774 [M*] (21.3%).

3.1.2. 2,6-Bis(phenylsulfanyl)benzaldehyde (2a). Thio-
phenol (2.05 mL, 22.0 mmol) was added to a nitrogen
flushed (20 min) stirred mixture of 2,6-dichlorobenzalde-
hyde (1.75 g, 10.0 mmol), K,CO;5 (3.04 g, 2.20 mmol), and
DMF (5.0 mL). The mixture was stirred for 5 min, and
then heated to 60 °C until the reaction was complete as
judged by TLC (Hex/EtOAc 6/1) (ca. 30 min). The mixture
was diluted with water (15 mL), the product was filtered,
rinsed with water (6 x10 mL), and dried in vacuo at 55 °C
for 3 h to give the aldehyde 2a (3.11 g, 93%). All spectro-
scopic data were consistent with the reported data.'!

3.1.3. 2,6-Bis(methylsulfanyl)benzaldehyde (2b). Under
inert atmosphere (glove box), NaSMe (1.46 g, 21.0 mmol)
was added portionwise to a stirred solution of 2,6-dichloro-
benzaldehyde (1.75 g, 10.0 mmol) in DMF (10 mL) (cau-
tion, exothermic!). The mixture was stirred for 20 min,
then heated to 60 °C, and stirred for 1 h. The mixture was
cooled to rt, diluted with EtOAc (25 mL), and washed
with water (3x15 mL), dried (Na,SO,), and concentrated
in vacuo. Purification of the crude residue by recrystallization

(MeOH) gave 2b as a white solid (1.85 g, 93%): mp 95—
97 °C; IR (CHCls, cast) 2981, 2921, 2861, 2767, 1670,
1550, 1437, 1416, 1200, 949, 756 cm™~!'; '"H NMR (CDCls,
500 MHz) ¢ 2.42 (s, 6H), 7.05 (d, 2H, J=8.0 Hz), 7.36 (t,
1H, J=8.0Hz), 10.64 (s, 1H); '3C NMR (CDCls,
125 MHz) 6 16.2, 121.9, 129.4, 132.9, 145.7, 189.9; HRMS
(EI) calcd for CoH;oOS,: 198.0173, found: 198.0175 [M™]
(100.0%). Anal. Calcd for CoH;cOS,: C, 54.51; H, 5.08.
Found: C, 54.25; H, 5.06.

3.1.4. 2,6-Bis(4-methoxybenzylsulfanyl)benzaldehyde
(2¢). 4-Methoxybenzylmercaptan (900 uL, 6.00 mmol)
was added to an argon flushed (20 min) stirred mixture of
2,6-dichlorobenzaldehyde (525 mg, 3.00 mmol), K,CO;
(996 mg, 7.00 mmol), and DMF (3 mL). The mixture was
stirred for 5 min, and then heated to 60 °C for 2 h until a light
yellow solid precipitated. Water (15 mL) and EtOAc
(25 mL) were then added to the reaction mixture, which
was then filtered, the solid was washed with cold EtOAc
(3x5 mL), and dried in vacuo to give analytically pure 2¢
(290 mg). The filtered organic layer was separated, washed
with water (5x15 mL), dried (Na,SO,), and concentrated
in vacuo. Purification of this crude residue by recrystalliza-
tion from Hex/EtOAc (4/1) gave a further 810 mg (total
1.11 g, 90%): mp 142-143 °C; IR (CH,Cl,, cast) 2953,
2930, 2833, 2755, 1664, 1609, 1557, 1304, 1257, 1177,
1031, 772 cm™'; 'H NMR (CDCl;, 500 MHz) § 3.82 (s,
6H), 4.11 (s, 4H), 6.86 (AA’'BB’, 4H), 7.26 (m, 6H), 7.26
(t, 1H, J=8.0Hz), 10.67 (s, 1H); '*C NMR (CDCls,
125 MHz) ¢ 38.3, 55.3, 114.1, 126.0, 127.8, 130.1, 131.9,
132.7, 143.6, 159.6, 191.3; HRMS (EI) caled for
Cy3H2,05S,: 410.1010, found: 410.1010 [M*] (14.6%).
Anal. Caled for C53H»,05S5: C, 67.29; H, 5.40; S, 15.62.
Found: C, 66.96; H, 5.58; S, 15.40.

3.1.5. 2,6-Bis(allylsulfanyl)benzaldehyde (2d). Allyl mer-
captan (5.0 mL, 70% purity; stench!) was added to an argon
flushed stirred suspension of 2,6-dichlorobenzaldehyde
(1.75 g, 10.0 mmol) and K,CO;3 (4.14 g, 30.0 mmol) in
DMF (10 mL). The mixture was heated to 65 °C for 10 h,
cooled, diluted with EtOAc (20 mL), and water (10 mL),
and then separated. The organic layer was washed with
Na,CO; (2x20 mL), water (4x20 mL), dried (NaySOy),
and concentrated in vacuo. Purification of the crude residue
by flash chromatography (Hex/EtOAc, 7/1) gave 2d as an oil
(1.77 g, 71%); IR (neat film) 3081, 2978, 2858, 1670, 1636,
1561, 1552, 1435, 1406, 1202, 988,922,772 cm™'; 'TH NMR
(CDCl3, 400 MHz) 6 3.56 (dt, 4H, J=1.2, 6.8 Hz), 5.13 (dq,
2H, J=1.1, 10.0 Hz), 5.21 (dq, 2H, J=1.4, 17.2 Hz), 5.86
(ddt, 2H, J=17.0, 10.2, 6.8 Hz), 7.23 (AB,, 2H), 7.36
(AB,, 1H), 10.73 (s, 1H); '3C NMR (CDCl;, 125 MHz)
0 369, 118.8, 1259, 132.0, 132.4, 132.5, 143.1, 191.4;
HRMS (EI) caled for C;3H;40S,: 250.0486, found:
250.0479 [M*] (14.5%).

3.1.6. 2,6-Bis(2-hydroxyethylsulfanyl)benzaldehyde (2e).
2-Mercaptoethanol (1.72 g, 1.50 mL, 22.0 mmol) was added
to a stirred degassed suspension of K,CO; (3.00 g,
22.0mmol) and  2,6-dichlorobenzaldehyde (1.75 g,
10.0 mmol) in DMF (5 mL). This mixture was heated to
65 °C for 8 h, cooled to rt, filtered, and recrystallized from
CHCl3/Hex to give 2.14 g (83%) of a light yellow solid:
mp 130-131 °C; IR (uscope) 3231 (br), 2928, 2872, 1670,
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1200 cm~!; '"H NMR (CDCls, 500 MHz) ¢ 3.14 (t, 4H,
J=6.3 Hz), 3.83 (t, 4H, J=6.0 Hz), 7.31-7.32 (A,B, 1H),
7.38-7.41 (A,B, 2H), 10.76 (s, 1H); *C NMR (CD;OD,
125 MHz) 6 36.9, 61.1, 126.5, 133.4, 134.1, 144.5, 192.5;
HRMS (EI) M* C;;Hg;403S, caled: 258.0385, found:
258.0384.

3.1.7. 2,6-Bis(tert-butylsulfanyl)benzaldehyde (2f). rert-
Butyl mercaptan (2.45 mL, 22.0 mmol) was added dropwise
to a stirred degassed suspension of NaH (50% in mineral
oil, 0.96 g, 20.0 mmol) in DMF (5 mL). After the hydro-
gen evolution ceased, 2,6-dichlorobenzaldehyde (1.75 g,
10.0 mmol) was added portionwise (caution, exothermic!).
This mixture was stirred for 2 h at 60 °C, cooled to rt, diluted
with water (ca. 80 mL), and extracted with EtOAc
(3x40 mL). The combined organic extracts were washed
with water (4x20 ml), and concentrated in vacuo to give
an amber oil. This material was heated to 100 °C in vacuo
for 20 min, and then cooled to give a yellow solid. This
was recrystallized from MeOH to give the title compound
as a yellow crystalline solid (2.03 g, 72%). The mother li-
quor from the recrystallization was concentrated in vacuo,
and the solid was again recrystallized to give an additional
452 mg (total yield, 88%): mp 58.0-59.5°C; 'H NMR
(CDCl3, 500 MHz) 6 1.12 (s, 18H), 7.31-7.32 (A,B, 1H),
7.38-7.41 (A,B, 2H), 10.76 (s, 1H); '*C NMR (CD;OD,
125 MHz) 6 11.4, 41.1, 126.5, 133.4, 134.2, 146.5, 192.2;
HRMS (EI) M* C;sH,,0S, calcd: 282.1112, found:
282.1115.

3.1.8. 2,6-Bis(2-(3,5-dioxo-4-aza-tricyclo[5.2.1>%]dec-8-
en-4-yl)ethanethio)benzaldehyde (2g). A solution of thiol
1g (223 mg, 0.842 mmol) and 2,6-dichlorobenzaldehyde
(85 mg, 0.49 mmol) in dry DMF (2 mL) was degassed with
a stream of argon for 30 min. K,CO; (138 mg, 1.00 mmol)
was added under an argon blanket and the mixture was main-
tained at this temperature for a further 5 min under argon.
The mixture was heated to 60 °C and stirred for 4 h. The mix-
ture was cooled, diluted with H,O (10 mL), and extracted
with EtOAc (3x15mL). The combined organic layers
were washed with water (3x20 mL), dried (Na,SO,), and
concentrated in vacuo. Purification of the crude residue by
flash chromatography eluting with Hex/EtOAc (2/1 to 1/2)
afforded the aldehyde 2g as a yellow solid (239 mg, 89%):
R;=0.2 (Hex/EtOAc, 4/3), mp 117-119 °C; IR (CHCl;,
cast) 2989, 2860, 1764, 1698, 1670, 1562, 1396, 1335,
1203, 1126, 750 cm™!; 'H NMR (CDCl3, 500 MHz) 6 1.50
(d, 2H, J=8.5 Hz), 1.69 (dt, 2H, J=8.5, 1.5 Hz), 2.93 (m,
4H), 3.21 (dd, 4H, J=1.5, 3.0 Hz), 3.34 (m, 4H), 3.54 (m,
4H), 6.07 (t, 2H, J=1.8 Hz), 7.36 (AB,, 2H), 7.45 (AB.,,
1H), 10.61 (s, 1H); '3C NMR (CDCls, 125 MHz) 6 29.9,
40.0, 44.9, 45.8, 52.2, 124.9, 131.7, 133.2, 134.5, 142.2,
1772, 1906, HRMS (EI) calcd for C29H280552N2:
548.14398, found: 548.14340 [M™*] (1.20%).

3.1.9. 2-Chloro-6-(2-hydroxyethylsulfanyl)benzaldehyde
(2h). 2-Mercaptoethanol (780 mg, 700 pL, 10.0 mmol)
was added to a stirred degassed suspension of K,COj;
(1.40 g, 10.0 mmol) and 2,6-dichlorobenzaldehyde (1.75 g,
10.0 mmol) in DMF (5 mL) at 0 °C. This mixture was heated
to 40 °C for 3 h, cooled to rt, diluted with water (ca. 70 mL),
and filtered. This material was recrystallized from EtOAc/
Hex to give a light yellow solid: mp 114-115°C; IR

(CH,Cl,, cast) 3253 (br), 2924, 2880, 2767, 1667,
1415 cm™!; '"H NMR (CDCl5, 500 MHz) 6 2.13 (br s, 1H),
3.15 (t, 2H, J=6.0 Hz), 3.88 (t, 2H, J=6.0 Hz), 7.21 (dd,
1H, J=8.0, 1.0 Hz), 7.31 (d, 1H, J=8.5 Hz), 7.37 (t, 1H,
J=8.0 Hz), 10.58 (d, 1H, J=0.5 Hz); '3C NMR (CDCl,,
125 MHz), 6 35.1, 60.2, 124.7, 126.5, 129.5, 133.5, 139.9,
1439, 190.5; HRMS (EI) M*" CgHo0,S*’Cl calcd:
217.9982, found: 217.9971.

3.1.10. 5-(2,6-Bis(phenylsulfanyl)phenyl)dipyrrometh-
ane (3a). TFA (30 pL, 0.40 mmol) was added to a degassed
stirred solution of aldehyde 2a (1.29 g, 4.00 mmol) in
pyrrole (10.7 g). The solution was stirred for 15 min, and
then the reaction was quenched by the addition of 0.1 M
NaOH (4 mL). EtOAc (20 mL) was added and the layers
were separated. The organic layer was washed with water
(3x10 mL), dried (Na,SO,), and concentrated in vacuo.
Purification by flash chromatography (Hex/EtOAc=8/1)
gave an amber solid (928 mg, 53%); IR (CH,Cl,, cast)
3390, 3056, 1674, 1552, 1476, 1438, 749 cm~'; '"H NMR
(CDCl;, 300MHz) 6 6.13 (m, 2H), 6.21 (q, 2H,
J=3.0Hz), 6.70 (dd, 2H, J=2.7, 1.5 Hz), 6.78 (s, 1H),
7.18 (t, 1H, J=7.8 Hz), 7.16 (d, 2H, J=7.8 Hz), 7.20-7.35
(m, 10H), 8.63 (br s, 2H); '3C NMR (CDCl;, 100 MHz)
0 40.9, 107.8, 108.6, 116.9, 127.2, 127.9, 129.3, 130.9,
131.3 (br), 132.9, 136.5, 137.7 (br), 143.5; HRMS (EI) calcd
for Cy7H55S,N5: 438.1224, found: 438.1225 [M*], (100%).

3.1.11. 5-(2,6-Dithiomethoxyphenyl)dipyrromethane
(3b). TFA (129 pL, 1.66 mmol) was added to a degassed
stirred solution of aldehyde 2b (990 mg, 5.0 mmol) in pyr-
role (20 mL). After the solution was stirred for 25 min, the
reaction was quenched by the addition of 0.1 M NaOH
(20 mL). The mixture was diluted with EtOAc (30 mL)
and separated. The organic layer was washed with water
(2x20 mL), dried (Na,SO,), concentrated in vacuo, and
purified by flash chromatography (Hex/EtOAc=5/1) to
give a colorless foam (509 mg, 31%): mp 102-104 °C; IR
(CHCls, cast) 3373, 2917, 1557, 1433, 1027, 715cm™!;
'"H NMR (CDCls, 500 MHz) 6 2.42 (s, 6H), 6.08 (m, 2H),
6.19 (m, 2H), 6.52 (s, 1H), 6.72 (m, 2H), 7.13 (d, 2H,
J=8.0 Hz), 7.21 (t, 1H, J=7.6 Hz), 8.67 (s, 2H); '3*C NMR
(CDCl;, 125MHz) ¢ 17.7, 399, 107.7, 108.3, 116.6,
124.8, 127.6, 130.6, 138.4, 139.1; HRMS (EI) calcd for
C17H13S,N5: 314.0912, found: 314.0907 [M*] (100.0%).
Anal. Caled for C;7H;5S,N,C: 64.97; H, 5.73; N, 8.92.
Found: C, 65.12; H, 5.44; N, 8.89.

3.1.12. 5-(2,6-Bis(4-methoxybenzylsulfanyl)phenyl)di-
pyrromethane (3c). TFA (710 mgpL, 6.23 mmol) was
added to a degassed stirred solution of aldehyde 2c¢
(1.44 g, 3.50 mmol) in pyrrole (35 mL) and CH,Cl, (ca.
5 mL added to dissolve the aldehyde). After the solution
was stirred for 15 min, the reaction was quenched by the ad-
dition of 0.1 M NaOH (20 mL). EtOAc (50 mL) was added,
the layers were separated, and the organic layer was washed
with water (2x40 mL), dried (Na,SQ,), concentrated in va-
cuo, and purified by flash chromatography (Hex/EtOAc, 4/1)
to give a light yellow foam (880 mg, 48%): R=0.2 (Hex/
EtOAc=4/1), mp 65-70 °C (dec); IR (CH,Cl,, cast) 3387,
2932, 2834, 1609, 1554, 1511, 1249 cm™'; 'H NMR
(CDCl3, 500 MHz) 6 3.70 (s, 6H), 4.02 (s, 4H), 6.02 (m,
2H), 6.13 (q, 2H, J=3.0 Hz), 6.58 (dt, 2H, J=1.5, 2.7 Hz),
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6.72 (s, 1H), 6.82 (AA’BB/, 4H), 7.08-7.18 (m, 6H), 7.89 (br
s, 2H); 13C NMR (CDCl,, 125 MHz) 6 40.1 (br), 40.7, 55.6,
107.8, 108.6, 114.3, 116.9, 127.6, 129.6, 130.3, 131.0, 131.4,
137.6, 143.7, 159.2; HRMS (EI) calcd for C3;H300,N4S5:
526.1749, found: 526.1753 [M*] (61.3%).

3.1.13. 5-(2,6-Bis(allylsulfanyl)phenyl)dipyrromethane
(3d). TFA (30 pL, 0.40 mmol) was added to a degassed
stirred solution of aldehyde 2d (1.00 g, 4.00 mmol) in pyr-
role (10.7 g). After the solution was stirred for 15 min, the
reaction was quenched by the addition of 0.1 M NaOH
(4 mL). The mixture was diluted with EtOAc (20 mL) and
separated. The organic layer was washed with water
(3x10 mL), dried (Na,SO,), and concentrated in vacuo. Pu-
rification by flash chromatography (Hex/EtOAc=8/1) gave
an amber solid (760 mg, 51%); IR (CH,Cl,, cast) 3380,
3080, 2976, 1665, 1634, 1555, 1427, 1027, 922, 749 cm ™ !;
'H NMR (CDCl;, 400 MHz) 6 3.49, (d, 4H, J=7.2 Hz),
5.10 (m, 4H), 5.82 (m, 2H), 6.07 (m, 2H), 6.20 (m, 2H),
6.72 (m, 2H), 6.78 (s, 1H), 7.18 (t, 1H, J/=8.0 Hz), 7.33 (d,
2H, J=8.0Hz), 8.65 (br s, 2H); '*C NMR (CDCls,,
100 MHz) ¢ 38.4, 40.4, 107.5, 108.5, 116.5, 118.1, 127.2,
130.1, 131.1, 133.3, 137.0, 143.1; HRMS (EI) calcd for
C51H»S5Ny: 366.1224, found: 366.1221 [M*] (100%).

3.1.14. 5-(2,6-Bis(tert-butylsulfanyl)phenyl)dipyrrome-
thane (3f). TFA (23 pL, 0.30 mmol) was added to a degassed
stirred solution of aldehyde 2f (846 mg, 3.0 mmol) in pyr-
role (15 mL) and CH,Cl, (ca. 5 mL added to dissolve the
aldehyde). After the solution was stirred for 15 min, the
reaction was quenched by the addition of 0.1 M NaOH
(30 mL). The mixture was diluted with EtOAc (100 mL)
and separated. The organic layer was washed with water
(2x40 mL), dried (Na,SO,), concentrated in vacuo, and
purified by flash chromatography (Hex/EtOAc) to give 3f
as a light yellow foam (549 mg, 46%); '"H NMR (CDCls,
500 MHz) ¢ 1.18 (s, 18H), 5.94-5.96 (m, 2H), 6.12 (q, 2H,
J=3.0Hz), 6.65 (dd, 2H, J=1.5, 3.0 Hz), 7.09 (s, 1H),
7.15 (t, 1H, J=8.0 Hz), 7.61 (d, 2H, J=8.0 Hz), 8.52 (br s,
2H, NH); '3C NMR (CDCls;, 125 MHz) 6 31.5, 41.4, 48.0,
107.2, 108.2, 115.7, 125.9, 131.8, 137.3 (br, 2 overlapping
C, supported with the HMBC spectrum), 149.6 (1C not ob-
served); HRMS (EI) calcd for C,3H30N,S,: 398.1850,
found: 398.1841 [M*], (51%).

3.1.15. 5-(2-Chloro-6-(2-hydroxyethylsulfanyl)phenyl)-
dipyrromethane (3h). TFA (710 mg uL, 6.23 mmol) was
added to a degassed stirred solution of aldehyde 2h
(756 mg, 3.50 mmol) in pyrrole (35 mL) and CH,Cl, (ca.
5 mL added to dissolve the aldehyde prior to the addition
of pyrrole). After the solution was stirred for 15 min, the re-
action was quenched by the addition of 0.1 M NaOH
(20 mL). The mixture was diluted with EtOAc (50 mL)
and separated. The organic was washed with water (2Xx
40 mL), dried (Na,SQy), concentrated in vacuo, and purified
by flash chromatography (Hex/EtOAc, 4/1 to 2/1) to give a
light yellow foam (480 mg, 1.45 mmol, 40%); IR (CHCl;,
cast) 3358, 1667, 1556, 720cm~!; 'H NMR (CDCl;,
500 MHz) ¢ 1.83 (br s, 1H), 3.00 (t, 2H, J=5.5 Hz), 3.61
(t, 2H, J=5.5Hz), 6.01-6.05 (m, 2H), 6.17 (q, 2H,
J=3.0 Hz), 6.50-6.67 (br s, 1H), 6.68-6.70 (m, 2H), 7.12
(t, 1H, J=8.0 Hz), 7.26 (d, 1H, J=8.0 Hz), 7.33 (br s, 1H),
8.60-8.80 (br s, 2H); '3C NMR (CDCls, 125 MHz) 6 38.4,

40.3, 59.8, 107.4, 108.6, 117.0, 128.1, 130.2, 135.7, 137.7;
HRMS (EI) calcd for C;7H;7,0N,S3Cl: 332.0750, found:
332.0750 [M*] (100%).

3.1.16. 5,15-Bis(2,6-diphenylsulfanylphenyl)-10,20-bis(p-
tolyl)porphyrin (4a). TFA (144 pL, 1.78 mmol) was added
to a degassed solution of 3a (438 mg, 1.00 mmol) and p-
tolualdehyde (120 mg, 1.00 mmol) in CH,Cl, (100 mL).
After the solution was stirred for 30 min, DDQ (340 mg,
1.50 mmol) was added. After an additional 1 h, the reaction
mixture was filtered through a Florisil column (2 cmx
10 cm), and eluted with CH,Cl,. The purple fractions were
combined, and concentrated in vacuo to give a purple solid.
This solid was purified further by flash chromatography
(Hex/EtOAc) to give the title compound (154 mg, 25%);
IR (CH,Cl,, cast) 3316, 3072, 2956, 2156, 1549, 1248,
797 cm~!; 'H NMR (CDCl;, 500 MHz) 6 —2.38 (s, 2H),
0.40 (s, 18H), 7.1-7.2 (s, 20H), 7.23 (d, 4H, J=8.0 Hz),
7.45 (t,2H, J=8.0 Hz), 7.88 (AA'MM’, 4H), 8.22 (AA'MM’,
4H), 8.77 (s, 8H); 3C NMR (CDCls, 100 MHz) 6 0.09, 95.4,
105.2,115.8,119.0, 122.4, 126.2, 127.9, 129.1, 129.4, 130.0
(br), 130.3, 131.4 (br), 133.5, 134.2, 134.5, 139.5, 142.4,
143.1; MS (ES) 1239.4 [MH"]; UV 432, 524, 559, 598,
660 nm.

3.1.17. 5,15-Bis(2,6-thiomethoxyphenyl)-10,20-bis(p-
tolyl)porphyrin (4b). TFA (69 uL, 0.89 mmol) was added
to a solution of dipyrromethane 3b (157 mg, 0.500 mmol)
and p-tolualdehyde (60 mg, 0.50 mmol) in freshly distilled
CH,Cl, (50 mL). After the solution was stirred for 30 min,
DDQ (170 mg, 0.75 mmol) was added and the mixture
was stirred for further 45 min. The crude mixture was fil-
tered through a Florisil column (2.5x 15 cm) and eluting
with CH,Cl,. Concentration in vacuo gave a purple solid
(40 mg, 19%); IR (CH,Cl,, cast) 3319, 2916, 1555, 1428,
965, 786 cm™'; 'H NMR (CDCls, 500 MHz) 6 —2.43 (s,
2H), 2.20 (s, 12H), 2.66 (s, 6H), 7.40 (AA'BB’, 4H), 7.47
(d, 4H, J=8.0 Hz), 7.75 (t, 2H, J=8.3 Hz), 8.06 (AA'BB’,
4H), 8.56 (d, 4H, J=4.5 Hz), 8.82 (d, 4H, J=4.5 Hz); '*C
NMR (CDCls, 125 MHz) 6 16.2, 21.6, 114.7, 119.7, 120.5,
127.3, 129.5, 129.8 (br), 131.8 (br), 134.5, 137.2, 137.4,
139.0, 143.4; HRMS (ES) calcd for CsoH43N4Sy:
827.2371, found: 827.2371 [MH™].

3.1.18. 5,15-Bis(2,6-bis(4-methoxybenzylsulfanyl)-
phenyl)-10,20-bis(p-tolyl)porphyrin (4c). TFA (137 pL,
1.78 mmol) was added to a solution of dipyrromethane
3c (526 mg, 1.00 mmol) and p-tolualdehyde (120 mg,
1.00 mmol) in freshly distilled CH,Cl, (100 mL). After the
solution was stirred for 30 min, DDQ (340 mg, 1.5 mmol)
was added and the mixture was stirred for further 45 min.
The crude mixture was filtered through an alumina column
(2.5%x15 cm) and eluted with CH,Cl,. Concentration of the
purple eluent gave a purple solid (322 mg, 51%); IR
(CH,Cl,, cast) 3350, 3317, 2924, 2933, 1609, 1582, 1511,
1249, 798 cm~!; 'H NMR (CDCls, 400 MHz) 6 —2.36 (s,
2H), 2.75 (s, 6H), 3.64 (s, 12H), 3.82 (s, 8H), 6.57 (AA'BB’,
8H), 6.86 (AA'BB/, 8H), 7.61 (m, 6H), 7.52 (AA’'BB/, 4H),
8.05 (AA’BB’, 4H), 8.56 (d, 4H, J=4.5 Hz), 8.82 (d, 4H,
J=4.5Hz); '*C NMR (CDCls, 125 MHz) § 21.7, 37.9,
55.2, 113.6, 115.5, 124.6, 128.6, 129.0, 129.6, 131.3 (br),
134.6, 137.1, 139.2, 140.6, 141.5, 158.4; MS (ES) 1251.4
[MH*]; Aps 430, 523, 555, 602, 660 nm.
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3.1.19. 5,15-Bis(2,6-diallylsulfanylphenyl)-10,20-bis(p-
tolyl)porphyrin (4d). TFA (144 pL, 1.78 mmol) was added
to a degassed solution of 3d (467 mg, 1.00 mmol) and 4-
(trimethylsilylethynyl)benzaldehyde (202 mg, 1.00 mmol)
in CH,Cl, (100 mL). After the solution was stirred for
30 min, DDQ (340 mg, 1.50 mmol) was added. After an
additional 1 h, the reaction mixture was filtered through
a Florisil column (2 cmx 10 cm) and eluted with CH,Cl,.
The purple fractions were combined, and concentrated
in vacuo to give a purple solid. This solid was purified further
by flash chromatography (Hex/EtOAc, 6/1) to give the title
compound (98 mg, 21%): R;=0.5 (Hex/EtOAc, 3/1); IR
(CH,Cl,, cast) 3318, 3021, 2918, 1636, 1553, 1347,
982 cm~!; 'H NMR (CDCl;, 500 MHz) 6 —2.40 (s, 2H,
NH), 2.67 (s, 6H), 3.49 (dt, 8H, J=5.5, 1.3 Hz), 4.92 (dq,
4H, J=10.0, 1.3 Hz), 5.02 (dq, 4H, J=17.0, 1.5 Hz), 5.51
(ddt, 4H, J=17.5, 10.0, 6.8 Hz), 7.51 (AA’'BB’, 8H), 7.67
(t, 2H, J=7.5Hz), 8.10 (AA’BB’, 4H), 8.59 (d, 4H,
J=5.0Hz), 8.78 (d, 4H, J=4.8 Hz); '>*C NMR (CDCls,
125 MHz) 6 21.6, 36.5, 115.4, 117.8, 124.2, 127.4, 128.9,
129.8 (br), 131.5 (br), 133.2, 134.6, 137.2, 139.2, 140.6,
141.3; HRMS (ES) calcd for CsgHs;S4N4: 931.2997, found:
931.3004 [MH*].

3.1.20. 5,15-Bis(2,6-diphenylsulfanylphenyl)-10,20-bis(p-
tolyl)porphyrin (4i). TFA (144 pL, 1.78 mmol) was added
to a degassed solution of 3¢ (366 mg, 1.00 mmol) and p-tol-
ualdehyde (120 mg, 1.00 mmol) in CH,Cl, (100 mL). After
the solution was stirred for 30 min, DDQ (340 mg,
1.50 mmol) was added. After an additional 1 h, the reaction
mixture was filtered through a Florisil column (2 cmXx
10 cm) and eluted with CH,Cl,. The purple fractions were
combined, and concentrated in vacuo to give a purple solid.
This solid was purified further by flash chromatography
(Hex/EtOAc, 6/1) to give the title compound as a purple
solid (155mg, 21%): Ry=0.5 (Hex/EtOAc, 3/1); IR
(CH,Cl,, cast) 3316, 2930, 1682, 1609, 1511, 1301, 1249,
800 cm~!; 'H NMR (CDCl;, 500 MHz) 6 —2.52 (s, 2H,
NH), 3.60 (s, 12H), 3.78 (s, 8H), 6.50 (AA’'MM’, 8H), 6.78
(AA'MM/, 8H), 7.47 (d, J=1.5 Hz, 4H), 7.59 (t, J=7.5 Hz,
2H), 7.97 (AA'MM’, 4H), 8.07 (AA'MM’, 4H), 8.49 (d,
J=5.5Hz, 4H), 8.67 (d, J=5.5 Hz, 4H); '>*C NMR (CDCl;,
125 MHz) 6 37.8, 55.1, 93.9, 113.5, 116.0, 118.1, 124.5,
128.5, 129.1, 129.6, 130 (br), 131 (br), 135.8, 136.3,
140.2, 141.5, 141.7, 158.5, (two carbon signals not ob-
served); MS (ES) 1475.1 [MH"].

3.1.21. 5,15-Bis(2-chloro-6-(2-hydroxyethylsulfanyl)-
phenyl-10,20-bis(4-butoxyphenyl)porphyrin (4h). TFA
(144 uL, 1.78 mmol) was added to a solution of 3h
(332mg, 1.00mmol) and 4-butoxybenzaldehyde'®
(192 mg, 1.00 mmol) in CH,Cl, (100 mL). After the solu-
tion was stirred 30 min, DDQ (340 mg, 1.50 mmol) was
added and the mixture was stirred for further 45 min. The
crude mixture was filtered through a Florisil column
(2.5%x15cm) and eluted with CH,Cl,—2% MeOH in
CH,Cl, until no further porphyrin was eluted. The eluent
was concentrated in vacuo and purified by flash chromato-
graphy to give the o, o-isomer (82 mg, 17%) and the o, -iso-
mer (77 mg, 16%). Data for the a,a-isomer: IR (CH,Cl,,
cast) 3600-3150, 3316, 2955, 2924, 2854, 1505, 1466,
1245 cm™!; 'H NMR (CDCl3, 500 MHz) 6 —2.46 (s, 2H),
1.11 (t, 6H, J=7.4 Hz), 1.60 (br s, 2H), 1.67 (Hex, 4H,

J=74Hz), 198 (quin, 4H, J=7.0Hz), 2.72 (t, 4H,
J=6.0 Hz), 3.39 (t, 4H, J=5.8 Hz), 4.24 (t, 4H, J=6.4 Hz),
7.25 (d, 4H, J=7.8 Hz), 7.58 (dd, 2H, J=1.6, 7.8 Hz), 7.66
(t, 2H, J=8.0 Hz), 7.69 (dd, 2H, J=1.6, 8.0 Hz), 8.09 (dd,
2H, J=2.8, 0.4 Hz), 8.15 (dd, 2H, J=2.8, 0.4 Hz), 8.63 (d,
4H, J=4.8 Hz), 8.89 (d, 4H, J=4.8 Hz); '3C NMR (CDCls;,
125 MHz) 6 14.0, 19.4, 31.5, 36.7, 59.7, 68.0, 112.8,
114.6, 120.1, 125.3, 126.5, 129 (br), 130.0, 132 (br),
133.8, 135.59, 135.63, 138.0, 140.4, 142.0, 144-148 (br),
1590, HRMS (ES) calcd for C56H53N40482C122 9792885,
found: 979.2884. Data for a,B-isomer: IR (CH,Cl,, cast)
3600-3200, 3317, 2956, 2925, 1505, 1472, 1429, 1245,
1174 cm™!; 'H NMR (CDCls, 500 MHz) 6 —2.42 (s, 2H),
1.27 (t, 6H, J=7.4 Hz), 1.39 (br s, 2H), 1.68 (Hex, 4H,
J=7.4Hz), 198 (quin, 4H, J=7.0Hz), 2.70 (t, 4H,
J=5.8 Hz), 3.37 (t, 4H, J=5.8 Hz), 4.24 (t, 4H, J=6.6 Hz),
7.25 (AA'BB/, 4H), 7.53 (d, 2H, J=7.8 Hz), 7.61 (t, 2H,
J=7.9 Hz), 7.67 (d, 2H, J=8.0 Hz), 8.14 (AA’BB’, 2H),
8.65 (d, 4H, J=4.8 Hz), 8.92 (d, 4H, J=4.8 Hz); '*C NMR
(CDCl;, 100 MHz) 6 14.0, 19.4, 31.5, 38.7, 59.7, 68.0,
112.8, 114.6, 120.1, 125.3, 126.5, 129.2 (br), 130.0, 132.0
(br), 133.8, 135.6, 140.0, 142.0, 159.0; HRMS (ES) calcd
for C56H53N404SZC12: 9792885, found: 979.2886.
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Abstract—The geometry and energy profiles of the mutarotation pathway present in the equilibrium of 6-deoxy-B-L-mannopyranosyl 2,4-
dinitrophenylhydrazine (1a), 6-deoxy-L-mannose 2,4-dinitrophenylhydrazone (1b), and 6-deoxy-o-L-mannopyranosyl 2,4-dinitrophenylhy-
drazine (1c¢) were modeled by DFT calculations at B3LYP/6-31G(d) level affording AGprr=0.000 kcal/mol, AGprr=0.174 kcal/mol, and
AGppr=3.411 kcal/mol, respectively. Experimentally, the B-L-pyranose 1a occurs in 50% followed by the acyclic structure 1b in 44% as
well as by the a-L-anomer 1c¢ in 6%. The conformations of 1a—c and their corresponding 2,3,4-triacetyl derivatives 2a—c were studied by mo-
lecular modeling and NMR spectroscopy. IR frequencies, NMR chemical shifts, and X-ray diffraction analysis were employed to compare

theoretical with experimental structural parameters.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrazine derivatives play very important roles in agricul-
ture, pharmaceutical, and chemical industries, and in many
aspects of several emerging technologies.! This wide class
of substances has attracted the attention of both synthetic?
and theoretical chemists® because they represent relevant
models for reactivity exploration and the study of the confor-
mational behavior of nitrogen-containing substances. Com-
bination of hydrazine compounds with sugars affords
glycosylhydrazine derivatives, which increase the complex-
ity of the chemical structure and properties of the hydrazine
moiety. An interesting aspect of glycosylhydrazines, in par-
ticular of glycopyranosylhydrazines (e.g., 1a), is their ability
to establish an equilibrium with the corresponding acyclic
glycosylhydrazones (1b), which leads to the anomeric
form of the cyclic glycopyranosylhydrazines (e.g., 1¢) as ex-
emplified in Scheme 1. This equilibrium can be studied un-
der terms comparable to those of sugars mutarotation.*

There is no fully delineated systematization that can explain
and predict the equilibrium for glycosylhydrazine

Keywords: Glycosylhydrazines; Mutarotation; DFT calculations; NMR;

X-ray analysis.
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derivatives. It seems to depend on the structure and stereo-
chemistry of each particular carbohydrate as well as on
the acidity or basicity of the solution.”*® The mutarotational
process has been often described as a tautomerism®
because of the prevalence of the equatorial N-glycosidic
anomer and the open chain glycosylhydrazone components,
both over that of the anomer carrying the N-moiety axially
oriented (e.g., 1a and 1b over 1c¢). In several hydrazine deriv-
atives, particularly for those of rhamnose and mannose, it
has also been proved that the predominant isomer in
the crystalline state’~® is not always the one observed in
solution, 610

A major part of our ongoing research is directed toward the
application of molecular modeling in the stereochemical and
conformational elucidation of polyoxygenated molecules
derived from 6-deoxyhexoses.!""!? A theoretical methodol-
ogy to model and predict the mutarotational equilibrium
among the B-L-anomer 1a, the acyclic component 1b, and
the a-L-anomer 1c is described and compared to the results
obtained by NMR data. The geometric and energetic
mutarotational pathways were analyzed by density func-
tional theory calculations at B3LYP/6-31G(d) level.!* In
addition, the same protocols were applied to study the struc-
ture and conformation of acetyl derivatives 2a—c¢ and 3.
Although theoretical approaches on the structure of
monosaccharides*!41® and glycopyranosylamines!” have
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Scheme 1. Mutarotation in glycosylhydrazine derivatives.

recently been published, there are as yet no DFT structural
and mutarotational analyses of glycosylhydrazine deriva-

tives.
OAc OAc NO2
\l/:\)v N. ,Tl
H

OAc OAc NO,

2. Results and discussion

6-Deoxy-L-mannose (L-rhamnose) treated with 2,4-dinitro-
phenylhydrazine produced, after crystallization in EtOH,
the stable cyclic 1-(6-deoxy-B-L-mannopyranosyl)-2-(2,4-
dinitrophenyl) hydrazine (1a) with a molecular formula of
C,H6N4Og. Its melting point (165-167 °C) surprisingly
matched that previously reported for hydrazone 1b.'® How-
ever, NMR analysis supported our suspicion that the re-
ported open chain substance is in fact the B-L-pyranose 1a.
The signal for the anilinic NH was recorded at § 9.65 (s)
while the glycosidic NH was registered at 6 5.78 and shown
to be coupled with the anomeric proton H-1 at 6 4.16 (trans-
diaxial coupling constant Jyg;=11.5 Hz) in the 'H NMR
spectrum in DMSO-dg. The '*C NMR spectrum was also
consistent with that for the pyranoside structure for 1a,
e.g., the anomeric carbon C-1 at § 87.0. On addition of trace
amounts of hydrochloric acid, the DMSO-dg, solution of 1a
immediately produced a mixture of four major components
detectable through their anilinic NH protons at ¢ 9.66, 9.67,
11.39, and 12.78 in the 'H NMR corresponding to the B-L-
anomer 1a, the a-L-anomer 1¢, and the acyclic component
1b in its E and Z-configurations at the C=N double bond,
respectively (Scheme 2). The percentage of the isomers 1a
(50%), 1b-E (36%), 1b-Z (8%), and 1c¢ (6%) was calculated
by the signal integrals of selected hydrogen atoms as can be
seen in Figure 1. Structural assignments were confirmed
through the signals for the anomeric carbon atoms at
0 87.0 for 1a and 87.9 for 1¢, the signals for the C-1 sp? car-
bon atoms at 6 155.7 for 1b-E and 6 152.9 for 1b-Z. These
assignments were further confirmed through a detailed anal-
ysis of the 2D NMR spectra of the mutarotational equili-
brated mixture, which included COSY, NOESY, gHSQC,
and gHMBC experiments. NOESY spectrum was particu-
larly useful in confirming the double bond geometry in the
1b-E and 1b-Z-isomers because of the strong interaction
between the anilinic NH and the vinylic H-1 signals only
observed in 1b-E but not in 1b-Z. The information provided
by the COSY, gHSQC, and gHMBC spectra allowed
the individual assignment of signals for the equilibrium

components, including the anomeric protons for 1a and 1c¢
at 0 5.78 and 4.52, respectively, and the vinylic protons for
1b-E and 1b-Z at 6 8.03 and 7.22, respectively. The intercon-
version between the a- and B-anomers was also registered by
the change in the specific rotation of compound 1a in acidic
solution.

H

OH OH NO, L OH OH \'?'/Q/

YWN\N \l/:\)vN NO,
H

OH OH NO, OH OH
1b-E 1b-Z

NO,

Scheme 2. E-Z Isomerization of 1b.

In order to study the structures of the acyclic components
and the a-L-pyranoside form, it was necessary to produce
substances that could be isolated for spectroscopic analysis
by NMR. Treating pure 1a with acetic anhydride in pyridine
afforded the following such substances: 1-(2,3,4-tri-O-
acetyl-6-deoxy-B-L-mannopyranosyl)-2-(2,4-dinitrophenyl)-
hydrazine (2a), 2,3,4-tri-O-acetyl-6-deoxy-L-mannose
2 4-dinitrophenylhydrazone (2b), and 1-(2,3,4-tri-O-acetyl-6-
deoxy-a-L-mannopyranosyl)-2-(2,4-dinitrophenyl)hydrazine
(2¢), together with 2,3,4,5-tetra-O-acetyl-6-deoxy-L-man-
nose 2,4-dinitrophenylhydrazone (3). Additionally, treat-
ment of la with acetyl chloride afforded 3 as the main
product. Compounds 2a, 2b, and small amounts of 2c
were purified by normal phase HPLC. However, they equil-
ibrated to the original mixture (2a—c) after standing for 24 h
in individual acidic CDCIlj solutions. Linear derivative 2b
was obtained exclusively in its E-configuration.

The 'H NMR spectrum of 2a clearly indicated the presence
of a pyranoside ring bearing three acetoxyl substituents. In
this case, the signal for the anilinic NH appeared at 6 9.63
while the NH attached to the saccharide was at 6 4.52 and
strongly coupled with the anomeric proton H-1 at ¢ 4.40
(Unp1=11.4 Hz). Adding D,0 permitted the assignment of
the labile hydrogen atoms. '*C NMR spectrum exhibited
the characteristic signal for the C-1 anomeric carbon at
0 85.7. The X-ray diffraction analysis of 2a confirmed the
structure and stereochemistry of this substance (Fig. 2),
which exhibited the 2,4-dinitrophenylhydrazine moiety in a
B-equatorial orientation at C;. The hydrogen atoms H;—H,
and H,—Hj; of this 6-deoxymannose derivative (2a) were
found in a syn-clinal relationship while H3—H, and Hy—Hs
appeared in an anti-periplanar orientation (Table 1). The py-
ranoside ring exists in a conformation close to the classical
chair, slightly distorted toward a twist-boat.
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Figure 1. A section of the "H NMR aromatic region (6 8.107.12) for the equilibrated mixture of 1-(6-deoxy-p-L-mannopyranosyl)-2-(2,4-dinitrophenyl)hy-
drazine (1a), 6-deoxy-L-mannose 2,4-dinitrophenylhydrazone (1b, E and Z-isomers), and 1-(6-deoxy-o-L-mannopyranosyl)-2-(2,4-dinitrophenyl)hydrazine

(1c) in DMSO-dg+HCI at 300 MHz.

Density functional theory calculations were used to analyze
the minimum energy pathway and the geometry of each com-
ponent in the mutarotational equilibrium (Scheme 1). Con-
formational distribution of compounds 1la—c and 2a—c was
individually calculated by molecular mechanics (MMFF)
through an extensive Monte Carlo random search.'® Due to
the presence of the hydrazine moiety, the conformational
analysis of the pyranoside rings of 1a, 1c, 2a, and 2¢ was
far more complicated than that expected for simple
hexose derivatives. However, in the absence of the usual
hydroxymethyl group, normally prominent in the

Figure 2. Comparison between the DFT B3LYP/6-31G(d) molecular model
of 2a and its X-ray structure.

conformational properties of glucopyranosides, the difficul-
ties involved in this analysis were mitigated.'> A molecular
mechanics energy range of 0—10 kcal/mol was selected for
these calculations, which yielded a total of 30, 106, and 63
minimum energy conformations for compounds 1a, 1b,
and 1c, respectively. Low-energy conformations were corre-
lated to the rotations of the C;—N;—N,—C;/ bonds, which
defined the conformation of the dinitrophenylhydrazine moi-
ety. The cooperative clockwise or counterclockwise orienta-
tions of the hydroxyl groups also played a relevant role in the
conformational distribution. Each conformational species
was geometry analyzed and selected according to the maxi-
mum number of cooperative hydrogen bonds. Using this fil-
tering criteria, 7, 27, and 10 conformations for 1a, 1b, and 1c,
respectively, were optimized by DFT calculations employing
the B3LYP method with the 6-31G(d) basis set. To ensure
a full exploration of the conformational space in linear deriv-
ative 1b, the distribution was additionally calculated through
a systematic search model'! of 54 conformational variants
resulting from rotation of the C,—Cj, C3-Cy4, and C4—Cs
bonds every 120°, as well as the C;—C, bond by 180°. The
minimum energy structures were optimized by DFT calcula-
tions by employing the same method and basis set to yield
similar results as those obtained from the Monte Carlo
method, also within a 0-10 kcal relative range. Analysis of
the molecular geometry of each conformer revealed that
the physical principles that govern the conformational distri-
bution can be mainly defined by the presence of an intramo-
lecular hydrogen bond patterns as well as steric effects and
repulsive 1,3 oxygen—oxygen interactions. Table 2 contains
the 27 refined global and local minimum energy structures
ordered according to their stability and the corresponding
H-C—C-H dihedral angles found in the C;—C,—C5—-C4—C5
fragment of 1b. Each rotameric species was named by using
the following descriptors: P for plus (ca. +60°), A for anti
(ca.+180°), and M for minus (ca. —60°) according to the
nearest value for the measured dihedral angles.

Figure 3 illustrates the DFT minimum energy pathway
for the mutarotational process from 1a to 1c¢ involving six
key acyclic conformers of 1b in the E-configuration. The
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Table 1. DFT B3LYP/6-31G(d) dihedral angles (in deg) and calculated” versus observed® "H-"H vicinal coupling constants (in hertz) for the global minimum of
pyranosides 1a, 1c, 2a, and four conformations of 2¢ (comparison between DFT and X-ray dihedral angles for 2a is shown)

Compound ¢yi_c_c_m2 J1 2catedy J120bsd) Pro-c-c-H3

J23catedy J2.3(0bsd) PHI-C-C-H4

J3.4(calcdy J3.400bsa) PHA-C—C-H5 Ja5cated) J4,500bsd)

1a —54.1 1.3 0.6 51.2 34 3.0
1c 70.8 1.7 2.0 53.7 3.0 33
2a° —55.0 (—49.3) 1.4 12 54.0 (53.5) 3.1 33
2c-1 713 24 — 56.1 45 —
2¢-2 103.7 15 — 59.6 4.1 —
2¢-3 168.1 8.4 — —51.1 52 —
2c-4 166.0 8.2 — -583 42 —
2c-avg 5.1¢ 4.1 454 5.8

~176.3 9.4 93 1793 9.2 9.2
—172.8 9.1 91 1777 9.2 9.0
—173.0 (—174.4) 9.4 102 176.0 (—175.3) 9.2 9.3
—~173.0 9.4 — 173.4 9.1 —
—163.8 8.2 — 116.9 28 —
—64.7 33 — 73.6 13 —
~103.2 0.6 — 163.2 8.6 —
5.4¢ 5.0 5.5 6.9

# Calculated from DFT dihedral angles via a generalized Karplus-type equation.

® Measured in DMSO for 1a and 1¢ and in CDCl; for 2a and 2c.
¢ X-ray dihedral angles are shown in parenthesis.
4 Averaged value.

B-L-anomer (1a) is mainly found in a single conformation
with cooperative anticlockwise orientation of the hydroxyl
groups and a trans-diaxial orientation of the H,—C,-N;-H
moiety. For the open chain component 1b, conformer 1b-
MPAA, illustrated, is generated by the pyranoside ring open-
ing at the C;—Os bond of 1a. The population of this highly
energetic conformer (E,;=10.932 kcal/mol) moves toward
the more stable rotamer 1b-PPPP, which is in fact the pre-
dominant species for the linear component 1b and contains
four optimally-oriented cooperative hydrogen bonds in the
tetrahydroxylated chain. However, the rotameric population
is distributed to generate an equilibrium involving small
amounts of 1b-PPPA and 1b-PPAA, which ultimately leads
to the a-L-anomer 1c. The rotameric species of 1b that are
not depicted in Figure 3 but listed in Table 2 are also present
in the equilibrium according to the Boltzmann distribution,
and can be located in branches derived from the main

pathway for the mutarotational process. In the a-form, the
global minimum 1¢ (Eppr=—1287.454180 au, Fig. 3) was
followed by a second one (Eppr=—1745.451136 au) arising
from the pyranoside chair inversion at the point where the
hydrazine moiety and the hydroxyl group at C-2 adopted
an equatorial orientation. In this minimum energy con-
former, the methyl group at C-5 and the hydroxyl groups
at C-3 and C-4 remained axially oriented. This conforma-
tional inversion was further studied with peracetylated deriv-
ative 2c.

Table 1 lists the H-C-C-H torsion angles of the global
minimum for the cyclic substances 1la (Eppr=
—1287.460165 au) and 2a (Eppr=—1745.459742 au), both
of which showed a prevalent conformation. In contrast,
a complex rotameric equilibrium was established in triacety-
lated derivative 2b in a similar way as that previously found

Table 2. DFT global and local minimum energy conformers and selected H-C—C-H dihedral angles for the acyclic component 1b

Conformer® Eppr® E.of H,-H,* H,-H,¢ H,-H,° H,-H*
1b-PPPP —1287.454425 3.602 81.9 55.5 532 51.7
1b-MPPP —1287.453216 4360 —51.5 53.2 53.9 52.3
1b-MAMA —1287.449155 6.909 —62.7 172.5 —68.9 174.1
1b-MAPP —1287.449031 6.987 —-59.2 —-176.8 717 59.3
1b-PAAA —1287.446925 8.308 77.4 —178.2 177.8 —161.6
1b-PMPA —1287.446698 8.451 80.0 —50.4 83.6 —174.1
1b-PPPA —1287.446668 8.469 727 58.8 774 1755
1b-MAPM —1287.446631 8.493 —62.5 —~178.9 80.5 513
1b-AMPP —1287.446391 8.644 167.5 —60.6 542 57.7
1b-PPMP —1287.446275 8.716 63.5 64.1 —63.7 56.2
1b-PPPM —1287.445829 8.996 80.6 60.0 59.9 —-57.7
1b-MAAP —1287.445533 9.182 —62.3 —168.7 —175.7 85.1
1b-MAAM —1287.445347 9.299 —61.8 —~175.9 174.1 —527
1b-PAMP —1287.445205 9.388 81.7 164.4 —-715 474
1b-PPAA —1287.444489 9.837 84.4 77.5 —1726 —165.2
1b-MPPA —1287.444379 9.906 -532 53.2 727 —~177.0
1b-AMAM —1287.443931 10.187 175.2 —545 179.7 —537
1b-MAPA —1287.443230 10.627 —-62.0 1732 71.7 —-177.6
1b-MPAA —1287.442744 10.932 —413 80.8 —169.7 —165.2
1b-AMAA —1287.442687 10.968 175.8 —~56.0 1732 —178.0
1b-PMAP —1287.442280 11.223 55.9 —64.7 1432 55.2
1b-PPMA —1287.441215 11.891 54.4 69.1 —-70.7 170.0
1b-MPAP —1287.441208 11.896 —58.1 51.2 169.1 53.9
1b-AMMA —1287.440794 12.156 174.9 —62.8 —64.5 169.8
1b-AMPM —1287.439980 12.666 —161.8 —56.3 60.6 —58.5
1b-APAA —1287.439708 12.837 1775 523 139.5 177.6
1b-MAMM —1287.439604 12.902 -57.3 169.5 —60.1 —62.8

# Descriptors are based on H-C-C-H dihedral angles ca. +60°(P), ca. 180°(A), and ca. —60°(M) for the C;—C,—C3-C4—Cs fragment.

® DFT B3LYP/6-31G(d) total energy in au.

¢ Relative DFT energies (kcal/mol) are in reference to 1a (Eppr=—1287.460165 au; 1 au=627.51 kcal/mol).

4 H-C-C-H dihedral angle.
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Figure 3. DFT B3LYP/6-31G(d) minimum energy pathway for the mutarotational process from 1a to 1c. Relative energies are in kcal/mol referred to the global
minimum la.

for tetra-O-acetyl-6-deoxy-L-mannose derivatives.!! This
resemblance became evident from the J,3=8.5, J34=1.9,
and J4 5=8.5 Hz coupling constant values, which remained
very close in all the linear substances derived from this
carbohydrate. For pyranoside 2e¢, ring inversion occurred

Y/

[

2c-4

Figure 4. The conformational equilibrium of 2c.

!

!

between the two possible chair conformations (2¢-1 and
2¢-3) through two low-energy twisted-boat conformations
(2¢-2 and 2c-4) as depicted in Figure 4. The equilibrium
between the four conformations in 2¢ (2¢-1: Epgpr=
—1745.452419 au; 2c¢-2: Eppr=—1745.451391 au; 2c¢-3:
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Table 3. DFT B3LYP/6-31G(d) conformation for the O—-C1-C2—-C3-C4-CS5 rings of 1a, 1¢, 2a, and 2¢

Compound Conformational contributions® Ring conformation Conformational parameters
Chair Boat Twist-boat o° ¢° 0°
1a° 88 2 10 Between chair and half-chair 0.593 24.20 7.75
1 94 3 3 Distorted chair 0.556 22.88 3.19
2a‘ 93 0 6 Distorted chair 0.545 28.47 4.13
2a° 89 9 2 Distorted chair 0.583 442 6.77
2¢-1¢ 91 6 3 Distorted chair 0.545 19.34 5.26
2¢-2¢ 4 61 35 Between boat and twist-boat 0.709 10.73 87.58
2¢-3¢ 96 1 3 Chair 0.511 22.53 2.46
2c-4° 1 59 40 Between boat and twist-boat 0.731 12.03 89.29

* Quantitative contributions of basic conformations in percentage.
" Total puckering amplitude in A.

¢ In degrees.

4 From density functional theory coordinates.

¢ From X-ray diffraction coordinates.

Eppr=—1745.455161 au; and 2c-4: Eppr=—1745.451046 au)
was detectable from the averaged experimental coupling
constants (J;,=4.1, J,3=5.8, J34=5.0, and J,5=6.9 Hz)
measured by spectral simulation. The calculated 'H NMR
couplings constants for the four conformations (2¢-1 to
2c-4) and the averaged values are listed in Table 1. In this
equilibrium, the contributing factors to achieve the stability
of conformer 2¢-3 over 2¢-1 were the equatorial orientation
of the hydrazine moiety at C,, the largest group attached to
the six-membered ring; the interaction between the hydro-
gen atom at Ny and the oxygen atom of the pyranoside
ring O; in the O;—C;-N;—H fragment (distance=2.53 A)
and the interaction between the hydrogen atom attached to
Ny and the oxygen atom Oy in the fragment O—C—-N;—
N,—H (distance=2.28 A).

Cremer and Pople polar set of parameters?® were calculated
using the DFT and X-ray coordinates for the quantitative
conformational description of the pyranoside minimum
energy structures (Table 3). The Altona equation was used
to convert dihedral angles into calculated vicinal coupling
constants (*Jy_p).2! Calculated and observed 'H-'H vicinal
coupling constants showed a good correlation, which vali-
dated the DFT conformations for the rigid compounds 1a
and 2a, and for the mobile pyranoside 2¢ (Table 1).

If only the relative DFT energy values of the structures in
mutarotation were considered (Fig. 3), the prevalent compo-
nent according to the Boltzmann distribution would be 1a.
However, by taking into account the thermodynamic factors,
a better prediction of the mutarotation composition at the
equilibrium was obtained. Table 4 presents the data obtained
by a thermochemical analysis in which the corresponding

Table 4. Thermochemical parameters (in kcal/mol) and population (in %)
for the mutarotational equilibrium calculated with the B3LYP/6-31G(d,p)
global minimum structures of 1la—c

AEy AEzo8” AHog" ASz08” AGys®  p°

1a 0.000 0.000 0.000 0.000 0.000 57.2
1b 1.035 1.462 0.4463 1.734 0.174 42.6
1c 3.591 3.632 0.066 0.287 3.411 0.2

% Sum of electronic and zero-point energy.

® Calculated at 298.15 K and 1 atm. For the 1a species the absolute values
are Ey=—1287.18993 au, E,9g=—1287.16810 au, H»93=24.890 kcal/
mol, S,95=158.587 cal/mol K, and G9g=—1287.20379 au.

vibrational frequencies and thermal parameters were
calculated using the optimized B3LYP/6-31G(d,p) global
minimum structures of 1a, 1b, and 1c¢. The calculated fre-
quencies were scaled by a factor of 0.97 and compared
with the experimental frequencies measured in the IR spec-
trum of the mixture of 1a, 1b, and 1¢ at equilibrium. Figure 5
shows good agreement between the calculated and observed
values, validating the B3LYP/6-31G(d,p) thermodynamic
parameters for the mutarotational components. These values
were used for estimation of the relative populations of 1a,
1b-PPPP, and 1c according to the Gibbs free energy equa-
tion AG=AH—-TAS and AG=—RT InK. These refined
calculations for the three main components also considered
the zero-point correction, and the thermal correction to
energy and enthalpy, providing more accurate values than
those reflected by the relative Epgpr. The AG values
were estimated as AGppr=0.000 kcal/mol for 1a, AGpgr=
0.174 kcal/mol for 1b-PPPP, and AGprr=3.411 kcal/mol
for 1c, which yielded a predicted population at equilibrium
of 57.2%, 42.6%, and 0.2% for each species, respectively.
These theoretical results were in line with the 50%, 44%,

1600 -
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1400 -

1200 A

1000 -
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R? = 0.9989

600 T T T T T
600 800 1000 1200 1400 1600
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Figure 5. Comparison of the experimental infrared frequencies of com-
pound la with the corresponding calculated values obtained at the
B3LYP/6-31G(d,p) level of theory.
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Table 5. Comparison between theoretical and experimental '*C NMR
chemical shifts for 1a

Atom 6culcd“‘ 6scaledb 6expc ‘5scaled_6exp|
C-l’ 135.1 1453 149.0 3.7
C-4 125.0 135.2 1353 0.1
C-2 118.7 128.9 128.3 0.6
C-5 117.1 127.3 129.8 2.5
C-3 112.2 122.4 123.2 0.8
C-6' 101.0 111.2 116.0 4.8
C-1 80.3 90.5 87.0 3.5
C-3 66.7 76.9 73.7 32
C-4 66.5 76.7 73.1 3.6
C-5 65.9 76.1 72.0 4.1
C-2 63.5 73.7 69.8 39
C-6 9.3 19.5 18.1 1.4

? Calculated at B3LYP/6-31G(d,p) level of theory using GIAO magnetic
shielding.

® Calculated by linear fit of dcaicq VErsus dexp.

¢ Measured at 300 MHz in DMSO-dg solution.

and 6% observed NMR ratio (Fig. 1). The entropic contribu-
tion, estimated as ASy,1,=>5.814 cal/mol K and agreeing
with the PM3 calculations for the mutarotation of glucopyra-
nosylamine derivatives,?? is notably important for the stabil-
ity of acyclic structure 1b. Finally, the experimental '*C
NMR chemical shifts for 1a were compared with these ob-
tained with isotropic magnetic shielding calculations using
the SCF GIAO method at DFT/B3LYP level of theory and
the basis set 6-31G(d,p). Diagnostic values for C-1 of each
species were in close agreement with those obtained exper-
imentally (Table 5).

3. Conclusions

DFT calculations, NMR analysis, and X-ray diffraction stud-
ies of 6-deoxy-L-mannopyranosyl hydrazine were performed
in order to obtain conformational parameters. The DFT cal-
culated values for the equilibrium among the mutarotational
species 1a, 1b, and 1c could be further refined by taking into
consideration local conformers including all possible coop-
erative hydrogen bonded species and the inclusion of solvent
modeling. Nevertheless, this work shows that DFT calcula-
tions at B3LYP/6-31G(d,p) level represent suitable tools
to predict the thermodynamic properties, mutarotational
composition, stereochemical features, and conformational
preferences of glycosylhydrazines.

4. Experimental
4.1. General

Column chromatography was carried out with silica gel
(70-230 mesh) Merck. CDCl; for NMR spectroscopy was
filtered through dry alumina prior to use. HPLC separations
were accomplished using an ISCO silica gel column (parti-
cle size: 10 pm; column size: 21.2 mmx250 mm) on a
Waters (Milford, MA, USA) 600E multisolvent delivery
system equipped with a Waters 410 refractive index detector
connected to a computer (Optiflex 466/Dell). Control of the
equipment, data acquisition, processing, and management of
the chromatographic information was performed with the
Millennium 2000 software program (Waters). IR spectra

were determined on a Perkin—Elmer 16F PC or on a Buck
500 spectrophotometer. ORD was measured on a Perkin—
Elmer 341 or JASCO DIP-360 polarimeters. The 'H
(300 MHz), '°C (75.4 MHz), COSY, HMQC, and HMBC
experiments were conducted on a Varian Mercury 300 spec-
trometer. LRMS were measured on a JEOL JMS-AX505HA
mass spectrometer. HREIMS was determined on a Kratos
concept II H mass spectrometer and HRFABMS were mea-
sured on a JEOL DX 300 mass spectrometer.

4.1.1. General procedures for recording the mutarota-
tional equilibria. (a) NMR: solutions of pure samples
(5 mg) of 1la in DMSO-d¢ (0.8 mL) and 2a—c in CDCl;
(0.8 mL) or DMSO-dg (0.8 mL) were treated with 12.1 M
HClin H,O (1 pL) in 5 mm NMR tubes. (b) Optical activity:
specific rotation of a solution of 1a (5 mg) in DMSO-dg
(0.8 mL) was monitored at room temperature, [o]p +35.0.
Treatment of this solution with 12.1 M HCI in H,O (1 pL)
provoked an immediate decrease in the optical activity
value, [a]p +0.3. This rotation remained constant during
the following 2 h.

4.1.2. pH measurements. The pH values were registered
with a VWR Scientific pHmeter (model 8000). A mixture
of DMSO-dg (4.8 mL) and H,O (6 pnL) has a pH 8.50. The
pH of a mixture of compound la (30 mg) in DMSO-dg
(4.8 mL) and 12.1 M HCI in H,O (6 uL) was 2.45 after
5 min of stirring while after 90 min it was 2.54. The acidity
of the mixture was raised to pH 2.14 after addition of a sec-
ond portion of HCI (6 pL).

4.1.2.1. (6-Deoxy-B-L-mannopyranosyl)-2-(2,4-dini-
trophenyl)hydrazine (1a). A solution of 2,4-dinitrophenyl-
hydrazine (0.3 g, 1.5 mmol) in sulfuric acid (0.5 mL) was
added to a mixture of H,O (2 mL) and EtOH (7 mL). The
mixture was added to a solution of L-thamnose monohydrate
(0.5 g, 2.7 mmol) in EtOH (3 mL), left for 3 h at room tem-
perature and 16 h at 4 °C. The product was crystallized as
orange flakes, which were filtered, washed with 5% sodium
bicarbonate solution and H,O and then recrystallized from
90% EtOH in H,O to afford 1a (313 mg, 33%). Orange
needles; mp 165-167 °C (lit.'® 164-165 °C); IR (KBr)
Vmax 3375, 1629, 1598, 1526, 1427, 1348, 1315, 1268,
1135, 1085, 1062, 1012, 968, 920, 900, 853, 835, 822,
777, 744, 718, 635cm™'; ORD (c 0.61, MeOH) [a]sgo
+34, [a]s7g +37, [at]sa6 +39; '"H NMR (300 MHz, DMSO-
de) 0 9.65 (1H, br s), 8.83 (1H, d, J=2.5 Hz), 8.30 (1H,
dd, J=9.6, 2.5 Hz), 7.68 (1H, d, J=9.6 Hz), 5.78 (1H, d,
J=11.5Hz), 5.01 (1H, d, J=49Hz), 4.83 (1H, d,
J=49Hz), 481 (1H, d, J=5.2Hz), 4.16 (1H, br d,
J=11.5Hz), 3.83 (1H, br t, J=4.5 Hz), 3.28 (1H, m), 3.18
(1H, m), 3.13 (1H, m), 1.20 (3H, d, J=5.7 Hz); '*C NMR
(754 MHz, DMSO-dg) o 149.0, 135.3, 129.8, 128.3,
123.2, 116.0, 87.0, 73.7, 73.1, 72.0, 69.8, 18.1; EIMS m/z
(rel int.) [M]* 344 (1), [M—C4HoO5]* 239 (8), 194 (11),
[239—NO,]* 193 (100), 184 (28), [CcH5N304]* 183 (43),
177 (21), 167 (15), 153 (28), 129 (26), 91 (21), 85 (29);
HREIMS m/z 344.0957 (calcd for C;,H;cN4Og, 344.0968).

4.1.2.2. Acetylation of 1a. A solution of 1a (100 mg) in
pyridine (2.5mL) was treated with acetic anhydride
(2.5 mL) at room temperature for 24 h. The reaction mixture
was worked-up'! and the residue was purified by HPLC in
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aliquots of 20 mg (n-hexane-EtOAc, 1:1, flow rate=6 mL/
min) to yield 3 (23.3 mg, 15.7%, tg=15.5 min), 2a (50.0 mg,
36.6%, tg=17.9 min), 2¢ (1.6 mg, 1.2%, tx=21.8 min), and
2b (36.8 mg, 26.9%, tg=26.8 min). Treatment of 1la
(100 mg) with acetyl chloride (5 mL) at room temperature
for 2h followed by evaporation under a N, flow and
HPLC purification gave 3 in better yields (73 mg, 49%).

4.1.2.3. 1-(2,3,4-Tri-O-acetyl-6-deoxy-B-L-mannopyr-
anosyl)-2-(2,4-dinitrophenyl)hydrazine (2a). Yellow
prisms; mp 103-105 °C; IR (CHCI3) v,ax 3751, 3365, 1750,
1620, 1594, 1524, 1429, 1372, 1339, 1311, 1238, 1226,
1060, 926, 836 cm™'; ORD (c 1.29, CHCly) [a]sg0 +29,
[o]s7g +29, [at]sa6 +31; '"H NMR (300 MHz, CDCl5) 6 9.63
(1H, br s), 9.07 (1H, d, J=2.7 Hz), 8.27 (1H, dd, J=9.6,
2.7Hz), 7.68 (1H, d, J=9.6 Hz), 5.62 (1H, dd, J=3.3,
1.2 Hz), 5.08 (1H, dd, J=10.2, 9.3 Hz), 5.00 (1H, dd,
J=3.3, 10.2 Hz), 4.52 (1H, d, J=11.4 Hz), 4.40 (1H, dd,
J=114, 1.2 Hz), 3.57 (1H, dq, 1H, J=9.3, 6.3 Hz), 2.23,
2.08, 2.00 (3H each, 3s), 1.32 (3H, d, J=6.3 Hz); '3*C NMR
(75.4 MHz, CDCl3) 6 170.1, 170.0, 169.8, 148.9, 137.3,
130.1, 129.7, 123.6, 115.6, 85.7, 72.1, 71.5, 70.1, 68.9,
20.7, 20.7, 20.5, 17.4; EIMS m/z (rel int.) [M]* 470 (4), 411
(2), 306 (9), 291 (10), 273 (17), 213 (8), 193 (9), 171 (20),
153 (73), 129 (11), 111 (69), 83 (25), [C,H30]* 43 (100);
HREIMS m/z 470.1270 (calcd for C;gH,,N4014, 470.1285).

4.1.24. X-ray analysis of 2a. The crystal
(0.22x0.25x0.46 mm) was obtained from EtOAc—hexane.
It was monoclinic, space group C2, with a=21.017(2),
b=8.154(2), ¢c=13.591(2) A, cell volume=2254.6 (7) A3,
Peaica=1.386 glcm? for Z=4, MW =470.40, and F(000)e =
984. The intensity data were measured using Mo K, radia-
tion (A=0.71073 A) Reflections, measured at 293 K within
a 26 range of 1.55-26.99°, were corrected for background,
Lorentz polarization, and absorption (4=0.116 mm™"),
while crystal decay was negligible. The structure was solved
by direct methods. For the structural refinement the non-
hydrogen atoms were treated anisotropically, and the hydro-
gen atoms, included in the structure factor calculation,
were refined isotropically. Final discrepancy indices were
Rg=5.65% and Rw=13.08% using a unit weight for 2947
reflections and refining 306 parameters. The final difference
Fourier map was essentially featureless, the highest residual
peaks having densities of 0.164 e/A3. Crystallographic data
for 2a have been deposited with the Cambridge Crystallo-
graphic Data Centre. Copies of the data can be obtained,
free of charge, on application to The Director, CCDC, 12
Union Road, Cambridge CB2 1EZ, UK. Fax: +44 1223
336033 or e-mail: deposit@ccdc.cam.ac.uk.

4.1.2.4.1. 2,3,4,-Tri-O-acetyl-6-deoxy-L-mannose 2,4-di-
nitrophenylhydrazone (2b)
Yellow oil; IR (CHCI3) v, 3559, 3363, 1748, 1619, 1594,
1526, 2511, 1425, 1372, 1342, 1312, 1246, 1138, 1063,
924 Cmil; ORD (C 066, CHC13) [U«]SSQ +14, [a]573 +14,
[at]s46 +17; '"H NMR (300 MHz, CDCl5) 6 11.10 (1H, s),
9.12 (1H, d, J=2.5 Hz), 8.37 (1H, dd, /=9.3, 2.5 Hz), 7.91
(1H, d, J/=9.3 Hz), 7.43 (1H, br d, J=5.2 Hz), 5.79 (1H,
dd, J=8.5, 1.9 Hz), 5.54 (1H, dd, J=8.5, 5.2 Hz), 5.11
(1H, dd, J=8.5, 1.9Hz), 3.72 (1H, ddq, J=8.5, 6.1,
49 Hz), 2.81 (1H, d, /=49 Hz), 2.13, 2.12, 2.10 (3H each,
3s), 1.20 (3H, d, J=6.1 Hz); '*C NMR (75.4 MHz, CDCl5)

6 171.5, 170.0, 169.6, 144.6, 143.8, 139.0, 130.3, 129.9,
123.2, 116.7, 73.5, 69.8, 69.0, 65.2, 20.9, 20.8, 20.7, 19.1;
FABMS m/z [M+H]" 471, [M]* 470, [M—C,H30,]" 411,
[M—C,H;0,—2C,H,0,]" 291; HRFABMS m/z 471.1369
(CalCd for C18H22N4011+H, 4711363)

4.1.2.4.2. 1-(2,3,4-Tri-O-acetyl-6-deoxy-a-L-mannopyra-
nosyl)-2-(2,4-dinitrophenyl)hydrazine (2c)
Yellow oil; IR (CHCI3) v,.x 3575, 3557, 1790, 1731, 1604,
1487, 1466, 1445, 1390, 1294, 1246, 1103, 1063, 975 cm™!;
ORD (C 0.15, CHC13) [a]sgg —19, [oc]578 —20, [ot]546 —22;
'"H NMR (300 MHz, CDCl5) 6 9.50 (1H, s), 9.11 (1H, d,
J=2.5Hz), 8.31 (1H, dd, J=9.3, 2.5 Hz), 7.66 (1H, d,
J=9.3 Hz), 5.29 (1H, dd, J=7.1, 4.1 Hz), 5.26 (1H, dd, J=
5.8, 4.1 Hz), 4.98 (1H, dd, J=5.8, 5.0 Hz), 4.72 (1H, dd,
J=6.9,5.0 Hz), 4.44 (1H, d, J=7.1 Hz), 4.11 (1H, quint, J=
6.9 Hz), 2.15, 2.12, 2.09 (3H each, 3s), 1.36 (3H, d,
J=6.9 Hz); '3C NMR (75.4 MHz, CDCl5) 6 169.9, 169.6,
169.6, 149.3, 137.5, 130.2, 129.7, 123.8, 115.4, 83.9, 71.1,
70.3, 68.9, 66.8, 20.9, 20.8, 20.7, 16.9; EIMS m/z (rel int.)
[M]* 470 (1), 446 (1), 306 (9), 291 (11), 273 (14), 213 (5),
193 (5), 171 (11), 153 (41), 129 (8), 111 (33), 83 (11),
[C,H50]" 43 (100); HREIMS m/z 470.1273 [M]* (calcd
for C18H22N401 1» 4701285)

4.1.2.4.3. 2,3,4,5-Tetra-O-acetyl-6-deoxy-L-mannose
2,4-dinitrophenylhydrazone (3)
Yellow oil; IR (CHCL3) v, 3309, 1746, 1619, 1594, 1509,
1437, 1373, 1340, 1235, 1147, 1062, 1038, 924, 837 cm™;
ORD (c 1.14, CHCL,) [a]sgo —14, [at]ls78 — 15, [t]sae —17;
'"H NMR (300 MHz, CDCl;) 6 11.08 (1H, s), 9.12 (1H,
d, J=2.5Hz), 8.35 (1H, dd, J=9.5, 2.5Hz), 7.96 (1H,
d, J/=9.5 Hz), 7.35 (1H, dd, J/=6.0, 1.0 Hz), 5.58 (1H, dd,
J=8.0, 3.0 Hz), 5.50 (1H, dd, J=8.0, 6.0 Hz), 5.36 (1H,
dd, J=8.5, 3.0Hz), 5.04 (1H, dq, J=8.5, 6.5 Hz), 2.12
(3H, s), 2.12 (3H, s), 2.06 (3H, s), 2.04 (3H, s), 1.24 (3H,
d, J=6.5Hz); '3C NMR (75.4 MHz, CDCl;) ¢ 169.9,
169.9, 169.8, 169.4, 144.6, 144.0, 138.9, 130.1, 129.8,
123.1, 116.7, 70.9, 69.8, 68.7, 66.8, 21.0, 20.7, 20.7,
20.6, 16.3; EIMS (20 eV) m/z (rel int.) [M]* 512 (0.1),
[M—C,H;0,]* 453 (1), [453—2C,H;O,]" 333 (2),
[333—C,H,0]" 291 (10), 290 (14), 251 (16), 129 (10), 117
(10), 111 (11), [C,H50]* 43 (100); FABMS m/z [M+Na]*
535; HRFABMS m/z 535.1288 [M+Na]* (calcd for
CyoH4N,4O1,+Na 535.1286).

4.1.3. Molecular modeling calculations. Geometry optimi-
zations were carried out using the MMFF94 force-field cal-
culations as implemented in the Spartan’04 program.>* The
systematic conformational search for the pyranoside rings
was achieved with the aid of Dreiding models considering
torsion angle movements of ca. 30°. The Enpvier values were
used as the convergence criterion and a further search with
the Monte Carlo protocol was carried without considering
energy cut off. All local minima were geometry optimized
by DFT at the B3LYP/6-31G(d) level using the Spartan’04
routines. The Altona equation was used to calculate vicinal
couplings from dihedral angles for each conformer.
Gaussian 03W?>* were used to calculate the '>*C NMR chem-
ical shifts at the B3LYP/6-31G(d,p) level. The thermo-
chemical parameters AE(, AE,9g, AHy9g, and AS,og were
calculated at the same level considering vibrational frequen-
cies at 298.15 K and 1 atm. These values were used for
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estimation of the relative populations according to the fol-
lowing equations: AG=AH—TAS and AG=—RT In K.
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Abstract—While Pd/C is one of the most useful catalysts for hydrogenation, the high catalyst activity of Pd/C causes difficulty in its appli-
cation to chemoselective hydrogenation between different types of reducible functionalities. In order to achieve chemoselective hydrogena-
tion using Pd/C, we investigated catalyst poison as a controller of the catalyst activity. We found that the addition of Ph,S (diphenylsulfide) to
the Pd/C-catalyzed hydrogenation reaction mixture led to reasonable deactivation of Pd/C. By the use of the Pd/C—Ph,S catalytic system,
olefins, acetylenes, and azides can be selectively reduced in the coexistence of aromatic carbonyls, aromatic halides, cyano groups, benzyl
esters, and N-Cbz (benzyloxycarbonyl) protecting groups. The present method is promising as a general and practical chemoselective hydro-

genation process in synthetic organic chemistry.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Palladium on activated carbon (Pd/C) is extensively used
as a heterogeneous catalyst for hydrogenation in synthetic
organic chemistry because of its high catalyst activity, cost-
efficiency, easy separation from the reaction mixture, and
reusability.! However, Pd/C is too active to catalyze selective
hydrogenation among the different types of reducible func-
tionalities. Deactivator of the catalyst is recognized as a cat-
alyst poison and it is reported that the deactivation effect
depends on the kind or/and amount of the catalyst poison. '
Therefore, an appropriate use of the catalyst poison in Pd/C-
catalyzed hydrogenation could control the catalyst activity
leading to chemoselective hydrogenation.! We have reported
a method of chemoselective hydrogenation of olefin or ben-
zyl ester functionalities without deprotection of the O-benzyl
protecting groups by the addition of nitrogenous catalyst poi-
sons such as NHj3, pyridine, or 2,2-dipyridyl (Scheme 1).2
We also developed a carbon-supported Pd-ethylenediamine

Ph”X"0Bn PH>"0Bn
Pd/C, H, (1 atm)
nitrogen-containing base

©/\ CO,Bn (NHj, Pyridine, 2,2"-Dipyridyl) /©/\002H
BnO

BnO

Scheme 1.

* Corresponding author. Tel.: +81 58 237 3931; fax: +81 58 237 5979;
e-mail: sajiki@gifu-pu.ac.jp

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.094

complex [Pd/C(en)],? and in the hydrogenation of aromatic
ketones using Pd/C(en), a selective partial reduction was
achieved to afford the corresponding benzyl alcohol without
hydrogenolysis, although Pd/C-catalyzed hydrogenation
removed the carbonyl oxygen from the aromatic ketone
derivatives (Scheme 2).3

10% Pd/C
/° = Ar” R
Hy, <24 h
o}
Ar)J\R
10% Pd/C(en) . oH
Ha Ar” "R

Scheme 2.

In order to establish a catalytic hydrogenation system pos-
sessing a distinct chemoselectivity, we focused on sulfur-
containing compounds with the expectation that they should
work more effectively as catalyst poisons than nitrogenous
compounds. Sulfur-containing catalyst poisons have been
reported: quinoline-S is used for Rosenmund reduction in
order to avoid the over-reduction of aldehydes to the corre-
sponding alcohols;* thiophene or butylmercaptan is used
for the selective reduction of olefin tolerating O-benzyl
protecting groups;’ platinum sulfide (PtS) catalyzes the
conversion from halonitrobenzenes to haloanilines without
dehalogenation.® During our effort to establish a chemo-
selective hydrogenation method using Pd/C by the addition
of sulfur-containing compounds, we found that the addition
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of diphenylsulfide (Ph,S) moderately depressed the catalyst
activity of Pd/C to acquire distinguishing chemoselectivity
on hydrogenation.” In this paper, we describe detailed results
and discussion about the scope of the chemoselective hydro-
genation using the Pd/C—Ph,S system.

2. Results and discussion

We initially examined the suppressing effect of sulfuric
catalyst poisons on the Pd/C-catalyzed hydrogenolysis of
chalcone (1a) possessing an aromatic ketone and an olefin
functionality within the molecule (Table 1). Both olefin
and aromatic ketone of 1a were readily reduced under the
Pd/C-catalyzed hydrogenation conditions without any cata-
lyst poison (entry 1); 0.01 equiv of diphenyldisulfide (Ph,S,)
and thiophenol (PhSH) deactivated the Pd/C completely and
no reaction took place (entries 2 and 3). Pd/C-catalyzed hy-
drogenation with 0.01 equiv of diphenylsulfide (Ph,S) is the
best combination for the chemoselective hydrogenation
between olefin and aromatic ketone (entry 5): olefin was re-
duced to alkane without the reduction of the ketone. The ole-
fin moiety was successfully reducing even with increased
amount (to 0.1 equiv) of Ph,S (entry 6). Unfavorable forma-
tion of 3a was detected, when the amount of Ph,S was
reduced to 0.001 equiv (entry 4). In contrast, diphenylsul-
fone (Ph,SO,) and diphenylsulfoxide (Ph,SO) were inade-
quate to inhibit the over-reduction of aromatic ketone to
3a (entries 7 and 8). Next, we assessed the addition effect
of aliphatic sulfur-containing compounds. While the addi-
tion of alkyl thiols to the reaction mixture brought about
strong inhibition of the reaction of 1a (entries 9—11), thio-
ether, 2-(methylthio)ethanamine, exerted a milder effect to

Table 1. Assessment of additives for chemoselective hydrogenation
between olefin and aromatic ketone using chalcone (1a) as a substrate

Additive (0.01 equiv)

0 10% Pd/C (10 wt %) o OH o~
—_— + +Ph Ph
Ph)v\Ph MeOH, Hy (1 atm) Ph)J\/\Ph Ph)\/\Ph
1t, 24 h
1a 2a 3a 4a
Entry Additive la:2a:3a:4a"
1 None 0:0:0:100
2 Ph,S, 100:0:0:0
3 PhSH 100:0:0:0
4 Ph,S (0.001 equiv) 0:94:6:0
5 Ph,S 0:100:0:0
6 Ph,S (0.1 equiv) 0:100:0:0
7 Ph,SO 0:93:7:0
8 Ph,SO, 0:0:100:0
9 HS NN 77:23:0:0
10 HS~on 100:0:0:0
11 HS—~\h, 100:0:0:0
12 MeS~~\h, 0:100:0:0
13 Me,S 0:42:58:0
14 Me,SO 0:0:100:0
15 Me,SO, 0:0:48:52

@ The ratio was determined based on 'H NMR analysis.

give 3a exclusively (entry 12). Dimethylsulfide (Me,S), di-
methylsulfoxide (Me,SO), and dimethylsulfone (Me,SO,)
were not effective to achieve the chemoselectivity to 2a
(entries 13—15). Compared with the results in entries 5 and
13, the benzene ring is likely to play an important role as
well as the sulfur atom to attain the desired chemoselectivity.
The benzene rings of Ph,S may be able to coordinate with Pd
metal in a similar manner to that of a Pd-r-aryl complex or
adsorb to the hydrophobic charcoal of Pd/C, leading to the
stronger poisoning effect of Pd/C. Eventually, we chose the
catalytic amount (0.01 equiv toward the substrate) of Ph,S
as the optimum additive for chemoselective hydrogenation
because of its moderate strength as a catalyst poison, cost-
efficiency, and odorless nature.

Next, we investigated the chemoselectivity in the hydro-
genation of carbonyl compounds containing an alkene or
alkyne moiety under our optimal conditions (Table 2). The
carbonyl moiety was not reduced in all cases, while the
alkene or alkyne moiety within the molecule was smoothly
hydrogenated (entries 1-5).

We attempted to apply the reaction conditions to an alkene
possessing an aromatic aldehyde in the molecule (Scheme 3).
Contrary to our expectation, it was difficult to block the hy-
drogenation of the aromatic aldehyde to the corresponding
benzyl alcohol under the same conditions due to the high re-
activity of aromatic aldehyde toward the hydrogenation.

Table 2. Selective hydrogenation of olefin in the presence of aromatic or
aliphatic ketone

Ph,S (0.01 equiv)

10% Pd/C (10 wt %) Q
R "R MeOH, H, (1 atm) R R
(R = Ph or alkyl) m,24h
Entry Substrate Product Yield (%)
o) o)
1 Ph)J\/A Ph Ph)J\A Ph quant
1a 2a
o) o)
2 Phw Ph Ph)J\/\/\ Ph 99
1b 2b
Q o
3 Ph)\ Ph)J\A Ph quant
Ph
1c 2a
0 o)
4 Ph/\)J\ Ph/\)J\ 84
1d 2d
o} o)
5 Ao D S
1e 2e

* The reaction was completed within 13 h.
® The reaction was completed within 1.5 h. The low isolated yield of 2e was
due to the volatile nature.
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OH Me
= X
o o

N

Ph,S (0.01 equiv)
10% Pd/C (10 wt %)
—_—

MeOH, Hy (1 atm)
rt, 24 h

(0]
CC
o/\/

3a

(e}

L,

4a

11927

5a 6a

4a:5a:6a=50:9:41

Scheme 3. First attempt for chemoselective hydrogenation of olefin in the presence of aromatic aldehyde.

‘We have reported that the choice of solvent was an important
factor to control the chemoselective suppression of epoxi-
des®>< or silyl ethers® under the hydrogenation conditions.
In the former case, use of THF instead of MeOH as a solvent
achieved the Pd/C(en)-catalyzed chemoselective hydroge-
nation of olefin, nitro, and azide moieties with retention of
the epoxide functions. In the latter case, TBDMS (terz-butyl-
dimethylsilyl) and TES (triethylsilyl) ethers were cleanly
deprotected in MeOH under the Pd/C-catalyzed hydrogena-
tion conditions, while neither TBDMS nor TES ether was
cleaved in AcOEt (ethyl acetate) or MeCN (acetonitrile), re-
spectively. With an expectation of complete suppression of
the reduction of the aromatic aldehydes, hydrogenolysis of
3a in a variety of solvents was investigated (Table 3). The
hydrogenation of the aldehyde moiety of 3a proceeded in
MeOH (Scheme 3 and Table 3, entry 1), whereas the alde-
hyde moiety survived completely in THF, AcOEt, MeCN,
or 1,4-dioxane (entries 2-5). These solvents made the
chemoselective reduction of 3a possible between the alkene
moiety and the aldehyde moiety, because such solvent may
be able to coordinate to Pd/C and further reduce the catalyst
activity.

The results of the hydrogenation of a variety of aromatic
aldehydes in AcOEt are summarized in Table 4. Aromatic
aldehydes with an electron-donating group on the benzene
ring never hydrogenate (entries 1-3) and a coexisting olefin
in the molecule was selectively hydrogenated to the corre-
sponding alkane (entries 2 and 3). Aryl aldehydes bearing
an electron-withdrawing group on the benzene ring did also
not undergo the reduction under these reaction conditions
(entries 4-7).

We next investigated the selectivity of the hydrogenation
between olefin and aromatic halide moieties (Table 5). A se-
lective hydrogenation method without hydrogenolysis of
aromatic halides could be useful for synthetic organic

Table 3. Solvent effect on the hydrogenation of an aromatic aldehyde

chemistry. Complete inhibition of the hydrogenolysis of ar-
omatic chlorides using our chemoselective hydrogenation
method was achieved (entry 1) and the olefin moiety was
hydrogenated smoothly and selectively without dechlorina-
tion (entries 2-5). However, the addition of 0.01 equiv of
Ph,S was insufficient to prevent debromination and an in-
crease in the amount of Ph,S was required (entries 6 and
7). With use of 0.1 equiv of Ph,S, the olefin moiety was se-
lectively hydrogenated without debromination of the corre-
sponding aromatic bromide (entry 8). In the case of the
aromatic iodide as a substrate, no deiodination was also ob-
served (entry 9). These results show that our hydrogenation
conditions using Ph,S are useful in the selective hydrogena-
tion of olefins without the reduction of aromatic halides.

Benzyl ester and N-Cbz (benzyloxycarbonyl) protecting
groups are widely used due to their easy deprotectable
nature.” However, the selective hydrogenation of other re-
ducible functionalities without deprotection of benzyl ester
or N-Cbz protective group is very difficult to attain at a prac-
tically useful level. Only a few methods are known in the lit-
erature. Zappia et al. reported that use of 3% Pd/C in AcOEt
led to the selective hydrogenation of olefin leaving the ben-
zyl ester or N-Cbz protective group intact, but these protec-
tive groups were time-dependently taken off under their
conditions.'® We also reported that aliphatic N-Cbz protec-
tive groups were not cleaved by hydrogenolysis using Pd/
C(en) as a catalyst, while aromatic N-Cbz protective groups
could not survive under the same conditions;* Pd/Fib
could also hydrogenate the olefin moiety selectively without
the deprotection of both benzyl ester and the N-Cbz protec-
tive group in THFE.!" We attempted to apply the present Pd/
C-Ph,S system to the selective hydrogenation of olefin in
the presence of benzyl ester or the N-Cbz protective group
(Table 6). The selective hydrogenation of olefin was
achieved without hydrogenolysis of the coexisting benzyl
ester (entries 1-5). Both aliphatic and aromatic N-Cbz

o Ph,S (0.01 equiv) 0 "
: I y 10% Pd/C (10 wt %) | ©\A0H e
_—
Solvent, Hy (1 atm) o AN

O/\/ ', 24 h o O

3a 4a 5a 6a
Entry Solvent 3a:4a:5a:6a"
1 MeOH 0:50:9:41
2 THF 0:100:0:0:0
3 AcOEt 0:100:0:0:0
4 MeCN 0:100:0:0:0
5 1,4-Dioxane 0:100:0:0:0

2 The ratio was determined based on 'H NMR analysis.
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Table 4. Suppression of the hydrogenation of aromatic aldehyde and selec-
tive hydrogenation of olefin in the presence of aromatic aldehyde

Ph,S (0.01 equiv)

Table 5. Suppression of the hydrogenation of aromatic halide and selective
hydrogenation of olefin in the presence of aromatic halide

o 0 Ph,S (0.01 equiv)
N 10% Pd/C (10wt %) _ N X 10% PdIC (10 wt %) X
R AcOEt, H, (1 atm) R R MeOH. Hy (1 atm) R
rt, 24 h
rt, 24 h
- 2 (X=Cl,Br)
Entry Substrate Product Yield (%)
0 Entry Substrate Product Yield (%)*
MeO H
1 Recovery 99° C' ) b
MeO 1 No reaction 75
OMe 9a
3c
o 0 0 o}
N
5 H H ol 2 98
o NF o Cl cl
10b
3a 4a 9b
0 o) o) 0
H H Zph Ph
3 95 3 97
\/\O "o cl cl
3d 4d 9c 10c
% o} o}
H N
, /@)J\ Recovery gobe 4 /@/\)‘\NHQ /@/\)‘\NH2 90°
NC cl cl
3e 9d 10d
(0]
(0] (0]
H
5 Recovery 96° = CO,H CO,H
HO,C 5 99
Cl Cl
3f
9e 10e
(0]
6 /©)L 4 Recover 94" Br
Ph y 6 No reaction >99%e
3g 11a
0 0 o
Sa P~ T CE———
7 O X 93" Br
O 11b
3h 4h
O O~
 TIsolated yield. /©/ o.f
b Isolated yield of the recovered substrate. 8 Br Br >99
¢ MeCN was used as a solvent. 11c 12
4 Small amount of intractable material contained. ¢
protective groups were stable under the hydrogenation con- 9 No reaction 6P
ditions (entries 6-8). Our method is proved to be useful for I
the selective hydrogenation of the alkene moiety in the pres- 13a

ence of benzyl ester or the N-Cbz protective group.

Aromatic cyano groups are also known as a reducible func-
tionality under Pd/C-catalyzed hydrogenation conditions.
We examined if a cyano group could undergo the reduction
under our conditions (Table 7). The hydrogenation of an

 Isolated yield.

® Isolated yield of the recovered substrate.

© The yield was determined based on 'H NMR analysis.

4 Ph,S (0.5 equiv) was used.

¢ Determined by GC-MS analysis. A trace of debromination was detected.
f Ph,S (0.1 equiv) was used.
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Table 6. Selective hydrogenation of olefin in the presence of benzyl ester or
N-Cbz protective group

Ph,S (0.01 equiv)

R-CO,Bn R'—CO,Bn
10% Pd/C (10 wt %)
MeOH, H; (1 atm)
R-NCbz R'-NCbz
rt, 24 h
Entry Substrate Product Yield (%)*
Z>C04Bn ~7>C0,Bn .
1 100
14a 15a
2 )\COan /LCOZBn 100°
14b 15b
XX C02Bn S -C02Bn
3 quant
14c 15¢
COZBH COQBI’I
14d 15d
oy -CO2BN pp - CO2BN
5 94
14e 15e
XSNNF SN
|
6 (llbz Cbz quant
16a 17a

NHCbz
\/©/ 98

16b 17b

e O

8 | | 99
Cbz Cbz

16¢c 17c

 Tsolated yield.
" The yield was determined based on 'H NMR analysis.

aromatic cyano group did not proceed, regardless of whether
the benzene ring was substituted with an electron-donating
group or an electron-withdrawing group (entries 1-3).

Next, we investigated the catalyst poison effect of Ph,S to-
ward an azide functionality (Table 8). The addition of Ph,S
to the reaction mixture did not affect the reduction of azide
and the corresponding amine was obtained quantitatively
(entries 1 and 2).

Several methods for the selective reduction of the nitro
group in the presence of other functionalities such as aro-
matic carbonyls, aromatic halides, and nitriles have been
also reported.®!? Application of the present method to nitro
compounds was attempted (Table 9). The hydrogenation of
21a was not complete, but led to the formation of a complex
mixture (entry 1). As shown in entries 2 and 3, the hydroge-
nation of nitro compounds substituted with either an elec-
tron-donating (21b) or electron-withdrawing group (21c)
on the benzene ring resulted in incompletion. Hence,

Table 7. Suppression on the hydrogenation of aromatic cyano group
Ph,S (0.01 equiv)

N CN 10% Pd/C (10 wt %) N CN
1 _— L
R _ MeOH, H, (1 atm) R ©/
rt, 24 h
Entry Substrate Result
jon
1 MeO Recovery of substrate, 100%
18a
CN
2 Y©/ Recovery of substrate, 100%"
(0]
18b
CN
H b,c
3 Recovery of substrate, 94% ™
(6]
3e

 Determined by 'H NMR.
® Isolated yield of the recovered substrate.
“ MeCN was used as a solvent.

Table 8. Pd/C—Ph,S catalyzed hydrogenation of azide
Ph,S (0.01 equiv)

AN 10%PAC (0w ) A NHe
R MeOH, Hy, (1 atm) Rw

rt, 24 h
Entry Substrate Product Yield (%)*
MeO N3 MeO NH;
1 MeO MeO quant
OMe OMe

19a 20a
2 HO,C HO,C quant

19b 20b

 Tsolated yield.

currently it seems difficult to achieve good selectivity in
the hydrogenation of nitro groups.

We investigated the reusability of the catalyst without further
addition of Ph,S using benzyl cinnamate (14e) as a substrate
(Table 10). The hydrogenation using fresh Pd/C and Ph,S
proceeded selectively (Table 6, entry 5 and Table 10, entry
1). The activity of the recycled Pd/C was notably decreased
and the reduction of the olefin moiety was even incomplete
(entries 2 and 3). These results suggest that recycling the
Pd/C used for the hydrogenation seems difficult.

3. Conclusion

During the investigation of the influence of sulfur-containing
catalyst poison toward Pd/C in hydrogenation, we found that
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Table 9. Attempt on the Pd/C-Ph,S catalyzed hydrogenation of nitro

compound
Ph,S (0.01 equiv)
o NO2  10% Pd/C (10 wt %) N2
R{;/ MeOH, H, (1 atm) R_Q/
rt, 24 h
Entry Substrate Result Yield (%)*
NO,

1 ©/ Complex mixture® —

21a
2 MeO MeO 67°

21b 22b

N02 NHZ
o o

21c 22c

2 The yield was determined based on "H NMR analysis.

b Nitro, amine, and diazo compounds were observed by '"H NMR.
¢ Thirty-three percent of the substrate remained intact.

4 Forty-seven percent of the substrate remained intact.

Table 10. Reuse of Pd/C
Ph,S (0.01 equiv)
10% Pd/C (10 wt %)

ph X -CO2BN by ~COBN 4 [~ COH
MeOH, H (1 atm)
14e rt, 24 h 15e 23e
Entry Reuse 14e:15e:23¢"
1 — 0:100:0
First 8:92:0
3 Second 80:20:0

@ The ratio was determined based on 'H NMR analysis.

Ph,S was an appropriate catalyst poison to degrade the activ-
ity of Pd/C moderately and developed a chemoselective
hydrogenation method using the combination of Pd/C and
Ph,S. The addition of only a catalytic amount (0.01—
0.1 equiv) of Ph,S to Pd/C-catalyzed hydrogenation mix-
tures led to the complete chemoselective hydrogenation of
olefin and azide functionalities in the presence of other
reducible functional groups, such as aromatic carbonyl, aro-
matic halide, aromatic cyano group, benzyl ester, and N-Cbz
protective group. The other distinctive features of this
method are the non-use of expensive reagents and the simple
and virtually odorless operation. The present chemoselective
hydrogenation method should be practically useful in syn-
thetic organic, medicinal, and process chemistry fields.

4. Experimental
4.1. General

Pd/C (10%) was purchased from Aldrich (catalog no.
205699). MeOH and AcOEt for HPLC, dehydrated THF,

and dehydrated DMF were purchased from Wako Pure
Chemical Industries, Ltd. and used without purification.
CH,Cl, was distilled from calcium hydride. All other re-
agents were purchased from commercial sources and used
without further purification. Flash column chromatography
was performed with silica gel Merck 60 (230-400 mesh
ASTM), or Kanto Chemical Co., Inc. 60N (63-210 pm
spherical, neutral). "TH NMR and '3C NMR spectra were re-
corded on a JEOL AL 400 spectrometer or JEOL EX 400
spectrometer (400 MHz for 'H NMR and 100 MHz for '*C
NMR). Chemical shifts (0) are expressed in parts per million
and are internally referenced (0.00 ppm for TMS for CDCl3
for "H NMR and 77.0 ppm for CDCl; for '*C NMR). EI and
FAB mass spectra were taken on a JEOL JMS-SX102A
instrument.

4.2. Synthesis of the substrate

4.2.1. 1-Bromo-4-(2-propenyloxy)benzene (11c).* To
a solution of 4-bromophenol (1.73 g, 10.0 mmol) and potas-
sium carbonate (1.52 g, 11.0 mmol) in acetone (10.0 mL)
was added allylbromide (0.96 mL, 11.0 mmol) and refluxed
for 8 h. Et,O (30 mL) and water (30 mL) were added and the
layers were separated. The aqueous layer was extracted with
Et,0 (30 mL) and the combined organic layers were washed
with brine (30 mL), dried over MgSO,, and concentrated
under reduced pressure to afford 11c in 93% yield (1.98 g)
as a colorless oil. 'TH NMR spectrum of 11¢ was identical
to that in the literature.'*

4.2.2. Synthesis of benzyl ester.!! To a solution of carbox-
ylic acid (10.0 mmol), EDC-HCI (2.30 g, 12.0 mmol), and
DMAP (122 mg, 1.00 mmol) in CH,Cl, (15 mL) was added
benzyl alcohol (1.04 g, 10.0 mmol). After a certain reaction
time, chloroform (50 mL) and water (50 mL) were added
and the layers were separated. The aqueous layer was ex-
tracted with chloroform (50 mL) and the combined organic
layers were washed with brine (100 mL), dried over
MgSO,, and concentrated under reduced pressure. The resi-
due was purified by flash column chromatography on silica
gel to afford 14c¢ or 14d.

4.2.2.1. (2EAE)-Benzyl hexa-2,4-dienoate (14c). Ob-
tained from sorbic acid (1.12 g, 10.0 mmol), EDC-HCI
(1.92 g, 10.0 mmol), DMAP (122 mg, 1.00 mmol), and ben-
zyl alcohol (1.04 mL, 10.0 mmol) according to the general
procedure for the synthesis of the substrate (Section 4.2.2)
after 48 h of the reaction followed by flash column chroma-
tography on silica gel (n-hexane) in 90% yield (1.82 g) as
a colorless oil. '"H NMR (CDCl;) 6 7.38-7.26 (m, 6H),
6.20-6.15 (m, 2H), 5.82 (d, 1H, J=15.9 Hz), 5.19 (s, 2H),
1.85 (d, 3H, J=5.6 Hz); MS (EI) m/z 202 (M*, 15), 157
(25), 91 (100); HRMS (EI) Calcd for C3H 40, (M*):
202.0994. Found: 202.0985.

4.2.2.2. Benzyl vinylbenzoate (14d).!'¢ Obtained from
4-vinylbenzoic acid (500 mg, 3.37 mmol), EDC-HCI
(959 mg, 5.00 mmol), DMAP (61.1 mg, 0.500 mmol), and
benzyl alcohol (0.350 mL, 3.38 mmol) according to the
general procedure for the synthesis of the substrate (Section
4.2.2) after 43 h of the reaction followed by flash column
chromatography on silica gel (n-hexane — n-hexane/Et,O=
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4/1) in 92% yield (737 mg) as a colorless oil. "H NMR spec-
trum of 14d was identical to that in the literature.''c

4.2.3. Synthesis of N-Cbz protecting group.'! To a solu-
tion of the amine (5.00 mmol) in THF was added N-(benzyl-
oxycarbonyloxy)succinimide (1.45 g, 6.00 mmol). After a
certain reaction time, AcOEt (150 mL) and water (100 mL)
were added and the layers were separated. The organic layer
was washed successively with water (100 mL) and brine
(100 mL), dried over MgSQ,, and concentrated under re-
duced pressure. If necessary, the residue was applied to flash
column chromatography on silica gel to afford 15a—15c.

4.2.3.1. Benzyl diallylcarbamate (16a).!'¢ Obtained
from diallylamine (1.23 mL, 10.0 mmol) and N-(benzyloxy-
carbonyloxy)succinimide (2.91 g, 12.0 mmol) according
to the general procedure for the synthesis of the substrate
(Section 4.2.3) after 67 h of the reaction followed by flash
column chromatography on silica gel (n-hexane) in 97%
yield (2.24 g) as a colorless oil. '"H NMR spectrum of 16a
was identical to that in the literature.!!®

4.2.3.2. Benzyl 4-vinylphenylcarbamate (16b).!1¢ Ob-
tained from 4-vinylaniline (1.00 g, 8.39 mmol) and N-
(benzyloxycarbonyloxy)succinimide (2.45 g, 10.1 mmol)
according to the general procedure for the synthesis of the
substrate (Section 4.2.3) after 7 h of the reaction without
any purification in 92% yield (1.99 g) as a pale yellow solid.
"H NMR spectrum of 16b was identical with that in the
literature. '

4.2.3.3. Benzyl allylphenylcarbamate (16¢).!1¢ Ob-
tained from N-allylaniline (1.33 g, 10.0 mmol) and N-
(benzyloxycarbonyloxy)succinimide (2.91 g, 12.0 mmol)
according to the general procedure for the synthesis of the
substrate (Section 4.2.3) after 7 h of the reaction followed
by flash column chromatography on silica gel (rn-hexane)
in 81% yield (2.18 g) as a colorless oil. 'H NMR spectrum
of 16¢ was identical with that in the literature.'!®

4.2.3.4. 5-Azide-1,2,3-trimethoxybenzene (19a).!° To
a solution of 3,4,5-trimethoxyaniline (916 mg, 5.00 mmol)
and concentrated hydrochloric acid (11.3 mL) in water
(20 mL) was added dropwise a solution of sodium nitrite
(362 mg, 5.20 mmol) in water (12.5 mL) at 0-5 °C and the
mixture was stirred at 0-5 °C. After 1 h, the mixture was fil-
tered and the filtrate was added to a solution of sodium azide
(325 g, 12.5 mmol) in water (12.5 mL) and stirred for 6 h.
The mixture was filtered to afford 19a in 76% yield
(795 mg) as a pale yellow solid. '"H NMR spectrum of 19a
was identical with that in the literature.'®

4.3. Optimization of the reaction conditions (Table 1)

Compound 1a (208 mg, 1.00 mmol), 10% Pd/C (20.8 mg,
10 wt % of 1a), an additive (0.01 mmol), and MeOH
(2.0 mL) were added to a test tube and the system was sealed
with a septum. After two vacuum/H, cycles to replace the air
inside with hydrogen, the mixture was vigorously stirred at
room temperature (ca. 20 °C) under ordinary hydrogen pres-
sure (balloon) for 24 h. The reaction mixture was filtered
using a membrane filter (Millipore, Millex®-LH, 0.45 pm)

to afford the mixture of 1a—4a. The ratio of the mixture
was determined by 'H NMR analysis.

4.4. Typical procedure for the chemoselective hydro-
genation of olefins in the presence of Ph,S as a
catalyst poison (Tables 2, 5-9, and Scheme 3)

Substrate (500 umol), 10% Pd/C (10 wt % of the substrate),
diphenylsulfide (0.84 uL, 5.00 pumol), and MeOH (2.0 mL)
were added to a test tube and the system was sealed with a
septum. After two vacuum/H, cycles to replace the air inside
with hydrogen, the mixture was vigorously stirred at room
temperature (ca. 20 °C) under ordinary hydrogen pressure
(balloon) for 24 h. The reaction mixture was filtered using
a membrane filter (Millipore, Millex®-LH, 0.45 pm) and
the filtrate was concentrated to provide the product.

4.5. Procedure for Table 3

Compound 3a (81.1 mg, 500 pmol), 10% Pd/C (8.2 mg,
10 wt % of 3a), diphenylsulfide (0.84 pL, 5.00 pmol), and
solvent (2.0 mL) were added to a test tube and the system
was sealed with a septum. After two vacuum/H, cycles to
replace the air inside with hydrogen, the mixture was vigor-
ously stirred at room temperature (ca. 20 °C) under ordinary
hydrogen pressure (balloon) for 24 h. The reaction mixture
was filtered using a membrane filter (Millipore, Millex®-LH,
0.45 um) and the filtrate was concentrated to provide the
product.

4.6. Investigation of solvent effect on the hydrogenation
of aromatic aldehyde (Table 4)

Substrate (500 pmol), 10% Pd/C (10 wt % of the substrate),
diphenylsulfide (0.84 pL, 5.00 pumol), and AcOEt (2.0 mL)
were added to a test tube and the system was sealed with
a septum. After two vacuum/H, cycles to replace the air in-
side with hydrogen, the mixture was vigorously stirred at
room temperature (ca. 20 °C) under ordinary hydrogen pres-
sure (balloon) for 24 h. The reaction mixture was filtered us-
ing a membrane filter (Millipore, Millex®-LH, 0.45 pm) and
the filtrate was concentrated to provide the product.

4.7. Procedure for reuse of Pd/C (Table 10)

In entry 1, 14e (200 mg, 839 umol), 10% Pd/C (20 mg,
10 wt % of 14e), diphenylsulfide (1.38 pL, 8.39 umol), and
MeOH (2.0 mL) were added to a test tube and the system
was sealed with a septum. After two vacuum/H, cycles to
replace the air inside with hydrogen, the mixture was vigor-
ously stirred at room temperature (ca. 20 °C) under ordinary
hydrogen pressure (balloon) for 24 h. The reaction mixture
was filtered using a Kiriyama funnel (8 mm diameter, filter
paper 5C, 1 um, Kiriyama Glass Works Co.), the filtrate
was concentrated to provide the product, and filtered Pd/C
was dried under reduced pressure for 24 h. In entries 2—4, ac-
cording to the procedure in entry 1, the reaction was carried
out without the addition of Ph,S.
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Abstract—The self-assembly of a novel series of hydrogen bonding-mediated homodimers in chloroform-d has been described. Six anthra-
nilamide-based monomers have been prepared, in which two self-binding formamido, trifluoroacetamido, acetamido, butyl or methyl ureido
units are introduced at the two ends of the backbones. Quantitative 'H NMR investigations in chloroform-d revealed that the formamido and
ureido units are more efficient than acetamido to induce the formation of stable homodimers. The association constants of all the new homo-
dimers have been determined by "H NMR dilution method. Multiply hydrogen bonding-driven binding patterns have been proposed for the
homodimers. It is also found that ureido-derived homodimers do not adopt common linear binding pattern observed for simple urea derivatives.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Self-assembly of linear molecules into duplexes is acommon
phenomenon in biological systems.'? In recent years, there
has been intensive interest in constructing artificial duplexes
or dimers of defined structures through the self-assembly of
synthetic monomers.*~ Particularly, hydrogen bonding has
been proved to be ideal non-covalent force for this purpose
due to its great directionality and strength.® Two general
strategies have been developed for the design of hydrogen
bonding-mediated molecular building blocks. The first one
is based on heterocyclic derivatives, in which hydrogen
bonding donors or acceptors are compactly arranged in a de-
signed direction, as demonstrated by the recent self-assembly
of quadruply hydrogen bonded binding modes.” The second
one is to iteratively incorporate simple binding residues
into linear backbones. Examples of this family of dimeric
aggregates include sheet-like aromatic and aliphatic amide
duplexes,®® 3,6-diaminopyridazine-based homodimers'®
and hydrazide-derived heterodimers.!! To achieve high bind-
ing stability and selectivity, both strategies require preorgani-
zation and rigidity of the backbones and binding sites of
monomers, which is usually realized by making use of intra-
molecular hydrogen bonding.'?

Keywords: Self-assembly; Hydrogen bonding; Aromatic amide; Dimer.
* Corresponding author. Tel.: +86 21 5492 5122; fax: +86 21 6416 6128;
e-mail: ztli@mail.sioc.ac.cn

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.073

In the past decade, the construction of foldamers, linear
molecules that are induced by non-covalent forces to adopt
well-established secondary structures, has received increas-
ing attention.'® Also due to its directionality and strength,
hydrogen bonding has been widely utilized to construct aro-
matic oligoamide-based foldamers.!*>* In addition, some of
the synthetic folded structures represent new generation of
acyclic receptors for saccharides,??>< alkyl ammoniums?24
or encapsulation of water.?*® As part of a program in hydro-
gen bonding-mediated self-assembly, we had reported the
construction of a new series of planar zigzag secondary
structures.>* Recently we also succeeded in utilizing the
rigidified structural motif as preorganized backbones to
assemble a new family of homoduplex 1-1 (Chart 1).%° In
order to explore the assembling diversity and also to screen
ideal binding sites for more efficient assembling patterns, we
have designed several new monomers. In this paper, we
report the synthesis of these new monomers and their self-
assembling features in chloroform.

2. Results and discussion

Six monomers 2—-5 have been designed (Chart 2), which con-
tain two formamido, trifluoroacetamido, acetamido or
ureido units, respectively. All these units have been estab-
lished to be able to self-associate in solvents of low polarity.
It was expected that a comparison of their self-associating
features would reveal the ideal binding modes for this class
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Chart 1.

of homodimers, which should be useful for future design of
more elaborate supramolecular architectures.

The synthetic route for 2 is shown in Scheme 1. Thus, ester
6% was first hydrolyzed with lithium hydroxide to give acid
7 in 80% yield. The latter was then treated with formic acetic
anhydride in THF to afford 8 in 65% yield. Finally, 8 reacted
with diamine 92° in DMF in the presence of HATU and THF
produced 2 in 84% yield.

For the synthesis of 3 (Scheme 2), aniline 7 was first treated
with trifluoroacetic anhydride in THF to produce 10 in 95%
yield. The acid was then coupled with 11??® in DMF and THF
in the presence of HATU to afford 3 in 65% yield. For the
preparation of 4 (Scheme 3), compound 9 was first coupled
with 12242 in THF in the presence of DCC to give intermedi-
ate 13 in 65% yield. Then, another intermediate 15 was
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Chart 2.
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HCO,Ac COH
THF, rt, 05 h
659
o NHCHO 8
HoN NH2 g HaTU, DIEA 2)
"V BUO OBy DMF/THF, rt
0 20 h, 84%

Scheme 1.

obtained in 80% yield from the reaction of 14%¢ with acetic
anhydride in THF. Finally, HATU-mediated coupling reac-
tion of 13 with 15 in DMF generated 4 in 68% yield.

OBu-n
CO,H
(CF4C0),0 2
THF, rt., 95%
NHCOCF; 10
EtO OEt 40, HATU, DIEA
OMFITHE, to 24
DMF/THF, r.t., 24 h
H,N NH, 65%
1
Scheme 2.
CO.H
9, DCC, HOBt
OMe THF, r.t.
CO,H 12 h, 65%
12
H,N
OBu-n
OMe OMe 13
COH Ac,0, DMAP COH HATU, DIEA EI
THF, rt., 1h DMF, r.t.
80% 12 h, 68%
NH, 14 NHAc 15
Scheme 3.

To prepare 5a (Scheme 4), 6 was first treated with butyl iso-
cyanide 16 in THF to give urea 17 in 80% yield. The latter
was then hydrolyzed with sodium hydroxide to afford 18
in 95% yield. Compound 18 was again coupled with 19 in
dichloromethane in the presence of HOBt to generate 5a
in 80% yield. The synthetic routes for Sb and Sc are shown
in Scheme 5. Thus, compound 20 was first alkylated in hot
acetonitrile with potassium carbonate as base to give 21 in
90% yield. The latter was nitrated in concd sulfuric acid to
produce 22 in 80% yield. The intermediate was then hydro-
lyzed with sodium hydroxide to acid 23 in 85% yield. Treat-
ment of 23 with oxalyl chloride yielded acyl chloride 24,
which was then reacted with compound 19 in dichlorometh-
ane in the presence of triethylamine to produce compound
25 in 90% yield. Palladium-catalyzed hydrogenation of 25
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in THF gave diamine 26 in 95% yield. Finally, the reaction
of 26 with methyl and butyl isocyanide in THF yielded Sb
and Sc, respectively.

OBu-n n-BuQ CO,Me
COMe  ginco (16)
THF, r.t, 24 h 0
80% HN—4
NH, 6 17 NHBu-n

n-BuQ  CO,H
NaOH, THF/H,0

rt, 1h, 95% o
HN—
18 NHBu-n
H2N NHz 18, HOBt, DIEA
CH,CI,, reflux
MeO OMe 10 h, 80%
19
Scheme 4.
n-CqoHy4Br R
@iOH K,COg, MeCN @EOC“’H” n
—_—
° o,
CO,Me 80 °C, 20 h, 90% CO,Me
20 21
OC1oH21-n
CO,Me NaOH

HNO,, H,SO, THF-MeOH-H,0

r.t, 2 h, 80% r.t., 12 h, 85%
NO, 22
OC1oH2¢-n OC1oHz1-n
COH  cocl),, DMF (cat.) COCl 19, NEL,
benzene, r.t., 1h CH,Cly, r.t.
2 h, 90%
NO, 23 NO, 24 °
©\f Y@ H2 (40 atm.), Pd-C
n- C10H210 OC10H21-n THF, r.t., 20 h, 95%
* c5‘°
Me Me 25

i\f Y¢ RNCO, THF_ [5p, (50%)

n-CioH210., | jy:OC1oHzrn 40 40°C,12h |5¢ (55%)

'b o“°
Me Me 26

Scheme 5.

Previously, the rigidified preorganized conformation of the
anthranilamide backbones of compounds 2-5 has been es-
tablished by the X-ray analysis and 'H NMR techniques.?*
The "H NMR spectra of 2-5 in CDCl; are shown in Figure 1.
All the linking amide protons display signals at the down-
field area, which is consistent with the result observed for
their corresponding backbone molecules and suggests the
formation of the similar rigidified conformation for 2-5.24

The 'H NMR spectrum of compound 2 in CDCl; displays
one set of sharp signals and the HCONH signal appears at

1 10 9 8 7 6 5
(ppm)

Figure 1. Partial "H NMR spectrum (400 MHz) of (a) 2, (b) 3, (¢) 4, (d) 5¢
and (e) 30 in CDCl; at 25 °C (6.0 mM) (for numbering, see Chart 2).

8.01 ppm. Nevertheless, it has been reported that N-phenyl
formamide and related derivatives exist as cis and trans iso-
mers as a result of the restricted rotation of the N-C=0
bond.?’” The discrepancy suggests that the NH protons
were involved in important intermolecular hydrogen bond-
ing, as observed for 1.2 'H NMR dilution experiments
were then carried out, which revealed important upfield
shifting of both the HCONH and HNCHO signals (Fig. 2).
By fitting the data of the amide proton to a 1:1 binding
mode, a K, 0f 2.6 (£0.3)x 10°> M~! was obtained for ho-
modimer 2-2.%® This value is substantially higher than that
of 1-1in the same solvent, reflecting the increased efficiency
of the self-binding formamide unit obviously as a result of
the decreased steric hindrance. Because it has been estab-
lished that in solution homodimer 1-1 mainly adopts a linear
binding mode?> and the X-ray analysis has also revealed a
linear assembling pattern for p-chlorophenyl-formamide,?’
it is reasonable to propose that dimer 2-2 should also adopt
a linear self-associating mode (Chart 3), which is stabilized
by three intermolecular hydrogen bonds. The upfield shift-
ing of the HCONH signal with dilution may be ascribed to
the weakening of the intermolecular shielding at reduced
concentration. Also based on the 'H NMR dilution experi-
ments, a K, oc of 80 (£7) M~! was estimated for homo-
dimer 3-3 in CDCl; (Chart 3). The values of 1-1 and 3-3

8.0 ] ]

N
[4)]
1
|

Chemical shift (ppm)
o ~
3] o
1 1

oo ©
o ¢

6.0 ,

0 4 8 12 16
Concentration (x 10 M)

Figure 2. Plot of the chemical shift of the NH () and O=CH (@) protons
of 2 (18.2 mM to 1.2 mM) in CDCl; at 25 °C.
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Chart 3.

are pronouncedly smaller than that of 2-2, which reflect the
increased steric hindrance of the CH3 and CF3 groups com-
pared to that of the hydrogen atom.

The self-associating property of longer 4 was also investi-
gated by the "H NMR spectroscopy. 2D-NOESY experiment
in CDCI; revealed modest intermolecular NOE connections
between the appended methyl protons and the centrally
located benzene protons, which are shown in Chart 4. This
observation suggests dimer 4-4 also forms in the solution.
The 'H NMR dilution experiments in CDCl; were then per-
formed, which revealed that the signal of the appended NH
protons moved upfield substantially with the decrease of
the concentration (Fig. 3). By fitting the data to a 1:1 binding
mode, a Kpgoe of 230 (£20) M~! could be derived for

Bun

Chart 4.
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Figure 3. Plot of the chemical shift of the NH-1 (), NH-2 (A) and NH-3
(@) protons of 4 (19.5 mM to 0.2 mM) in CDCl; at 25 °C.

homodimer 4-4. The value is close to that of homodimer
1-1, probably as a result of decreased steric hindrance in
this dimeric structure, which increases the strength of the
single intermolecular hydrogen bond.

Alkyl ureido unit is an efficient self-binding site, which has
been widely used for the formation of numerous dimeric cap-
sules.?® It was envisioned that replacement of the acetamide
unit in 1 with the alkyl ureido unit might lead to the formation
of more stable homodimers. Therefore, compounds 5a—5c¢
were prepared. Unfortunately, Sa and 5b were only slightly
soluble in chloroform, which made it impossible to investi-
gate their self-associating property in chloroform. However,
a single crystal of Sa suitable for the X-ray analysis was
grown from evaporation of its solution in chloroform.
Surprisingly, the solid-state structure revealed a dimeric
structure (Fig. 4), in which one of the ureido unit of the mono-
mer was hydrogen bonded to the centrally located C=0
oxygen. In addition, the aromatic backbone of the molecule
is also twisted considerably. We attribute these results to
the large size of the butyl group connected to the ureido
unit, which retards the linear self-associating mode (Chart
5). 'H NMR dilution experiments in CDCl; were carried
out for the soluble analogue Se¢, which revealed important up-
field shifting of the protons of the two ureido NH groups. Be-
cause the signal of the benzene-connected NH protons was

Figure 4. The solid-state structure of 5a, highlighting the dimeric binding
pattern.
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Chart 5.

overlapped with other aromatic signals upon dilution, the
signal of the BuNH unit was used as probe for quantitative
self-associating study, which gave rise to a Ko of 1.1
(£0.1)x 10> M~! for homodimer 5c-5c. This value is also
remarkably larger than that of 1-1 probably as a result
of the increased number of the intermolecular hydrogen
bonds.

It has been reported that simple N-alkylated urea derivatives
form extended linear stacking structures in the solid state,
which are stabilized by intermolecular hydrogen bonding be-
tween the ureido units.?! In order to explore the influence of
the rigidified backbone on the self-assembly of the urea de-
rivatives, compound 30 was also prepared according to the
route shown in Scheme 6. The 'H NMR spectrum of 30 in
CDClj; is provided in Figure 1. The intramolecular hydrogen
bonding is evidenced by the fact that the signals of both
amide protons appear in the downfield area. Based on the
'H NMR dilution experiments, we determined the K,soc Of
the homodimer 30-30 of this molecule in CDCl; to be
approximately 820 M~!. This value is lower than that of
homodimer 5c¢-5¢ but notably larger than that of N,N'-di-
methylurea (ca. 400 M~!) in benzene of less polarity.> This
result indicates that homodimer 30-30 should also mainly
adopt the quadruply hydrogen bonded binding pattern, as
shown in Chart 6. In principle, if monomers have good
solubility, replacement of the ending butyl groups with
smaller methyl groups would remarkably reduce the steric
hindrance and increase the stability of the corresponding
homodimers.

OMe OMe
F
n-BuNCO COH CgFsOH COCoFs
N-BulNCO _ LersOft
THF, r.t. DCC, CH,Cl,
24 h, 75% rt,1h
HN._O HN._O
27 NHBu-n 28 NHBu-n

Me Me

3 He
MeQAQ*NHZ MeO" "N N""OMe

N 28, DCC, HOBt

—_—————
CHCIj, reflux
24 h, 70%

Scheme 6.

Me Me
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ROMeO“"H‘N N’H""OR
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30-30 ROy OMe
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Chart 6.

3. Conclusion

In summary, we have reported the hydrogen bonding-medi-
ated self-assembly of a new series of homodimers. The key
feature of the new supramolecular architectures is the pre-
organization of their anthranilamide backbones, which is
realized by introduction of consecutive three-centered intra-
molecular hydrogen bonding. The formamido and ureido
units display greater binding affinity and may be ideal
binding sites for the self-assembly of more stable dimeric
structures. Future work will point to the development of
longer oligomeric or polymeric monomers, which might
lead to the construction of new generation of duplexes of
well-ordered structures or self-duplication.

4. Experimental
4.1. General methods

Melting points are uncorrected. All solvents were dried be-
fore use following standard procedures. All reactions were
performed under an atmosphere of dry nitrogen. The 'H
NMR spectra were recorded on 400 or 300 MHz spectro-
meters in the indicated solvents. Chemical shifts are expressed
in parts per million () using residual solvent protons as in-
ternal standards. Chloroform (6 7.26 ppm) was used as an in-
ternal standard for chloroform-d. Elemental analysis was
carried out at the SIOC analytical center. Unless otherwise
indicated, all starting materials were obtained from commer-
cial suppliers and were used without further purification.

4.1.1. Compound 7. A solution of 62° (2.23 g, 10.0 mmol)
and lithium hydroxide monohydrate (0.13 g, 30.0 mmol) in
THF (50 mL) and water (25 mL) was stirred at room temper-
ature for 1 h and then neutralized with dilute hydrochloric
acid (1 N) to pH=7. The solvent was removed under reduced
pressure and the resulting residue washed with cold water
and ether. The crude product was dried in vacuo and purified
by recrystallization from methanol to give 7 as a white solid
(1.68 g, 80%). 'H NMR (CDCls) 6: 7.49-7.48 (m, 1H),
6.89-6.87 (m, 2H), 4.17 (t, J=6.8 Hz, 2H), 1.88-1.83 (m,
2H), 1.54-1.47 (m, 2H), 1.00 (t, J=6.4 Hz, 3H). MS (EI):
miz 209 [M]*. Anal. Calcd for C;;H;sNOs: C, 63.14; H,
7.23; N, 6.69. Found: C, 63.051; H, 7.28; N, 6.54.

4.1.2. Compound 8. To a stirred solution of compound 7
(0.51 g, 2.42 mmol) in THF (10 mL) was added a solution
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of formic acetic anhydride (0.26 g, 3.00 mmol) in THF
(2 mL). The solution was stirred at room temperature for
0.5 h and then concentrated under reduced pressure. The re-
sulting residue was dissolved in chloroform (20 mL). The
solution was then washed with saturated sodium bicarbonate
solution (10 mL), water (10 mLx2), brine (10 mL) and
dried over sodium sulfate. After the solvent was removed
under reduced pressure, the crude product was purified by
recrystallization from THF and petroleum ether to give 8
as pale yellow solid (0.37 g, 65%). '"H NMR (CDCl5) 6:
11.07 (br, 1H), 8.40 (d, J=1.7Hz, 1H), 8.30 (dd,
J1=2.9 Hz, J,=9.0 Hz, 1H), 7.94 (d, J/=2.8 Hz, 1H), 7.61
(s, 1H), 7.05 (d, J/=9.0 Hz, 1H), 4.29-4.25 (m, 2H), 1.95-
1.86 (m, 2H), 1.57-1.47 (m, 2H), 1.04-0.99 (m, 3H). 'H
NMR (DMSO-dg) 6: 8.63 (s, 1H), 8.22 (s, 1H), 7.87 (d,
J=2.7 Hz, 1H), 7.66 (dd, J,=2.8 Hz, J,=8.9 Hz, 1H), 7.08
(d, J=9.0 Hz, 1H), 4.01-3.97 (m, 2H), 1.72-1.62 (m, 2H),
1.50-1.37 (m, 2H), 0.93-0.88 (m, 3H). MS (ESI): m/z 238
[M+H]+, 260 [M+Na]+. Anal. Calcd for C12H15NO4Z C,
60.75; H, 6.37; N, 5.90. Found: C, 60.70; H, 6.28; N, 5.79.

4.1.3. Compound 2. To a stirred solution of compounds 8
(0.24 g, 1.00 mmol) and 9 (0.13 g, 050 mmol) in DMF
(10 mL) and THF (10 mL) were added HATU (0.40 g,
1.05 mmol) and DIEA (0.2 mL). The mixture was stirred at
room temperature for 20 h and then concentrated in vacuo.
The resulting residue was triturated with methanol
(10 mL). The mixture was stirred for 0.5 h. The precipitate
formed was filtered, washed with ether and recrystallized
from methanol and chloroform to give 2 as a yellow solid
(0.29 g, 84%). '"H NMR (CDCl5) é: 10.14 (s, 2H), 9.31 (s,
2H), 9.15 (s, 2H), 8.31 (dd, J,=2.7 Hz, J,=8.9 Hz, 2H),
8.25 (d, J/=2.7 Hz, 1H), 8.01 (s, 2H), 6.95 (d, J=9.0 Hz,
2H), 6.59 (s, 2H), 4.22-4.18 (m, 4H), 4.19-4.14 (m, 4H),
1.91-1.77 (m, 8H), 1.52-1.43 (m, 8H), 0.99-0.93 (m,
12H). '"H NMR (DMSO-dy) 6: 10.03 (s, 2H), 9.24 (s, 1H),
8.24 (s, 2H), 8.17 (d, /=2.8 Hz, 2H), 7.83 (dd, J,=2.8 Hz,
J>,=8.9 Hz, 2H), 7.23 (d, J=9.0 Hz, 2H), 6.87 (s, 1H),
4.27-4.23 (m, 4H), 4.17-4.13 (m, 4H), 1.85-1.69 (m, 8H),
1.49-1.35 (m, 8H), 0.94-0.88 (m, 12H). '*C NMR (CDCl5)
0: 162.4, 161.6, 161.5, 159.3, 152.8, 152.3, 145.0, 131.8,
124.0, 122.6, 122.5, 122.0, 120.9, 120.0, 115.0, 114.8,
114.3, 98.6, 69.2, 68.6, 30.7, 30.4, 18.5, 13.6. MS
(MALDI-TOF): m/z 691 [M+1]*, 713 [M+Na]*, 729
[M+K]*. HRMS (MALDI-TOF) Calcd for C;gHs;N4Og
[M+H]*: 691.3687. Found: 691.3701.

4.1.4. Compound 10. Compound 10 was prepared as a white
solid (95%) from the reaction of compound 7 and trifluoro-
acetic anhydride in THF according to the procedure de-
scribed above for the preparation of 8. '"H NMR (CDCls)
0: 9.07 (s, 1H), 8.29 (dd, J,=2.8 Hz, J,=9.0 Hz, 1H), 8.22
(d, J=2.8Hz, 1H), 7.04 (d, J=9.1 Hz, 1H), 4.23 (t,
J=6.8 Hz, 2H), 1.95-1.90 (m, 2H), 1.48-1.43 (m, 2H),
0.96 (t, J=6.5 Hz, 3H). '°F NMR (CDCl5) 6: —76.03. MS
(ESD): m/z 305 [M]*. Anal. Calcd for C3H4F3NO,: C,
51.15; H, 4.62; N, 4.59. Found: C, 51.02; H, 4.70; N, 4.51.

4.1.5. Compound 3. Compound 3 was prepared as a white
solid (65%) from the reaction of 10 and 11?*® according to
the procedure described above for the preparation of 2. 'H
NMR (CDCl3) é: 10.00 (s, 2H), 9.24 (s, 1H), 9.15 (s, 2H),
8.12-8.16 (m, 4H), 7.02 (d, J=9.8 Hz, 2H), 6.55 (s, 1H),

4.23-4.10 (m, 8H), 1.94-1.86 (m, 4H), 1.51-1.42 (m,
10H), 0.99-0.94 (m, 6H). '°F NMR (CDCl;) &: —76.01.
MS (MALDI-TOF): m/z 771 [M+1]*, 793 [M+Nal*, 809
[M+K]*. HRMS (MALDI-TOF) Calcd for CsgH,;N,OgF:
771.2802. Found: 771.2823.

4.1.6. Compound 13. A solution of compounds 9 (0.51 g,
2.00 mmol), 12%** (0.20 g, 1.00 mmol), DCC (0.45 g,
2.20 mmol) and HOBt (0.30 g, 2.20 mmol) in THF
(25 mL) was stirred at room temperature for 12 h and then
concentrated in vacuo. The resulting residue was triturated
with chloroform (50 mL). The organic phase was then
washed with saturated sodium bicarbonate solution
(25 mL), water (25 mL x2), brine (25 mL) and dried over
sodium sulfate. After the solvent was removed under reduced
pressure, the crude product was purified by column chroma-
tography (dichloromethane/acetone 100:1 to 50:1) to give 13
as a pale yellow solid (0.40 g, 65%). 'H NMR (CDCls) 6:
9.65 (s, 1H), 8.21 (d, J=7.8 Hz, 2H), 8.04 (s, 2H), 7.39 (t,
J=17.8 Hz, 1H), 6.52 (s, 2H), 4.01-3.96 (m, 11H), 3.65 (s,
4H), 1.85-1.72 (m, 8H), 1.59-1.38 (m, 8H), 1.02-0.97 (m,
6H), 0.90-0.85 (m, 6H). '3*C NMR (CDCl;) 6: 162.4,
155.9,143.1,141.2,134.7,130.1, 128.6, 125.2, 121.7, 108.7,
99.4, 69.9, 68.8, 64.2, 31.5, 19.4, 19.2, 13.9, 13.8. MS
(MALDI-TOF): m/z 687 [M+Na]*. HRMS (MALDI-TOF)
Calcd for Cz;HsoN4,O;Na* [M+Na]*: 687.3733. Found:
687.3728.

4.1.7. Compound 15. A solution of compound 14 (0.84 g,
5.00 mmol), acetic anhydride (1.02 g, 10.0 mmol) and
DMAP (10 mg) in THF (25 mL) was stirred at room temper-
ature for 1 h. After workup, the crude product was subjected
to column chromatography (AcOEt/petroleum ether 1:5) to
give 15 as a white solid (0.84 g, 80%). 'H NMR (CDCl5)
0: 826 (dd, J;=3.0Hz, J,=9.0Hz, 1H), 7.85 (d, J=
3.0 Hz, 1H), 7.06 (d, J/=9.0 Hz, 1H), 4.08 (s, 3H), 2.20 (s,
3H). MS (EI): m/z 209 [M]*. Anal. Calcd for CoH;;NOy:
C,57.41; H,5.30; N, 6.70. Found: C, 57.29; H, 5.25; N, 6.60.

4.1.8. Compound 4. To a stirred solution of compounds 13
(0.14 g, 0.21 mmol) and 15 (0.094 g, 0.45 mmol) in DMF
(10 mL) were added HATU (0.17 g, 0.45 mmol) and DIEA
(0.1 mL). The mixture was stirred at room temperature for
12 h and then the solvent was removed under reduced pres-
sure. The resulting residue was triturated with methanol
(3 mL). The yellow precipitate formed was filtered, dried
in vacuo and then subjected to column chromatography
(CH,CI/AcOEt 10:1) to give 4 as a light-yellow solid
(0.15 g, 68%). '"H NMR (CDCl5) é: 10.18 (s, 2H), 9.57 (s,
2H), 9.43 (s, 2H), 8.27-8.20 (m, 6H), 7.94 (d, J=2.6 Hz,
2H), 7.40 (t, J=7.7 Hz, 1H), 6.98 (d, /=9.1 Hz, 2H), 6.53
(s, 2H), 4.06-3.99 (m, 17H), 2.16 (s, 6H), 1.86-1.72 (m,
8H), 1.60-1.39 (m, 8H), 1.02-0.97 (m, 6H), 0.90-0.85 (m,
6H). '3C NMR (CDCl3) 4: 169.1, 162.9, 162.3, 155.9,
153.6,145.9,134.8,132.6, 128.5,125.3,125.2, 123.6, 122.2,
121.1, 120.3, 116.2, 112.1,97.3, 69.0, 68.9, 64.3, 56.4, 31.5,
31.4,24.3,19.2, 13.8, 13.8. MS (MALDI-TOF): m/z 1047
[M+H]*, 1069 [M+Na]*. HRMS (MALDI-TOF) Calcd for
C57H7]N6013 [M+H]+: 1047.5072. Found: 1047.5074.

4.1.9. Compound 17. To a solution of aniline 6 (0.93 g,
4.20 mmol) in THF (20 mL) was added n-butyl isocyanide
16 (0.60 mL). The solution was stirred at room temperature
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for 24 h and then concentrated in vacuo. The resulting resi-
due was washed with ether thoroughly and the resulting solid
subjected to column chromatography (petroleum ether/
AcOEt 2:1) to give 17 as a white solid (1.00 g, 75%). 'H
NMR (CDCl3) 6: 7.61 (d, J=2.8Hz, 1H), 7.49 (dd,
J1=89Hz, J,=2.77THz, 1H), 7.27 (s, 1H), 6.92 (d,
J=8.9 Hz, 1H), 6.44 (s, 1H), 4.77 (s, 1H), 4.00 (s, 2H),
3.87 (s, 3H), 3.24-3.20 (m, 2H), 1.94-1.75 (m, 2H), 1.57-
1.46 (m, 4H), 1.39-1.26 (m, 2H), 0.99-0.88 (m, 6H). MS
(ED): m/z 323 [M+H]". Anal. Calcd for C;7H;sN,O4: C,
63.33; H, 8.13; N, 8.69. Found: C, 63.20; H, 8.20; N, 8.52.

4.1.10. Compound 18. A solution of compound 17 (0.65 g,
2.00 mmol) and sodium hydroxide (0.24 g, 4.00 mmol) in
THF (20 mL) and water (5 mL) was stirred at room temper-
ature for 1 h and then hydrochloric acid (1 N) added to
pH=6. The solvent was removed under reduced pressure
and the resulting residue washed with cold water and dried
in vacuo. The crude product was purified by flash chromato-
graphy (CH,Cl,/MeOH 20:1) to give 18 as a white solid
(0.59 g, 95%). 'H NMR (CDCls) 6: 11.40 (s, 1H), 8.31
(dd, J;,=9.0 Hz, J,=2.9 Hz, 1H), 7.71 (d, J=2.9 Hz, 1H),
7.60 (s, 1H), 7.02 (d, J/=9.0 Hz, 1H), 5.55 (t, J=5.4 Hz,
1H), 4.27-5.22 (m, 2H), 3.30-3.25 (m, 2H), 1.92-1.84 (m,
2H), 1.59-1.36 (m, 6H), 1.06-0.92 (m, 6H). MS (MALDI-
TOF): m/z 309 [M+H]*. Anal. Calcd for C;sH»4N,O4: C,
62.32; H, 7.84; N, 9.08. Found: C, 62.20; H, 7.94; N, 9.01.

4.1.11. Compound 5a. A solution of compound 18 (0.31 g,
1.00 mmol) and pentafluorophenol (0.18 g, 1.00 mmol),
DCC (0.23 g, 1.10 mmol) and DMAP (20 mg) in dichloro-
methane (20 mL) was stirred at room temperature for 1 h.
The solid formed was filtered off and the filtrate added to
a stirred solution of diamine 19 (84 mg, 0.50 mmol) and
HOBt (0.14 g, 1.00 mmol) in dichloromethane (20 mL).
The solution was heated under reflux for 10 h and then cooled
to room temperature. After workup, the crude product was
purified by column chromatography (CHCl;/MeOH 100:1-
20:1) to give 5a as a white solid (0.24 g, 80%). '"H NMR
(DMSO-de) 6: 10.52 (s, 2H), 9.45 (s, 1H), 8.47 (s, 2H),
7.93 (d, J=2.8 Hz, 2H), 7.74 (dd, J,=8.8 Hz, J,=3.0 Hz,
2H), 7.17 (d, J=9.0Hz, 1H), 6.92 (s, 1H), 6.07 (t,
J=5.9 Hz, 1H), 4.02 (s, 6H), 3.98 (s, 6H), 3.12-3.06 (m,
4H), 1.46-1.27 (m, 8H), 0.92-0.87 (m, 6H). MS (ESI): m/z
665 [M+H]*, 687 [M+Na]™.

4.1.12. Compound 21. To a solution of compound 20
(6.30g, 41.0mmol) and n-decyl bromide (11.0g,
49.0 mmol) in acetonitrile (100 mL) was added potassium
carbonate (14.0 g, 0.10 mol). The suspension was heated
under reflux for 20 h and then concentrated under reduced
pressure. The resulting residue was triturated with ethyl ace-
tate (200 mL). The organic phase was washed with saturated
sodium bicarbonate solution (100 mL), water (100 mL x2),
brine (100 mL) and dried over sodium sulfate. Upon removal
of the solvent under reduced pressure, the crude product was
purified by column chromatography (petroleum ether/AcOEt
10:1) to afford 21 as colorless oil (11.8 g, 90%). 'H NMR
(CDCly) o: 7.78 (dd, J=7.8 Hz, 1.6 Hz, 1H), 7.48-7.38 (m,
1H),6.97 (dd,J,=7.6 Hz,J,=3.7 Hz, 1H), 4.05-4.01 (m, 2H),
3.89 (s, 3H), 1.88-1.78 (m, 2H), 1.51-1.28 (m, 14H), 0.89
(t, J=6.5 Hz, 3H). MS (ED): m/z 293 [M+H]*. Anal. Calcd
for C,sH,305: C, 73.93; H, 9.65. Found: C, 73.81; H, 9.80.

4.1.13. Compound 22. To a stirred solution of compound 21
(12.9 g, 44.0 mmol) in concd sulfuric acid (98%, 30 mL),
cooled in ice bath, was added dropwise a mixture of concd
nitric acid (4 mL) and concd sulfuric acid (15 mL). The
mixture was stirred at room temperature for 2 h and then
poured into ice water (400 mL). The precipitate formed
was filtered, washed with water and dissolved with ether
(200 mL). The organic phase was washed with aqueous
sodium hydroxide solution (0.5 N, 50 mL), water (100 mL X
2), brine (100 mL) and dried over sodium sulfate. Upon re-
moval of the solvent under reduced pressure, the resulting
residue was purified by flash chromatography (petroleum
ether/AcOEt 10:1) to give 22 as a yellow solid (10.1 g,
80%). 'H NMR (CDCls) é: 8.70 (d, J=2.9 Hz, 1H), 8.34
(dd, J/=9.2 Hz, 2.9 Hz, 1H), 7.04 (d, /=9.2 Hz, 1H), 4.15
(t, 2H), 3.93 (s, 3H), 2.14-1.68 (m, 2H), 1.59-1.17 (m,
14H), 0.89 (t, J=6.4 Hz, 3H). MS (EI): m/z 338 [M+H]*.
Anal. Calcd for CigH,7NOs: C, 64.07; H, 8.07; N, 4.15.
Found: C, 63.92; H, 8.21; N, 4.09.

4.1.14. Compound 23. To a solution of compound 22
(6.76 g, 20.0 mmol) in THF (10 mL) and methanol
(100 mL) was added a solution of sodium hydroxide
(1.80 g, 40.0 mmol) in water (40 mL). The mixture was
added at room temperature for 12 h and then neutralized
with hydrochloric acid to pH=5. The solvent was distilled
under reduced pressure and the resulting residue triturated
with ethyl acetate (100 mL). After workup, the crude product
was purified by recrystallization from ethyl acetate to afford
23 as a pale yellow solid (5.49 g, 85%). "H NMR (CDCl;) 6:
9.05 (d, /=3.0Hz, 1H), 8.44 (dd, J,=9.3 Hz, J,=3.0 Hz,
1H), 7.17 (d, J=9.3 Hz, 1H), 4.38-4.33 (m, 2H), 2.00-1.95
(m, 2H), 1.54-1.30 (m, 14H), 0.90-0.86 (t, J=6.8 Hz,
3H). MS (EI): m/z 323 [M]*. Anal. Calcd for C;7H,sNOs:
C, 63.14; H, 7.79; N, 4.33. Found: C, 62.95; H, 7.87; N,
4.26.

4.1.15. Compound 24. A solution of compound 23 (3.23 g,
10.0 mmol), oxalyl chloride (6 mL, 24 mmol) and DMF
(0.05 mL) in benzene (60 mL) was stirred at room tempera-
ture for 1 h and then concentrated under reduced pressure.
The resulting residue 24 was dissolved in dichloromethane
(40 mL). The solution was used for the next step.

4.1.16. Compound 25. To a stirred solution of 19 (0.84 g,
5.00 mmol) and triethylamine (1.10 mL, 10.0 mmol) in di-
chloromethane (20 mL) was added the above solution of
24 in dichloromethane. The mixture was stirred at room tem-
perature for 2 h and then another part of dichloromethane
was (50 mL) added. The solution was washed with dilute hy-
drochloric acid (1 N, 20 mL), saturated sodium bicarbonate
solution (20 mL), water (25 mL x2), brine (25 mL) and then
dried over sodium sulfate. After the solvent was removed
under reduced pressure, the resulting residue was subjected
to column chromatography (CH,Cl,/EtOAc 15:1) to give 25
as a yellow solid (3.50 g, 90%). 'H NMR (CDCls) 6: 9.93 (s,
2H), 9.66 (s, 1H), 9.30 (d, J=2.7 Hz, 2H), 8.31 (dd,
J1=9.2 Hz, J,=2.6 Hz, 2H), 7.10 (d, J/=9.1 Hz, 2H), 6.57
(s, 1H), 4.33-4.29 (m, 4H), 3.93 (s, 6H), 2.72-1.59
(m, 4H), 1.65-1.14 (m, 32H), 0.86 (t, J=6.4 Hz, 6H). MS
(ESI): m/z 779 [M+H]*. Anal. Calcd For C4,HsgN4O;:
C, 64.76; H, 7.51; N, 7.19. Found: C, 64.65; H, 7.62; N,
7.14.
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4.1.17. Compound 26. A suspension of compound 25
(2.33 g, 3.00mmol) and Pd-C (0.2 g, 10%) in THF
(100 mL) was stirred under the atmosphere of hydrogen
gas (40 atm) in an autoclave for 20 h. The solid was then fil-
tered and the filtrate concentrated under reduced pressure.
The resulting residue was subjected to column chromato-
graphy (chloroform/methanol 20:1) to give 26 as a pale yel-
low solid (2.05 g, 95%). '"H NMR (CDCl3) 6: 10.23 (s, 2H),
9.52 (s, 1H), 7.70 (d, J=2.7 Hz, 2H), 6.83-6.79 (m, 4H),
6.55 (s, 1H), 4.12-4.07 (m, 4H), 3.90 (s, 6H), 3.56 (br,
4H), 1.94-1.86 (m, 4H), 1.46-1.25 (m, 28H), 0.89-0.85
(m, 6H). MS (ESI): m/z 719 [M+H]*, 741 [M+Na]*, 757
[M+K]*. Anal. Caled for C4,Hg,N4Og: C, 70.16; H, 8.69;
N, 7.79. Found: C, 69.73; H, 8.68; N, 7.67.

4.1.18. Compound 5c. To a solution of compound 26
(0.19 g, 0.27 mmol) in THF (5 mL) was added n-butyl iso-
cyanide 16 (60 mg, 0.60 mmol). The solution was stirred
at 40 °C for 12 h and then concentrated under reduced
pressure. The resulting residue was washed with ether
thoroughly and then purified by recrystallization from meth-
anol and chloroform to afford Sc as a white solid (0.11 g,
55%). '"H NMR (CDCl3) 6: 10.48 (s, 2H), 9.18 (s, 1H),
8.23 (d, J=8.1 Hz, 2H), 7.96 (s, 2H), 7.86 (s, 2H), 6.88 (d,
J=9.0 Hz, 2H), 6.58 (s, 1H), 5.79 (s, 2H), 4.12-4.06 (m,
4H), 3.92 (s, 6H), 2.75 (s, 4H), 1.95-1.90 (m, 4H), 1.60—
0.97 (m, 32H), 0.88 (t, /=6.4 Hz, 6H), 0.79 (t, /=6.3 Hz,
6H). MS (ESI): m/z 916 [M]*. HRMS (ESI) Calcd for
C52H80N60g: 916.6038. Found: 916.6054.

4.1.19. Compound 5b. Compound 5b was prepared as
a white solid (50%) from the reaction of compound 26 and
methyl isocyanide in THF under similar conditions. 'H
NMR (CDCl3) 6: 10.49 (s, 2H), 9.08 (s, 1H), 8.25 (d, J=
9.10 Hz, 2H), 8.00 (s, 2H), 7.87 (s, 2H), 6.91 (d, J/=9.7 Hz,
2H), 6.63 (s, 1H), 5.53 (s, 2H), 4.15-4.10 (m, 4H), 3.93 (s,
6H), 2.30 (s, 4H), 1.96-1.90 (m, 4H), 1.48-1.26 (m, 30H),
0.89-0.85 (m, 6H). MS (ESI): m/z 833 [M+H]*, 855
[M+Na]*, 871 [M+K]". Anal. Calcd for C4sHegNgOg: C,
66.32; H, 8.23; N, 10.09. Found: C, 66.12; H, 8.25; N, 9.92.

4.1.20. Compound 27. A solution of compound 14 (1.67 g,
10.0 mmol) and n-butyl isocyanide 16 (1.22 mL,
10.0 mmol) in THF was stirred at room temperature for
24 h. The solvent was removed under reduced pressure and
the resulting residue washed with ether thoroughly. The
crude product was purified by recrystallization from THF
to give 27 as a white solid (1.55 g, 70%). '"H NMR (CDCl5)
0: 8.30 (dd, J,=9.0 Hz, J,=3.0 Hz, 1H), 7.72 (d, J/=3.0 Hz,
1H), 7.35 (s, 1H), 7.03 (d, J=9.0 Hz, 1H), 5.36-5.32 (m,
1H), 4.08 (s, 3H), 3.31-3.24 (m, 2H), 1.58-1.50 (m, 2H),
1.46-1.36 (m, 2H), 0.97-0.92 (t, J=6.4 Hz, 3H). MS (EI):
mi/z 266 [M]*. Anal. Calcd for C;3H;3sN,O,: C, 58.63; H,
6.81; N, 10.52. Found: C, 58.49; H, 6.85; N, 10.46.

4.1.21. Compound 30. A solution of compound 27 (0.13 g,
1.00 mmol), pentafluorophenol (0.10 g, 1.00 mmol), DCC
(0.27 g, 1.00 mmol) and DMAP (10 mg) in chloroform
(20 mL) was stirred at room temperature for 1 h. The solid
formed was filtered off. The filtrate, the solution of com-
pound 28, was added to a solution of compound 29%*
(0.15 g, 0.50 mmol) and HOBt (0.14 g, 1.00 mmol) in chlo-
roform (20 mL). The solution was heated under reflux for

24h and then washed with hydrochloric acid (0.5 N,
10 mL), saturated sodium bicarbonate solution (15 mL),
water (15 mL), brine (15 mL) and dried over sodium sulfate.
After the solvent was removed under reduced pressure, the
resulting residue was purified by column chromatography
to give 30 as a white solid (0.39 g, 70%). 'H NMR
(CDCly) 60: 10.32 (s, 1H), 10.30 (s, 1H), 9.42 (s, 1H), 8.34
(d, /=8.3 Hz, 1H), 8.04 (dd, J,=9.1 Hz, J,=2.9 Hz, 1H),
7.87 (d, J=2.7Hz, 1H), 7.48 (t, J=7.5 Hz, 2H), 7.12 (t,
J=7.6 Hz, 1H), 7.03 (d, /=8.3 Hz, 1H), 6.94 (d, J=8.8 Hz,
1H), 6.58 (s, 1H), 5.41-5.38 (m, 1H), 4.06 (s, 3H), 4.00 (s,
3H), 3.96 (s, 3H), 3.93 (s, 3H), 3.01-2.94 (m, 2H), 1.29-
1.14 (m, 4H), 0.82-0.77 (m, 3H). MS (MALDI-TOF): m/z
551 [M+H]*. Anal. Calcd for C,0H34N,O7: C, 63.26; H,
6.22; N, 10.18. Found: C, 63.08; H, 6.31; N, 10.14.

4.2. The determination of binding constants

The methods have been reported in a previous paper.!'!
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Abstract—New chiral redox active ligands based on ethylenedithio-tetrathiafulvalene (EDT-TTF) bearing racemic or optically pure oxazo-
lines have been synthesised. These auxiliaries possess an additional functionality on the TTF unit, namely a thiomethyl residue or a diphenyl-
phosphino moiety. All ligands have been tested in asymmetric allylic substitutions. The enantioselectivity reached is 85% ee.
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1. Introduction

Transition metal catalysed asymmetric allylic alkylations
(AAA) provide very useful tools for the formation of stereo-
selective carbon—carbon bonds.! As part of the development
of this chemistry, the design and synthesis of new chiral
auxiliaries remain a key step. Therefore, a large variety of
ligands have been developed for the palladium catalysed
AAA! and it has been demonstrated that heterobidentate
auxiliaries of the PN type are excellent candidates for that
purpose.’> Among those, the phosphine-oxazolines have
received increasing attention.>* Within this context, some
of us have been involved in the use of chiral aminophos-
phine-oxazolines in asymmetric catalysis.” However, other
chiral auxiliaries of the P.S,° Se,N” and S,N,’7'° types
have been successfully employed as well. On the other
hand, some of us have an ongoing interest in the develop-
ment of electroactive ligands, such as tetrathiafulvalene
(TTF) based phosphines'! or pyridines.'? Recently, the syn-
thesis of ethylenedithio-tetrathiafulvalene (EDT-TTF) de-
rivatives la—c and 2a—c based on chiral oxazolines has
been reported (Scheme 1).!* The EDT-TTF-MeOX com-
pounds la—c possess potentially two coordination sites that
are the oxazoline unit and the sulfur atoms of the TTF

* Corresponding authors. Tel.: +33 2 41 73 50 84; fax: +33 2 41 73 54 05
(N.AL); tel.: 433 3 20 43 49 27; fax: +33 3 20 43 65 85 (FA.-N.);
e-mail addresses: francine.agbossou@ensc-lille.fr; narcis.avarvari@
univ-angers.fr

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.088

moiety. They have been successfully employed as precursors
for chiral molecular metals.'3® Within the series 2a—c, the di-
phenylphosphino moiety tethered to the TTF unit is also able
to coordinate a transition metal. Indeed, the X-ray character-
isation of the complex (rac)-(EDT-TTF-PPh,-MeOX)PdCl,
showed unambiguously the N,P chelation of racemic 2a onto
the square planar palladium centre.'3* Because of the poten-
tial of N,P type chiral auxiliaries in asymmetric catalysis, we
decided to apply them in palladium catalysed AAA. Here,
we report on the synthesis of new EDT-TTF based chiral
oxazoline ligands and on their use in asymmetric allylic
alkylation of the standard substrate (rac)-(E)-1,3-diphenyl-
3-acetoxy-prop-1-ene.

I e

PPh,

EDT-TTF-MeOX
1a (+/-), 1b (R), 1c (S)

EDT-TTF-PPh,-MeOX
2a (+/-), 2b (R), 2¢ (S)

Scheme 1.
2. Results and discussion
In order to increase the steric hindrance on the oxazoline

substituent of the chiral auxiliaries of types 1 and 2, the novel
ligands 3a—c and 4a—c, bearing an isopropyl residue, have
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been prepared (Scheme 2). The synthesis of EDT-TTF-
iPrOX 3a-c is straightforward following the reported

procedure. '
0 o
Ss s])kol i 58 SJ/Q\}WIM
| ! | |
(o~ L=
s_ s s O% 3a (+), 3b (R), 3¢ (S)
i N
s e
(L~

PPh2  4a (+/.), 4b (R), 4c (S)

i) valinol, NEts, THF, 12 h, RT (88%);
ii) MsCI, NEts, THF, 0°C then 20 h at 50°C (92%);
iii) LDA, THF, -78°C, Ph,PCI (36%)

Scheme 2.

The corresponding phosphinooxazoline ligands EDT-TTF-
PPh,-MeOX 2 and EDT-TTF-PPh,-iPrOX 4 have been pre-
pared following also the procedure described earlier.!3?

With the aim to examine also the behaviour of auxiliaries
containing a thiomethyl residue, rather than a PPh, on the
TTF unit, we prepared the enantiopure ligands Sa,b accord-
ing to the route depicted in Scheme 3, the SMe substituent
being introduced at an early stage of the synthesis of the
acyl chloride 6.!5 Then, reaction of the latter with the enan-
tiopure (R) or (S)-valinol afforded the ligands Sa,b via the
corresponding B-hydroxy amides 7a,b, thus paralleling
the preparation of the non-substituted ligands 3. The new
ligands 4 and 5 have been fully characterised.

o iPr
S S S cocl i S s S N>_—\
(L=, (=CC W
s§7 78 57 SsMe S ST g
6

Me

o 7a (R), 7b (S)
i S S S \}MiPr
= (L =]
S SMe i) (R) or (S)-valinol, NEts, THF (90%);

5a (R), 5b (S) ii) MsCI, NEts, THF (90%)

Scheme 3.

Next, the mono or bidentate ligands 2-5 were applied in the
palladium catalysed asymmetric allylic alkylation of the
standard substrate (rac)-(E)-1,3-diphenyl-3-acetoxy-prop-
1-ene with dimethylmalonate (Scheme 4). The results are
summarised in Table 1.

[PdCI(n3-C3Hg)], (cat M ... .CO,M
OAc ( 2 3 t5)2( ) €0,C:,COMe
/\)\ (ca) /\)\*
Ph Ph Me0,C” >CO,Me Ph Ph
(3equiv.)

MeC(OSiMe;)=NSiMe; (3equiv.)
KOACc (0.3equiv.) THF, rt

Scheme 4.
From an experimental standpoint, the precatalysts were gen-

erated by reacting [Pd(n3-C3Hs)Cl], with the selected opti-
cally pure (R) and (S)-TTF-ligands in THF during 1 h at

Table 1. Asymmetric allylic substitution reactions with chiral EDT-TTF-
oxazoline ligands®

Entry Ligand [Pd] Time Conv. ee %
(mol%) (h)  (%)° (conf.)®
1 EDT-TTF-(R)-iPrOX 3b 15 20 10 6 (R)
2 EDT-TTF-PPh,-(R)-MeOX 2b 3.0 18 25  30(R)
3 EDT-TTF-PPh,-(R)-iPrOX 4b 1.5 18 10 85(R)
4 EDT-TTF-PPh,-(R)-iPrOX 4b 3.0 70 21 80 (R)
5 EDT-TTF-SMe-(R)-iPrOX 5a 3.0 18 12 26(R)
6 PHOX+EDT-TTF® 3.0 18 8 94 (R)
7 EDT-TTF-PPh,-(R)-iPrOX® 3.0 18 11 79 (R)

? Reactions were carried out by using [Pd(n3—C3H5)C]]2 (0.03 or
0.015 mmol), ligand (1.2 equiv/Pd), the substrate (2 mmol), dimethyl-
malonate (3 equiv, 6 mmol), BSA (3 equiv, 6 mmol), KOAc (0.3 equiv,
0.6 mmol) in THF (20 ml) at room temperature.

® Conversions were determined by 'H NMR analysis.

¢ Enantiomeric excesses were determined by HPLC on a Daicel® Chiral-
pak® AD column. The absolute configuration was assigned by comparing
the sign of absolute optical rotation with reported data.

4 The reaction was carried out with [Pd(n3-C3H5)(EDT-TTF-PPh2-
iPrOX)]2+,PFg ,SbFg in the same conditions as above.

¢ The reaction was performed in the presence of [Pd(n3—C3H5)Cl]2/
(R)-PHOX/EDT-DMC-TTF in 1/1.5/1.5 ratio.

room temperature. Then, dimethylmalonate, N,O-bis(tri-
methylsilyl)acetamide (BSA) and potassium acetate (KOAc)
were added in a solution of THF followed by the substrate
(rac)-(E)-1,3-diphenyl-3-acetoxy-prop-1-ene.!® The auxil-
iary 3b bearing only an oxazoline unit induces a very low se-
lectivity of 6% ee (entry 1), that is much lower than the
values reported by Bryce and Chesney for an (S)-TTF-iPrOx
ligand, yet measured by a different method.®" On the con-
trary, the chelating auxiliaries 2b and 4b, bearing a diphenyl-
phosphino group besides the oxazoline heterocycle, allowed
to reach higher enantioselectivities, up to 85% ee (entries
2-4). Note that, as expected, the use of the racemic ligands
provided the racemic mixture of the allyl-malonate, with
the same activity as the optically pure counterparts. Interest-
ingly, an enhancement of Aee=55% resulted from the use of
the isopropyl- (4b) rather than the methyl-oxazoline bearing
ligand (2b) (entry 3 vs 2).!7 A rationale for the difference in
behaviour between catalysts bearing ligands 3 and 4, with an
added PPh, group, can be easily deduced from the mecha-
nism of the reaction. Indeed, generally, the selectivity ex-
hibited by catalysts bearing bitopic auxiliaries is related
both to the conformation of the most stable palladium-allyl
intermediates and to the site of addition of the nucleophile
to these palladium species (Scheme 5). Thus, for PN type
ligands, the addition is occurring on the palladium-allyl ter-
minus trans to the better 7-acceptor atom, that is the phos-
phorus one.'® As a result, both the chiral environment of
the ligand and the steric congestion provided by the phenyl
residue close to the reacting end of the allyl moiety are prof-
itable for a better enantiodiscrimination. This rationale can
be taken into account for the palladium catalyst bearing
the auxiliary 4.

For the auxiliary 3b, the two potential coordination sites are
the nitrogen and sulfur atoms, although it is well known that
TTF sulfur atoms do not possess good coordination proper-
ties, and examples of metal- St coordination are scarce. '’
One can consider that the N=C m* orbital is a better
T-acceptor than the sulfur atom, all the more since the latter
is included in an electron rich heterocycle.?° Consequently,
for the palladium complexes bearing a ligand 3, the addition
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Scheme 5.

of the nucleophile will occur on the allyl-carbon trans to the
oxazoline nitrogen of the chiral auxiliary, as suggested by
Bryce and Chesney.®" The chiral centre of the ligand will
be thus away from the reacting site and, moreover, there
is not much steric hindrance on the sulfur site where the
nucleophile will add. As a result, several conformers of
allyl-palladium complexes of similar stability and reactivity
are certainly present in the reaction mixture and are likely to
provide a lower selectivity.

In the case of the thiomethyl ligand Sb, the thioether group is
a rather poor Tt-acceptor,® yet better than the Strp. Again,
the nucleophile certainly adds preferentially onto the carbon
located trans to the nitrogen of the oxazoline that is also trans
to the chiral environment of the catalyst. Furthermore, the
low steric congestion around the SMe sulfur atom of the
ligand is not prone to highly selective reactions.

The difference of selectivity observed for catalyses per-
formed in the presence of auxiliaries 2b and 4b (Aee=
55%) can be attributed to the overall steric crowding discrimi-
nation between the corresponding palladium complexes.

The rates of the reactions require some comments. In all our
catalytic experiments, the conversions are low even for pro-
longed reaction times or with higher catalyst loading. This is
indicative of the evolution of the catalytic species during ca-
talysis. We suspect an alteration of the catalyst brought into
by the TTF unit furnishing an inactive palladium species. In
order to check the likely harmful effect of the TTF residue,
we carried out an AAA in the presence of the original (R)-
PHOX auxiliary and of added EDT-dimethylcarboxylate-
TTF (EDT-DMC-TTF). Indeed, in the presence of PHOX,
the allyl product is obtained with up to 98% ee.’ In the pres-
ence of added amount of EDT-dimethylcarboxylate-TTF
(Pd/PHOX/EDT-DMC-TTF=1/1.5/1.5) while using other-
wise identical reaction conditions to the ones given in the ta-
ble, the conversion dropped to 8% while the stereoselectivity

remains at a close level of 94% ee (entry 6). Interestingly,
enantioselective hydrogenations performed with iridium cat-
alysts bearing EDT-TTF-PPh,-iPrOX 4 are going to comple-
tion.?! The “poisoning’ of the catalyst by TTF species is thus
dependent on the metal used.

Finally, the Tsuji—Trost reaction was also carried out in the
presence of oxidised TTF-palladium complexes. Indeed,
the TTF unit is redox active, showing stable and reversible
changes in oxidation states, the corresponding radical cation
species being obtained easily upon chemical or electrochem-
ical oxidation.?? We therefore envisaged that the use of these
TTF containing ligands might allow an electromodulation of
the catalytic centre upon changing the electronic density
around the metal.?? This concept was nicely demonstrated
by Wrighton et al. in the case of the catalytic hydrogenation
of cyclohexene using a cobaltocene-diphosphine based
rhodium complex as catalyst, which showed a much higher
activity in the reduced cobaltocene form than in the
oxidised cobaltocenium one.?* Very recently, Gibson and
Long clearly demonstrated that a ferrocenyl based salen
titanium (IV) complex is much more active in the ring-
opening polymerisation of lactide in the neutral state, as
ferrocene, than in the oxidised state, as ferrocenium salt.>*
Therefore, we prepared first the series of (rac), (R) and (S)
cationic palladium complexes [Pd(n3-C;Hs){EDT-TTF-
PPh,-iPrOX}][PF¢]. Next, we performed the chemical oxi-
dation of these compounds with NOSbFg as oxidising
agent.25

Note that the oxidation potentials of the TTF-Pd-allyl com-
plexes (0.81 V vs SCE) corresponding to the equilibrium
TTFS TTF* are about 180 mV higher than those of the
free ligands (0.63 V vs SCE), yet showing a full reversibility
of this oxidation process. The corresponding oxidised com-
plexes, thus containing TTF radical cations, were obtained
as black, paramagnetic powders, for which satisfactory
elemental analyses indicate the expected formulation as
[Pd(n3-C3Hs){EDT-TTF-PPh,-iPrOX}1**PF; ,SbF, . More-
over, the optical activity of the enantiomeric salts has been
demonstrated through circular dichroism measurements
(Fig. 1). The new species [Pd(n?-CsHs){EDT-TTF-PPh,-
iPrOX}]**PF; ,SbFg were then applied in the test AAA reac-
tion (Table 1, entry 7). The conversion was slightly lower
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Figure 1. Circular dichroism spectra of the enantiomeric complexes [Pd(n’-
C;Hs){EDT-TTE-PPh,-iPrOX }]**PF, ,SbF, .
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and the enantioselectivity quite similar to those obtained
with the non-oxidised counterparts (entry 4), therefore no
clear influence, albeit somewhat negative, of the TTF oxida-
tion state can be drawn. The similarity of the results between
neutral TTF and radical cation TTF containing precatalysts
can be possibly explained by the in situ reduction of TTF*
in TTF, either by Pd(0) species or because of the basicity
of the reaction medium. On the other hand, one possible
effect of the TTF oxidation would have been the increase
of the m-acceptor ability of the phosphino group, leading
to a more favourable trans attack. Nevertheless, one could
argue that the effect would be similar on the oxazoline nitro-
gen atom, all the more because of the conjugation between
the TTF and oxazoline moieties. Additional experiments,
especially aiming at evaluating the stability of (TTF*)Pd(0)
complexes, are necessary to clear up these hypotheses.

3. Conclusion

New chiral EDT-TTF-oxazoline type ligands have been syn-
thesised and evaluated in palladium assisted asymmetric
allylic substitution. Up to 85% ee could be obtained for the
alkylation of (rac)-(E)-1,3-diphenyl-3-acetoxy-prop-1-ene
with dimethylmalonate, using enantiopure bidentate EDT-
TTF-PPh,-iPrOxazoline ligands. The low reaction rates
and conversions observed are very likely due to a poisoning
of the catalyst by the tetrathiafulvalene. Preliminary investi-
gations with (allyl)Pd(Il) complexes containing oxidised
TTF-PHOX ligands show no sizeable effect on the selectiv-
ity of the same catalytic reaction. The use of these new redox
active ligands in other enantioselective reactions will be re-
ported in due time.?!

4. Experimental
4.1. General

All the reactions were carried out under inert gas atmo-
sphere. Solvents were purified by standard techniques:
THF was distilled over sodium and benzophenone; aceto-
nitrile was dried over P,Os. Triethylamine was distilled over
KOH. Nuclear magnetic resonance spectra were recorded on
a Bruker Avance DRX 500 spectrometer operating at
500.04 MHz for 'H, 125.75 MHz for '*C and 202.39 MHz
for 3'P. Chemical shifts are expressed in parts per million
(ppm) downfield from external TMS. The following abbrevi-
ations are used: s, singlet; d, doublet; t, triplet; q, quadruplet;
h, heptuplet; o, octuplet; m, multiplet; br, broad. *'P chem-
ical shifts are reported with positive values downfield from
external 85% H;PO,4 in D,O. MALDI-TOF MS spectra
were recorded on Bruker Biflex-IIITM apparatus, equipped
with a 337 nm N, laser. Elemental analyses were performed
by the ‘Service d’Analyse du CNRS’ at Gif/Yvette, France.
No optical rotations could be measured, as the compounds
are highly coloured in deep red. Circular dichroism measure-
ments were recorded on a JASCO J-810 spectropolarimeter.

4.2. General procedure for the synthesis of EDT-TTF-
PPh,-iPrOX (4a—c)

To a degassed solution of (R)-oxazoline 3b'* (600 mg,
1.48 mmol) in 100 mL of dry THF, were added 1.2 equiv

of LDA (0.25 mL of (i-Pr),NH and 0.89 mL of n-BuLi solu-
tion 2 M, in 10 mL of THF), at —78 °C. After stirring for 4 h
at —78 °C, Ph,PCl (360 mg, 1.61 mmol) was added drop-
wise. The reaction mixture was then allowed to warm slowly
at room temperature, under stirring overnight. The solvent
was removed in vacuo to afford a dark oil, which was diluted
in dichloromethane and filtered through a pad of Celite®.
After concentration under reduced pressure, the product
was purified by chromatography column on silica gel, with
CH,Cl,/cyclohexane 4/1, to afford 310 mg (36% yield) of
4b as a red solid, after evaporation of solvent.

'"H NMR (CDCls, 6) 0.71 (d, J=6.7 Hz, 3H, CH3), 0.78 (d,
J=6.7Hz, 3H, CH), 1.62 (m, 1H, CH(CH3),), 3.25 (s,
4H, SCH,CH,S), 3.86 (t, J=7.9 Hz, CH,,,; p,HO), 3.92
(m, 1H, NCHCH,0), 4.16 (dd, J=9.2 and 7.9 Hz, 1H,
CHH' ,i/i.p:0), 7.34-7.43 (m, 10H, CH,,); '*C NMR
(CDCls, 6) 18.0 (CH;), 18.5 (CH3), 30.1 (SCH,CH,S),
30.2 (SCH,CH,S), 32.5 (CH(CHs),), 71.0 (CHN), 72.6
(CH,0),105.9-113.7-114.1-116.5 2C=C), 125.6 (d, Jc_p=
20.4 Hz, C=C-C=N), 128.5 (2d, Jc_p=7.5 Hz, CHyro mera)-
129.6 (d, Jop=15.1Hz, CHuopara), 133.5 (2d, Jep=
21.2 Hz, CHuo0rm0)> 1354 and 135.8 (d, Je_p=11.3 Hz,
Cipso)s 141.2(d, Jo_p=54.5 Hz, C=C-PPh,), 156.8 (d, Jc_p=
2.8 Hz, C=N); *'P NMR (CDCls, 6) —10.6; IR (KBr, cm™!):
1628 (vc—n); m/z (MALDI-TOF): 588.96 (M*). Anal. Calcd
for Co,cHouNOPSq: C, 52.94; H, 4.10; N, 2.37. Found: C,
53.01;H, 4.11; N, 2.32.

4.2.1. (+/—)-EDT-TTF-PPh,-iPrOX (4a). From 600 mg
of 3a,'> red solid (460 mg, 53% yield). Anal. Calcd for
CogHayNOPS,: C, 52.94: H, 4.10; N, 2.37. Found: C,
52.95; H, 4.21; N, 2.24.

4.2.2. (S)-EDT-TTF-PPh,-iPrOX (4c). From 600 mg of
3¢,’> red solid (200 mg, 23% yield). Anal. Caled for
CocHpNOPSe: C, 52.94: H, 4.10: N, 2.37. Found: C,
52.78; H, 4.03; N, 2.34.

4.3. General procedure for the synthesis of B-hydroxy
amides (7a,b)

(R)-2-Amino-3-methyl-1-butanol or (R)-valinol (225 mg,
2.14 mmol) and distilled triethylamine (0.48 mL,
3.42 mmol) were placed in 10 mL THF. This colourless so-
lution was stirred for 10 min under N, at room temperature,
then a freshly prepared solution of EDT-TTF-TM-COCI 6'3
(690 mg, 1.71 mmol in 70 mL THF, purple colour) was
added dropwise. The reaction mixture became orange and
a precipitate was formed. After stirring overnight at room
temperature, the brown-red mixture was filtrated through
Celite and the solvent evaporated. The crude product was
purified on silica gel (eluant: THF), then the solvent evapo-
rated. The oil thus obtained was diluted in a small volume of
THF (5-8 mL) and dropped onto 400-500 mL petroleum
ether to afford 7a as a brown-pink powder (720 mg, 90%
yield).

Mp=136 °C; "H NMR (CDCls, 6): 0.97 (d, 3J=6.8 Hz, 3H,
CHs), 0.99 (d, >J=6.8 Hz, 3H, CH;), 1.97 (0, 3J=6.8 Hz, 1H,
CH(CH,),), 2.55 (s, 3H, SCH3), 2.75 (br s, 1H, OH), 3.29
(s, 4H, SCH,CH,S), 3.72 (m, 2H, CH,0), 3.83 (m, 1H,
NH-CH-CH,0), 7.37 (d, 3J=8.0 Hz, 1H, NH); '3C NMR
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(CDCl3, 6): 18.7 (CH3), 19.6 (CH3), 20.0 (SCH3), 29.0
(CH(CHs),), 30.2 (SCH,CH,S), 57.8 (CH-NH), 63.8
(CH,OH), 109.6-111.1-113.5-1144 QC=C), 1299
(=C-SMe), 132.7 (=C-C=0), 160.3 (NH-C=0); m/z
(MALDI-TOF): 468.89 (M*) (calcd: 468.95). Anal. Calcd
for C;sH;oNO,S+: C, 38.35; H, 4.08; N, 2.98. Found: C,
38.39; H, 4.04; N, 2.87.

4.3.1. (S)-EDT-TTF-SMe-B-hydroxyamide (7b). From
0.25 mL (2.14 mmol) (S)-2-amino-3-methyl-1-butanol or
(S)-valinol, brown-pink powder (690 mg, 86% yield).
Anal. Calcd for C;sH;oNO,S+: C, 38.35; H, 4.08; N, 2.98.
Found: C, 38.13; H, 4.06; N, 2.85.

4.4. General procedure for the synthesis of EDT-TTF-
SMe-iPrOX (5a,b)

A solution of hydroxyamide 7a (670 mg, 1.43 mmol) and
distilled NEt; (0.34 mL, 2.44 mmol) in 30 mL THF was
cooled at 0°C, and then, mesyl chloride (0.19 mL,
2.43 mmol) was added at once. After 30 min of stirring at
0 °C, more NEt3 (1.53 mL, 10.98 mmol) was added and
the reaction mixture was subsequently heated at 50 °C until
the intermediate mesylate disappeared (checked by TLC:
AcOEt/cyclohexane 1/1), after ca. 20 h. After filtration
through Celite, the solvent was evaporated and the crude
product was purified by silica gel chromatography (eluant:
AcOEt/cyclohexane 1/1), to afford Sa as a red powder
(580 mg, 90% yield) after evaporation of solvents.

Mp=129 °C; 'H NMR (CDCls, ) 0.88 (d, J=6.7 Hz, 3H,
CH;), 0.97 (d, J=6.7 Hz, 3H, CHz), 1.78 (o, J=6.7 Hz,
IH, CH(CHs),), 2.54 (s, 3H, SCHs), 329 (s, 4H,
SCH,CH,S), 4.02-4.08 (m, 2H, NCH(CH3) and CHy,,/;.p;
H'0), 4.32 (dd, J=8.9 and 7.8 Hz, 1H, CHH' 4pi/i-p:0); 1°C
NMR (CDCls, 6) 18.1 (CH;), 18.8 (CH3), 18.6 (SCH3),
30.2 (SCH,CH,S), 32.7 (CH(CH3),), 70.9 (CHN), 72.6
(CH,0), 108.4-112.9-113.5-114.3 (2C=C and C=C-
SMe), 137.7 (C=C-C=N), 157.0 (C=N); m/z (MALDI-
TOF): 450.97 (M*). Anal. Caled for C,sH,;NOS;: C,
39.88; H, 3.79; N, 3.10. Found: C, 39.73; H, 3.79; N, 2.95.

44.1. (S)-EDT-TTF-SMe-iPrOX (5b). From 640 mg
(1.36 mmol) hydroxyamide 7¢, red crystalline solid
(540 mg, 88% yield). Anal. Calcd for C;sH;;NOS;: C,
39.88; H, 3.79; N, 3.10. Found: C, 40.02; H, 3.75; N, 2.97.

4.5. Synthesis of the palladium complexes

4.5.1. Synthesis of complexes (+/—), (R) and (S)-[Pd(n>-
C;3H;5)(EDT-TTF-PPh,-iPrOX)]PF¢. The ligand (R)-EDT-
TTF-PPh,-iPrOX 4b (59 mg, 0.1 mmol) and the precursor
[Pd(n3-C3H5)Cl], (18.6 mg, 0.05 mmol) were dissolved in
THF (5 ml). The dark red solution was stirred for 1 h at
room temperature followed by the addition of TIPFg
(36 mg, 0.1 mmol). After 15 min of stirring, a filtration
through a pad of dry Celite afforded the complex [Pd(n?>-
C5H5)(4b)]PFg as a dark powder (78.2 mg, 89% yield).

'"H NMR (CD,Cl,, 6): 0.55 (d, 3J=7.1 Hz, 3H, CH;), 0.89
(d, J=7.1 Hz, 3H, CH;), 2.03 (dh, J=7.1 and 3.9 Hz, 1H,
CH(CH3)2), 3.02 (br m, 1H, Hallyl)’ 3.29 (m, 4H,
SCH,CH,S), 3.92 (br m, 1H, Hyy), 4.41 (ddd, J=9.6, 5.1

and 3.9 Hz, 1H, N-CH-(i-Pr)-CH,0), 4.47 (dd, J=9.0
and 5.1 Hz, 1H, CH,,,;;.p,H O), 4.58 (t, J=9.0 Hz, 1H,
CHHlsyn/i_prO), 493 (br m, 1H, Hal]yl)’ 5.33 (br m, 1H, Ha]ly]),
5.85 (q, /=10.3 Hz, 1H, Hayyi centra), 7.42-7.71 (m, 10H,
CH,.,); 3C NMR (CD,Cl,, 6): 14.5 and 18.3 (s, 2CH3),
30.0 (s, CH(CHs3),), 31.9 (s, SCH,CH,S), 68.1 (s, CH-N),
70.5 (S, CHzo), 76.8 (S, CH2allyl lrans/N)7 109.8-113.9-114.3
and 114.6 (s, 2C=0C), 123.1 (d, Jc_p=6.0 Hz, C=C-
C:N), 126.9 and 128.1 (d, ]C_p:48.5 HZ, CHZa]ly] trans/P)’
128.6 (s, CHauiyi centrar)> 130.0 and 130.4 (d, Jc_p=11.6 Hz,
CHuromera), 1322 (d, Jcp=14.0Hz, Cy,,), 132.9 and
133.7 (d, Jc_p=14.6 Hz, CH, 6rm0)> 133.2 and 133.4 (d,
Jep=2.4 Hz, CHyro para)> 137.5 (d, Jop=17.5 Hz, C=C-
PPhy,), 159.4 (d, Jc_p=6.7 Hz, C=N); 3P NMR (CD,Cl,, 6):
16.0; m/z (MALDI-TOF): 735.71 (M*). Anal. Calcd for
CyoH,0FgNOP,PdSe: C, 39.48; H, 3.31; N, 1.59. Found: C,
40.82; H, 3.73; N, 1.15 (crude product).

4.5.1.1. [Pd(n3-C3;Hs)(4a)]PFs Same amounts of re-
agents, dark powder (87.2 mg, 99% yield). Anal. Calcd for
C29H29F6NOP2PC186: C, 3948, H, 331, N, 1.59. Found: C,
40.92; H, 3.83; N, 1.09 (crude product).

4.5.1.2. [Pd(n3-C3H;s)(4c)]PFs. Same amounts of re-
agents, dark powder (85.2 mg, 97% yield). Anal. Calcd for
CooH29FgNOP,PdS¢: C, 39.48; H, 3.31; N, 1.59. Found: C,
40.87; H, 3.78; N, 1.12 (crude product).

4.5.2. Synthesis of complexes (+/—), (R) and (S)-[Pd(n>-
C3H;5)(EDT-TTF-PPh,-iPrOX)]*>*,PF4 ,SbF, . The com-
plex [Pd(n>-C;Hs)(4b)]PFs (80 mg, 0.09 mmol) and the
oxidising agent NOSbFg (24 mg, 0.09 mmol) were dissolved
in acetonitrile (8 ml). The solution was stirred for 1 h at room
temperature, and then CH3CN was removed under reduced
pressure. The oxidised complex [Pd(n3-Cs;Hs)(4b)]*",
PF¢ ,SbF¢ was thus isolated as a black powder (88.4 mg,
88% yield). Anal. Caled for Cy9H,9F;,NOP,PdSeSh: C,
31.21; H, 2.44; N, 1.26. Found: C, 30.44; H, 3.32; N, 1.45
(crude product).

4.5.2.1. [Pd(n3-C;H5)(4a)]>*,PF, ,SbF, . Same
amounts, black powder (80.5 mg, 80% yield). Anal. Calcd
for C,oH,oF,NOP,PdSeSb: C, 31.21; H, 2.44; N, 1.26.
Found: C, 30.49; H, 3.36; N, 1.41 (crude product).

4.5.2.2. [Pd(n3-C3Hs)(4c)]>*,PFg ,SbF, . Same
amounts, black powder (81.7 mg, 81% yield). Anal. Calcd
for C29H29F12NOP2PdS6SbZ C, 3121, H, 244, N, 1.26.
Found C, 30.51; H, 3.34; N, 1.38 (crude product).

4.6. General procedure for the asymmetric allylic
alkylation

In a Schlenk tube, the selected chiral auxiliary (0.036 mmol)
and [Pd(n3-C;Hs)Cl], (6 mg, 0.016 mmol) were dissolved
in anhydrous THF (10 mL). The red solution was stirred
for 1 h at room temperature. In a second Schlenk tube, the
base KOAc (60 mg), BSA (1.6 mL) and the nucleophile di-
methylmalonate (0.7 mL) were mixed in THF (5 mL). The
solution containing the palladium precatalyst was trans-
ferred onto the above mixture followed by the substrate
(505 mg, 2 mmol) in solution in THF (5 mL). The reaction
mixture was stirred during the desired reaction time. Then,
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a saturated solution of NaHCO; (20 mL) was added. The
product was extracted with diethylether (320 mL). The or-
ganic layers were dried over MgSO,. After filtration and
evaporation of the solvent, an oil was obtained, which was
analysed by '"H NMR in order to determine the conversion
and by HPLC (Daicel® Chiralpak® AD column, hexane/
isopropanol: 90/10, flow rate=1mL/min; A=254 nm) to
determine the enantiomeric excess.
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Abstract—A number of chiral carboxamide dehydration methods were investigated for the preparation of four representative enantio-
merically enriched a-aminonitriles possessing only one stereogenic centre; best results were observed using Burgess’ salt (yield up to
87%, er up to 92/8) or the trifluoroacetic anhydride—triethylamine combination (yield up to 98%, er up to 86/14). Two of the aminonitriles
thus obtained were subjected to Bruylants reactions with a methyl Grignard reagent to furnish the corresponding tertiary amines; these
products, along with any unreacted starting materials, were obtained essentially in racemic form. In accord with the accepted mechanism
for this reaction, a magnesium species is implicated in the formation of an iminium, the common intermediate for both chemical transforma-

tion and racemization processes.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The reaction of a Grignard reagent with an N,N-disubstituted
a-aminonitrile bearing at least one substituent at the o-car-
bon to give an amine has been known for 80 years, and is
generally known as the Bruylants reaction, after its discov-
erer.”> From the outset, it has always been assumed that
the reaction proceeds by initial departure of cyanide to give
an iminium intermediate, which then undergoes rapid addi-
tion of an organic nucleophile to give the substituted product
(Scheme 1). This mechanism is perfectly reasonable, and
consistent with a number of experimental observations,
including (a) the cases in which the aminonitrile precursors
possess nearby chiral centres, in which a high degree of dia-
stereoselectivity is often achieved,>? and (b) modifications
of the reaction in which an iminium is specifically generated
from an aminonitrile by using a decyanating agent (such as a
silver salt), and the Grignard nucleophile is added later in the
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reaction procedure.?** It is interesting to note that—perhaps
in testimony of the success of the mechanistic proposal—no
direct proof for the iminium intermediate in the Bruylants
reaction has been either sought nor acquired.

Recently, we carried out a theoretical study of the reaction of
a Grignard reagent with a particular aminonitrile system.’
One intriguing result which emerged from this study was the
apparent plausibility of a reaction pathway leading formally
to a Bruylants type substitution reaction. Initial formation of
an N— Mg Lewis acid-base complex followed by intra-
molecular substitution of the nitrile group by the complexed
alkyl group would give the substitution product (Scheme 2).
This transformation appeared feasible on the basis of orbital
interactions for the case study and was only slightly less
favoured energetically than the experimentally observed
addition reaction. While we at no point imagined disproving
the intermediacy of an iminium in the Bruylants reaction, we
felt that all previous studies or applications thereof had been
contented with the fact that the results were compatible with
this accepted mechanism; in other words, no detailed search
for any evidence of an alternative mechanism, operating
even to a minor extent, had been carried out.

S,,,‘M Cl

RBV [o]

R, NR; R3MgX R1\' NR, intramolecular R?, R®
2 —_— u,) R 7

R CN (solvent S) R2’< substitution ~ R? NR;
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Scheme 2.
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We wanted to devise some experiments specifically designed
to bring to light any evidence at all concerning an intra-
complex substitution mechanism, along the lines of that
suggested in Scheme 2. This mechanism should proceed
with inversion at the reactive a-carbon centre, so that if the
aminonitrile precursor is non-racemic, then the amine prod-
uct should likewise be obtained in enantiomerically enriched
form. In contrast, an iminium intermediate devoid of any
chiral information should undergo nucleophilic attack with
equal probability on either face of the planar reaction centre
leading to racemic material. There is some precedent for
a mechanistic investigation based on this rationale: reactions
of Me,CuLi-BF5-Et,O with acetals in which the acetal
carbon was the only stereogenic centre provided partially
enantiomerically enriched ether products, showing that an
Sn1 process was operating simultaneously with an Sy2
and/or ion pair mechanism.®

We therefore envisaged the examination of the stereo-
chemical course of the Bruylants reactions of non-racemic
o-aminonitriles in which the reacting a-carbon atom was
the only stereogenic centre. This in turn presented us with
the challenge of preparing appropriate chiral non-racemic
substrates for these reactions, for which, surprisingly, almost
no precedent existed.

2. Results and discussion
2.1. Selection and preparation of starting materials

The enantioselective preparation of single-stereocentre
aminonitriles in which the amine lone pair is free is not a
simple matter, since such compounds are expected to be con-
figurationally labile. The literature is bereft of reports on
the preparation of such N,N-dialkylated aminonitriles in
enantiomerically enriched form.” We are aware of only one
such example, (S)-1-benzyl-2-cyanopiperidine, prepared in
several steps from a non-racemic cyanohydrin.® Related
structures therefore drew our attention. N-Unsubstituted ex-
amples (i.e., derivatives of general formula H,NCR!R?CN)
can be obtained from racemates by resolution (usually with
tartaric acid)*'® or through enantioselective enzymatic
transformations.'%!! As expected, these materials are stable
only as their hydrochlorides (or other salts). Several exam-
ples of such compounds have also been prepared from
enantiomerically enriched cyanohydrins.'? Recently, cata-
Iytic enantioselective modifications of the Strecker reaction
exploiting chiral catalysts have been developed success-
fully,'® but the products are invariably N-monosubstituted
o-aminonitriles (general formula R3®NHCR'R?CN, or their
N-acylated derivatives in some applications), since the pre-
cursors are preformed imines.'# Perhaps the most often used
approach to obtain non-racemic N-monosubstituted amino-
nitriles is the dehydration of a derivative of the correspond-
ing amino acid carboxamide. POCIs/pyridine,!> tosyl
chloride/pyridine,'® trifluoroacetic anhydride/triethylamine
(TFAA/Et3N)," triflic anhydride/triethylamine,'® dibutyltin
oxide,'” a number of reagents used for peptide coupling,?’
the cyanuric chloride/dimethylformamide (CyuCl/DMF)
combination?! and Burgess’ salt?> have all been reported as
successful dehydrating agents, although, somewhat frustrat-
ingly, the enantiomeric purities of the resulting aminonitriles

are not always fully determined. More importantly, all of
these cases involve amino acid carboxamide starting mate-
rials in which the amine nitrogen is protected in some way,
usually as a carbamate or an amide, which leads to products
of general structure PNHCR!R?CN, where P is a protecting
group. In one exception to this trend, a short series of amino
acid carboxamides with free NH, groups have been dehy-
drated with (2-pyridyl)sulfonyl chloride/DMF combination
to give the amidine derivatives of the o-aminonitriles; ee
values were not reported.?>>*

We decided to investigate a-aminonitriles of type 1. The
aminonitrile with the aromatic a-substituent (1a) was ex-
pected to be more prone to racemization and was investi-
gated first. The appropriate tertiary amine carboxamide 3a
was prepared from the readily available?> (R)-phenylglycine
carboxamide 2a by reaction with 1,5-dibromopentane under
basic conditions to construct the piperidine ring (Scheme 3).

HiN OO g O b O
. N._CONH, ——= N._CN
r I

R
2

3 1
a:R=Ph b:R=CH,Ph
c:R=Me d:R=iPr

Scheme 3. For simplicity, only one stereochemical representation is pre-
sented here; the absolute configurations of the compounds were: (R)-2a,
(R)-2b, (S)-2¢ and (S)-2d. Reagents and conditions: (a) Br(CH,)sBr,
K,CO3, EtOH, reflux; 96% for 3a, 79% for 3b, 62% for 3¢, 56% for 3d,
(b) dehydrating agent (see Tables 1 and 2 and text).

For the key dehydration step, most of the reagents reviewed
above were examined. Enantiomeric ratios of the product
were determined only in cases where the chemical yield
and the optical rotation were considered encouraging.
Results are presented in Table 1.

The configurational lability of the target aminonitrile was
clearly in evidence. Four of the dehydrating agents tested
furnished an extensively or totally racemized product, and
were poor-to-moderate performers in terms of chemical
yields. CyuCl/DMF gave 1a with reasonable enantiomeric
enrichment, although the isolated yield was moderate. A
very good yield but slightly lower enantiomeric enrichment
was achieved by using TFAA/Et;N; it was interesting to note
that this reagent performed much better than Tf,O/Et3N.
Burgess’ salt arguably gave the best results, in the combined
terms of clean product, decent yield and useful enantiomeric

Table 1. Dehydration reactions of 3a to give 1a (see Scheme 3)

Reagent 3a—1la

Yield (%)* OR® er®
POCl;/Py 30 +10 —
n-Bu,SnO 36 0 —
TsCl/Py 64 0 —
THLO/ELN 62 +3 —
CyuCl/DMF 53 +39 80/20
TFAA/Et;N 92 +36 77/23
Burgess’ salt 78 +44 92/8

? Yields are given for isolated (spectroscozpically pure) material.
b Optical rotations (OR) are given for [oc]D2 (c 1.0, CHCl5).
¢ Enantiomeric ratios (er) were determined as indicated in the text.
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enrichment. Even so, partial racemization seems unavoid-
able. Aminonitrile 1a could be chromatographed on a flash
silica gel column with no detectable changes in enantiomeric
enrichment; however, crystallization of 1a from methanol
provoked complete racemization.

We then tested the three best methods of dehydration on the
three other a-aminonitriles 3b—d. These compounds were
prepared in an analogous fashion to 3a, starting from the
carboxamides of (R)-Phe, (§)-Ala and (S)-Val, respectively
(Scheme 3). Results for the dehydration reactions are pre-
sented in Table 2. CyuCl/DMF performed poorly in terms of
both chemical yield and enantiomeric enrichment. Burgess’
salt and TFAA/Et;N performed reasonably well; chemical
yields were more variable with the latter, while enantiomeric
ratios for the series of compounds 1 did not differ signifi-
cantly. In all cases, partial racemization was still evident.
Rather surprisingly, this was more the case with the methyl-
bearing derivative 1¢, while the other aliphatic derivatives
1b and 1d were not less racemized than the aromatic deriv-
ative la.

For this work, we required a method for the determination
of the enantiomeric ratios. Several options were examined
using authentic racemic materials (£)-la—-d, which were
prepared by standard Strecker condensation procedures.
For 1b and 1c, a '"H NMR technique was convenient: in
CDCl; solution, the presence of 7-8 equiv of the chiral
resolving agent (S)-2,2,2-trifluoro-1-(9-anthryl)ethanol
induced complete separation of the methine triplet signals
in the spectrum of (£)-1b and one of the piperidine C2
methylene signals in the spectrum of (£)-1¢. This technique
failed for 1d, so we used 1 equiv of (R)-Mosher’s acid*’ in
C¢Dg to effect the separation of the methine doublet signals
in the 'H NMR spectrum of (£)-1d. None of the NMR tech-
niques was suitable for the analysis of 1a, so we resorted to
the use of chiral HPLC, which gave good baseline enantio-
mer separation. It is noteworthy that we were unable to find
a universally convenient analytical technique within this
small series of related substances.

Table 2. Dehydration reactions of 3a—d to give 1la—d (see Scheme 3)

Reaction CyuCl/DMF

Yield (%)* er®

TFAA/E;N
Yield (%)* er®

Burgess’ salt

Yield (%)* er”

3a—1a 53 80/20 92 77/23 78 92/8

3b—1b 45 73/27 98 67/33 71 77/23
3c—1c 10 67/33 44 60/40 80 53/47
3d—1d Degradation — 59 86/14 87 81/19

? Yields are given for isolated (spectroscopically pure) materials.
Enantiomeric ratios (er) were determined as indicated in the text.

2.2. Bruylants reactions

Enantiomerically enriched samples of 1a and 1b were treated
with 2 equiv of methyl Grignard reagent under typical
Bruylants conditions (Et,O solution, 0 °C to rt, overnight).
Following mild acidic aqueous work-up, the crude product
mixture was analyzed; subsequent chromatography on silica
gel permitted the isolation of the appropriate products
(Scheme 4). Results are presented in Table 3.

a:R=Ph
b:R = CH,Ph

O\J CN MelgBr O\l M
T Y
0°Ctort, 18 h

R
1 4

Scheme 4.

Table 3. Bruylants reactions of 1a,b to give 4a,b (see Scheme 4)

Substrate er” Equiv Recovered 1 Product 4
MCMgBI' d a b - a b
Yield (%)" er Yield (%)" er
la 92/8 2 0 — 97 50/50
92/8 1 45 50/50 44 50/50
77/23 0 100¢ 75/25 0 —
77123 —¢ 100° 55/45 0 —
1b 77/23 2 0 — 79 50/50
77/23 1 44 50/50 46 50/50
73/27 0 100¢ 67/33 0 —
7327 —¢ 100° 50/50 0 —
* Yields are given for isolated (spectroscopically pure) materials.
b Enantiomeric ratios (er) were determined as indicated in the text.
Z Crude isolate was essentially pure.

Reaction carried out with 2 equiv MgBr, - OEt, instead of MeMgBr.

With 2 equiv of Grignard reagent, the reactions proceeded
with excellent chemical yield to give the expected tertiary
amines 4a and 4b. With only 1 equiv of the Grignard reagent,
these amines were obtained in lower yields and were accom-
panied by unreacted aminonitrile starting materials. In all
cases, products and recovered starting materials were iso-
lated in racemic form. Zero-value optical rotations were ob-
served for crude isolates, suggesting that racemization had
occurred during the reaction itself.”® Enantiomerically en-
riched substrates 1a and 1b were submitted to blank control
reactions (no Grignard reagents added) and were recovered
with no significant loss of enantiomeric enrichment, sug-
gesting that the Grignard reagent had been responsible for
racemization. Enantiomerically enriched substrates 1a and
1b were submitted to simulated reaction conditions in the
presence of 2 equiv of MgBr,-OEt, instead of the Grignard
reagent. No amines were obtained, of course, but the recov-
ered starting materials were extensively racemized. We ruled
out definitively the (unlikely) possibility that amines 4a and
4b had been racemized after their formation in the reaction
mixture: authentic samples of enantiomerically pure amines
were prepared from the corresponding commercial primary
amines according to Scheme 5. When they were subjected
to Bruylants conditions and standard work-up, they were
recovered intact and without loss of enantiomeric purity. The
enantiomeric enrichments of all samples of amines 4a and
4b were determined by '"H NMR spectroscopy in C¢Dg solu-
tion in the presence of 1 equiv of (S)-mandelic acid as a chiral
solvating agent,?’ which induced complete separation of the
methyl doublet signals.

HoN__Me  Br(CH,)Br _ O\l Mo  ®R=Ph
b K,CO, Y b: R = CH,Ph

R EtOH, reflux R 4

Scheme 5. Yields: 82% for 4a, 55% for 4b.

Most preparative applications of the Bruylants reaction are
performed using at least 2 equiv of Grignard reagent, and
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indeed we observed only partial conversions when 1 equiv
was used.’® We performed a further experiment using
racemic 1la and 1 equiv of methyl magnesium bromide under
typical Bruylants conditions (Et,O solution, 0 °C to rt) then
left the stirred mixture at rt for 43 days. After the usual work-
up, the product comprised a 77/23 mixture 4a/la, obtained
with an 83% overall yield, which corresponds to a 64% yield
of 4a. Clearly, the Bruylants reaction proceeds only very
slowly beyond 50% conversion in the presence of a single
equivalent of Grignard reagent.

Collectively, these results suggest the situation which is
summarized in Scheme 6. The first Grignard equivalent
generates an iminium by cyanide abstraction (step a), and
the privileged source of organic nucleophile is a second
Grignard equivalent (step b). The significance of the putative
magnesium ‘ate’ complex generated in the first step remains
uncertain; in any case, it appears to be a poor source of
organic nucleophile. Racemization of the aminonitrile could
occur either by return of cyanide nucleophile to the iminium
from the magnesium ‘ate’ species (step c¢) or by a parallel
cyanide elimination—readdition process mediated by MgX,
or some related Lewis acid by-product generated from either
of the two Grignard equivalents (step d). Another possible
source of MgX, is the Schlenk equilibrium (step e);*' the
R,Mg species generated concomitantly might also replace
RMgX in step b,*? although this would not change the net
inorganic product component mixture [MgX,+R>*Mg(CN)].
Intriguingly, the regeneration therefrom of a RMgX species
(step f), which should be available for recycle and thus facil-
itate complete conversion with only 1 equiv of Grignard,
does not appear to operate effectively. In any event, regard-
less of the relative rates of these processes, they are collec-
tively faster than any conceivable contribution from an
intra-complex substitution mechanism for the Bruylants
reaction.

®
NC a NR o
\}(NRZ sz + R3Mg(CN)X
R?" Rt ( R2 “R!
R3MgX
d
b
b NCNR; 5
g Y R%__NR?
i RR e
MgX, R
P R3Mg(CN)
; e
MgX, + (R®,Mg === 2 R3MgX Hf

no efficient recycle of Grignard 4# R3MgX + Mg(CN)X

Scheme 6.

3. Conclusions

This work confirms the configurational lability of N,N-
dialkylated aminonitriles in which the amine lone pair is
free. Nevertheless, the preparation of single-stereocentre ex-
amples in enantiomerically enriched form has been achieved
for the first time, and the methods for the determination of
enantiomeric purity have been established. The use of these
compounds in the Bruylants reaction gives further insight
into the mechanism of this transformation and all the

evidence obtained is in agreement with the requirement of
2 equiv of Grignard reagent and the intermediacy of a readily
formed iminium ion.

4. Experimental
4.1. General methods

Melting points were determined on a Reichert microscope
apparatus. NMR spectra were measured on a Bruker
AC-400 spectrometer, operating at 400 MHz for 'H and
100 MHz for '3C; chemical shifts (6) are reported in parts
per million. Infrared spectra were recorded as KBr pellets
(for solid compounds) or neat (for oils) on a Perkin—Elmer
881 spectrometer or a Perkin—Elmer Paragon 500 FTIR
spectrometer; only structurally important peaks (v) are pre-
sented in inverse centimetre. High-resolution mass spectra
were recorded in positive electrospray mode on a micro
Q-TOF Micromass instrument (3000 V) with an internal lock
mass (H;PO,4) and an external lock mass (Leu-enkephalin).
Optical rotations were measured on a Jasco DIP-370 polar-
imeter. Elemental analyses were carried out by the CNRS
Central Microanalytical Laboratory, Lyon. Flash chromato-
graphy was carried out on 15 cm length columns of silica gel
(40-63 pm). Anhydrous solvents were obtained as follows:
ether was distilled from sodium—benzophenone under argon,
DMF and dichloromethane were distilled from CaH, under
argon. Ether solutions of methyl magnesium bromide
(3 M) were obtained commercially and used as freshly deliv-
ered; dilutions in ether were made immediately before reac-
tions were carried out. Procedures for dehydration test
reactions reported in Table 1 followed as closely as possible
the literature descriptions (see text for references). Com-
pounds 2a and 2b were prepared from the corresponding
commercial (R)-amino acids using literature procedures.?
The (S)-isomers of compounds 2¢ and 2d were obtained
commercially as their hydrochlorides.

4.2. General procedure for piperidine ring construction

1,5-Dibromopentane (5.0 mmol) was added to a solution of
primary amine substrate (2.5 mmol) in EtOH (5 mL) in the
presence of potassium carbonate (13.5 mmol). The mixture
was refluxed overnight and then cooled to rt. The mixture
was filtered and the solids were washed through several
aliquots of EtOH; combined filtrate and washings were then
evaporated. The residue was purified by flash chromato-
graphy (CH,Cl,/MeOH 99/1).

4.2.1. (R)-2-Phenyl-2-(1-piperidinyl)ethanamide (3a).
Yield 96%. Mp 156 °C (EtOAc); [a]y —27.2 (¢ 1.0,
CHCIL5); IR v 3240, 1660; '"H NMR (CDCls) 6 1.16-1.20
(m, 2H), 1.38-1.49 (m, 4H), 2.26 (m, 4H), 3.72 (s, 1H),
6.79 (s, 1H), 7.01 (s, 1H), 7.20-7.28 (m, 5H); '3C NMR
(CDCls) 6 24.2 (CH,), 26.4 (CH,), 52.7 (CH,), 76.4 (CH),
127.9 (CH), 128.3 (CH), 129.0 (CH), 136.5 (C,), 175.4
(C,). HRMS m/z caled for Cy3HoN,O [MHJ*: 219.1497;
found: 219.1499.

4.2.2. (R)-3-Phenyl-2-(1-piperidinyl)propanamide (3b).
Yield 79%. Mp 114 °C (H,0); [a]® +45.4 (¢ 1.0, CHCls);
IR v 3333, 1664; 'H NMR (CDCl3) 6 1.28-1.44 (m, 6H),
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2.33-2.40 (m, 4H), 2.73 (dd, 1H, J=6.4 and 14.0 Hz), 3.07
(dd, 1H, J=6.6 and 14.0 Hz), 3.20 (t, 1H, J=6.5 Hz), 5.57
(br s, 1H), 6.77 (br s, 1H), 7.00-7.14 (m, SH); '3*C NMR
(CDCl3) 6 24.2 (CH,), 26.7 (CH,), 32.1 (CH,), 51.2
(CH,), 71.2 (CH), 126.0 (CH), 128.3 (CH), 129.2 (CH),
140.4 (Cy), 175.4 (Cy). HRMS: m/z calcd for Ci4H,;N,O
[MH]*: 233.1654; found: 233.1652.

4.2.3. (S)-2-(1-Piperidinyl)propanamide (3c). Yield 62%.
Mp 112 °C (hexane); [a]3' +22.2 (¢ 1.56, CHCLy); IR v
3314, 3088, 1666; 'H NMR (CDCl;) ¢ 1.17 (d, 3H,
J=7.2Hz), 1.41 (m, 2H), 1.51 (m, 4H), 2.38 (m, 2H), 2.47
(m, 2H), 3.01 (q, 1H, J=6.8 Hz), 6.18 (s, 1H), 7.18 (s,
1H). 3C NMR (CDCl5) ¢ 10.7 (CH3), 24.1 (CH,), 26.4
(CHy), 51.0 (CHy), 64.4 (CH), 177.6 (Cy). HRMS m/z caled
for CgH;7N,O [MH]*: 157.1341; found: 157.1336. Anal.
Calcd for CgH;¢N,O: C, 61.51; H, 10.32; N, 17.93. Found:
C, 61.46; H, 10.31; N, 17.82.

4.2.4. (S)-3-Methyl-2-(1-piperidinyl)butanamide (3d).
Yield 56%. Mp 103 °C (hexane); [a]d —9.7 (¢ 1.125,
CHCly); IR v 3372, 3186, 1661; '"H NMR (CDCl5) 6 0.91
(d, 3H, J=6.8 Hz), 1.01 (d, 3H, J=6.8 Hz), 1.46 (m, 2H),
1.56 (m, 4H), 2.14 (o, 1H, J=6.8 Hz), 2.47 (m, 4H), 2.54
(d, 1H, J=6.4 Hz); '*C NMR (CDCl5) 6 17.7 (CH3), 20.0
(CH3), 24.6 (CH,), 26.2 (CH), 26.4 (CH,), 51.7 (CH,),
75.84 (CH), 174.3 (Cy). HRMS m/z caled for C;oH,N,O
[MH]*: 185.1654; found: 185.1667. Anal. Calcd for
CoHy0N,O: C, 65.18; H, 10.94; N, 15.20. Found: C,
65.16; H, 10.97; N, 15.25.

4.2.5. (S)-1-(1-Phenylethyl)piperidine (4a). Yield 82%.
Oil, bp 110-116°C (4 mmHg); [a]F —26.0 (¢ 1.2,
CHCL); IR » 3040; 'H NMR (CDCl;) 6 1.32-1.38 (m,
2H), 1.44 (d, 3H, J=6.8 Hz), 1.56-1.66 (m, 4H), 2.43—
2.49 (m, 4H), 3.54 (q, 1H, J=6.8 Hz), 7.11-7.23 (m, 5H);
13C NMR (CDCl3) ¢ 19.4 (CH3), 24.6 (CH,), 26.3 (CHy),
51.5 (CH,), 65.2 (CH), 126.6 (CH), 127.7 (CH), 128.0
(CH), 144.0 (C,). HRMS m/z caled for C3H;N [MH]*:
190.1596; found: 190.1596.

4.2.6. (5)-1-(1-Methyl-2-phenylethyl)piperidine (4b).
Yield 55%. Oil, bp 120128 °C (4 mmHg); [a]¥ +15.5 (¢
1.1, CHCl3); IR » 3040; '"H NMR (CDCls) 6 0.90 (d, 3H,
J=6.6 Hz), 1.39-1.45 (m, 2H), 1.63-1.69 (m, 4H), 2.35
(dd, 1H, J=12.8 and 10.4 Hz), 2.60-2.63 (m, 4H), 2.84-
2.92 (m, 1H), 3.12 (dd, 1H J=12.8 and 3.6 Hz), 7.08-7.29
(m, 5H); '3C NMR (CDCl3) ¢ 13.8 (CHj), 24.3 (CH,),
25.5 (CH,), 38.8 (CH,), 49.6 (CH,), 62.5 (CH), 126.1
(CH), 128.3 (CH), 129.2 (CH), 139.7 (C). HRMS m/z calcd
for C;4sH,,N [MH]": 204.1752; found: 204.1763.

4.3. Strecker synthesis of reference racemic
aminonitriles

Piperidine (20 mmol) was treated with exactly 1 equiv of
3.5 M hydrochloric acid solution and the appropriate alde-
hyde (20 mmol) was then added. A solution of KCN
(23 mmol) in a minimum of water (¢ 1 mL) was added drop-
wise and then the mixture was stirred at rt [2 h for (£)-1a and
(+)-1¢, 16 h for (£)-1b and 48 h for (&£)-1d]. Dichloro-
methane (5 mL) was added and the organic phase was
collected, dried over MgSO, and then evaporated. The

residue was purified by crystallization [(£)-1a] or by flash
chromatography [CH,Cl,/cyclohexane 50/50 for (4)-1b
and (4)-1d, CH,CI,/EtOAc 99/1 for (+)-1c].

4.3.1. (£)-2-Phenyl-2-(1-piperidinyl)ethanenitrile (1a).
Yield 32%. Mp 60°C (MeOH); IR » 2220; 'H NMR
(CDCl3) 6 1.49-1.70 (m, 6H), 2.53-2.58 (m, 4H), 4.84 (s,
1H), 7.28-7.45 (m, 5H); '3C NMR (CDCls) 6 23.7 (CH,),
25.8 (CHy), 50.9 (CHp), 63.0 (CH), 115.6 (Cy), 127.8
(CH), 128.2 (CH), 128.7 (CH), 133.5 (Cy). HRMS m/z calcd
for C3H;7N, [MH]*: 201.1392; found: 201.1397. Anal.
Calcd for Ci3HgN,: C, 77.96; H, 8.05; N, 13.99. Found:
C, 77.35; H, 8.11; N, 13.88.

4.3.2. (+)-3-Phenyl-2-(1-piperidinyl)propanenitrile (1b).
Yield 27%. Mp 30°C; IR v 2222; 'H NMR (CDCl,)
0 1.44-1.62 (m, 6H), 2.36-2.41 (m, 2H), 2.62-2.67 (m,
2H), 2.95-2.98 (m, 2H), 3.55 (dd, 1H, J=8.0 and 8.6 Hz),
7.19-7.28 (m, 5H); '3*C NMR (CDCls) 6 24.0 (CH,), 25.8
(CH,), 37.7 (CHyp), 51.1 (CHp), 61.3 (CH), 116.7 (C,),
127.3 (CH), 128.7 (CH), 129.2 (CH), 136.2 (C,). HRMS
mlz caled for C4H;oN, [MH]": 215.1548; found:
215.1555. Anal. Calcd for C14HgN,: C, 78.46; H, 8.47; N,
13.07. Found: C, 78.14; H, 8.56; N, 12.49.

4.3.3. (z)-2-(1-Piperidinyl)propanenitrile (1c). Yield
21%. Qil, bp 60°C (0.6 mmHg); IR » 2223; 'H NMR
(CDCly) 6 1.43 (d, 3H, J=7.2 Hz), 1.45 (m, 2H), 1.58 (m,
4H), 2.36 (m, 2H), 2.61 (m, 2H), 3.59 (q, 1H, J=7.2 Hz);
13C NMR (CDCl3) 6 17.2 (CH3), 24.1 (CH,), 25.8 (CH,),
50.7 (CHy), 53.1 (CH), 117.7 (Cy). HRMS m/z calcd for
CgH;sN, [MH]*: 139.1235; found: 139.1240.

4.3.4. (x)-3-Methyl-2-(1-piperidinyl)butanenitrile (1d).
Yield 68%. Mp 54 °C (sublimation); IR » 2220; 'H NMR
(CDCl3) 6 0.95 (d, 3H, J=6.4 Hz), 1.07 (d, 3H, J=6.8 Hz),
1.44 (m, 2H), 1.57 (m, 4H), 1.96 (m, 1H), 2.31 (m, 2H),
2.55 (m, 2H), 2.91 (d, 1H J=11.2 Hz); '3C NMR (CDCl5)
6 19.1 (CH3), 20.2 (CH3), 24.1 (CH,), 25.8 (CH,), 28.8
(CH), 51.0 (CHy), 66.1 (CH), 117.0 (C,). HRMS m/z calcd
for CigH 9N, [MH]*: 167.1548; found: 167.1549. Anal.
Calcd for CoH;gN»: C, 72.24; H, 10.91; N, 16.85. Found:
C, 71.95; H, 10.90; N, 16.91.

4.4. Dehydration procedure using Burgess’ salt

Under an argon atmosphere, a solution of the carboxamide
(0.46 mmol) in anhydrous dichloromethane (2.5 mL) was
stirred at rt while Burgess’ salt was added in small portions
over 2 h. The reaction mixture was then passed through
a flash chromatography column without prior evaporation
of the solvent [eluent CH,Cl,/cyclohexane 50/50 for (+)-
la, (+)-1b and (—)-1d; CH,CI,/EtOAc 99/1 for (—)-1c].
Appropriate fractions were pooled and evaporated to give
the required product, which was not further purified.

4.4.1. (R)-2-Phenyl-2-(1-piperidinyl)ethanenitrile (1a).
Yield 78%. Yellow solid; [a]¥ +44 (¢ 1.0, CHCly); er (by
chiral HPLC): 92/8; 'H and '3C NMR: as for racemic
sample.

4.4.2. (R)-3-Phenyl-2-(1-piperidinyl)propanenitrile (1b).
Yield 71%. Yellow solid; [a]¥ +6.5 (¢ 1.0, CHCIl,); er (by
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NMR with chiral resolving agent): 62/38; 'H and '*C NMR:
as for racemic sample.

4.4.3. (S)-2-(1-Piperidinyl)propanenitrile (1c). Yield 80%.
Yellow liquid; [a]3' —24.0 (¢ 1.105, CHCl5); er (by NMR
with chiral resolving agent): 53/47; 'H and '3C NMR: as
for racemic sample.

4.4.4. (5)-3-Methyl-2-(1-piperidinyl)butanenitrile (1d).
Yield 87%. White solid; [a]® —28 (¢ 1.18, CHCly); er
(by NMR with chiral resolving agent): 81/19; 'H and
13C NMR: as for racemic sample.

4.5. Dehydration procedure using TFAA/Et;N

Under an argon atmosphere, carboxamide (1.12 mmol) was
dissolved in anhydrous dichloromethane (45 mL) and then
triethylamine (0.34 mL, 2.44 mmol) was added dropwise.
The mixture was cooled at 0 °C and then trifluoroacetic
anhydride (0.17 mL, 1.20 mmol) was added dropwise. The
mixture was stirred and allowed to return to rt over 3 h
and then was washed with a saturated NaHCO;3 solution
(2%x25 mL). The organic phase was dried over MgSO, and
evaporated under reduced pressure to leave the product
1la—d (see Table 2).

4.6. Dehydration procedure using CyuCl/DMF

Under an argon atmosphere, carboxamide (0.95 mmol) was
dissolved in anhydrous DMF (3 mL). The solution was
cooled at 0 °C and cyanuric chloride (0.118 g, 0.64 mmol)
was added in one portion. The mixture was allowed to
return to rt over 8 h and then was quenched by the addi-
tion of distilled water (5 mL). The aqueous phase was
extracted with ethyl acetate (10 mL). The organic phase
was washed with water, dried over MgSO, and evaporated
under reduced pressure to leave the products la-d (see
Table 2).

4.7. Bruylants reactions

Under an argon atmosphere, a solution of methyl magne-
sium bromide (variable amount; see Table 2) in anhydrous
ether (8 mL) was cooled at 0 °C while a solution of amino-
nitrile 1 (4.00 mmol) in anhydrous ether was added drop-
wise. The mixture was stirred and allowed to return to rt
overnight. A saturated solution of NH4CI (10 mL) was added
and the ether phase was retained. The aqueous phase was
extracted with dichloromethane (3 x 10 mL). Combined ether
and dichloromethane phases were dried over MgSO, and
evaporated. The crude product was checked by NMR and
its optical rotation was measured. Products were then sepa-
rated and purified by flash chromatography (CH,Cly/
cyclohexane 50/50). See Table 3 for results. Tertiary amines
were obtained as follows.

4.7.1. (x)-1-(1-Phenyl-1-ethyl)piperidine (4a). [o]& O (c
1.0, CHCl;); er (by NMR with chiral resolving agent): 50/
50; 'H and '*C NMR: as for (S)-enantiomer.

4.7.2. (x)-1-(1-Methyl-2-phenylmethyl)piperidine (4b).
[a]& 0 (¢ 1.0, CHCIl5); er (by NMR with chiral resolving
agent): 50/50; 'H and '>C NMR: as for (S)-enantiomer.

4.8. Determination of enantiomeric ratios

4.8.1. HPLC analysis. HPLC analysis was performed using
a Waters 501 apparatus equipped with a Waters 484 detector
and a Chiracel OD column (4.6 mmx250 mm) under the
following conditions: hexane/isopropanol 995/5 as mobile
phase, rt, A=254 nm, flow rate=0.5 mL/min. Retention
times: (S)-1a, 13.21 min; (R)-1a, 14.73 min.

4.8.2. Chiral resolving agents. A solution of test substance
(15-35 pmol) in the appropriate solvent (0.5 mL) was
treated with: (A) 7-8equiv of (5)-2,2,2-trifluoro-1-(9-
anthryl)ethanol, or (B) 1 equiv of (R)-Mosher acid, or (C)
1 equiv of (S)-mandelic acid. The "H NMR spectrum was
recorded immediately. Diagnostic signals are indicated.

Compound 1b: CDCl; (A) 6: 3.54 ppm for (R)-1b and
3.59 ppm for (5)-1b.

Compound 1c: CDCl; (A) 6: 2.10 ppm for (R)-1c and
2.22 ppm for (S)-1c.

Compound 1d: C¢Dg (B) o: 2.93 ppm for (R)-1d and
2.98 ppm for (S)-1d.

Compound 4a: C¢Dg (C) o: 1.33 ppm for (R)-4a and
1.38 ppm for (S)-4a.

Compound 4b: C¢Dg (C) o: 0.79 ppm for (R)-4b and
0.82 ppm for (S)-4b.
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Abstract—The properties of three oxobenzo[ f]benzopyrans as new fluorogenic photolabile protecting groups for the carboxylic function
of amino acids were studied. Fluorescent amino acid conjugates were efficiently prepared and characterised. Photodeprotection of these
compounds was carried out by irradiation at 300, 350 and 419 nm, the most suitable wavelength being 350 nm, on account of short irradiation

times and good deprotection yields.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

In organic synthesis protecting groups are many times a
laborious necessity, as a convenient and efficient synthesis,
chemical stability towards different reagents and selective
removal is required.! Photochemically releaseable groups
have become an important tool in organic synthesis, biotech-
nology and cell biology, because cleavage only requires
light, which is a very mild deprotection strategy that is usu-
ally orthogonal to chemical conditions, allowing the removal
of protecting groups in sensitive molecules, otherwise in-
compatible with acidic or basic treatment.?

Fluorescent labelling allows easy and reliable detection of
target compounds, both qualitatively and quantitatively
with improved sensitivity and selectivity, and its application
is well reported in many areas including amino acid and pep-
tide chemistry.® Fluorescent photolabile protecting groups
have advantages over other photolabile groups, because
they can act as temporary fluorescent labels, allowing the
visualisation of non-fluorescent systems, like most amino
acid residues, during the course of organic reactions.

2-Oxobenzopyrans, trivially named as coumarins, represent
one of the most widespread and interesting class of het-
erocyclic compounds. These oxygen heterocycles are the
structural units of natural products and many exhibit di-
verse biological acivity with applications in pharmaceuti-
cals, agrochemicals and insecticides.*® 2-Oxobenzopyran

Keywords: Benzopyrans; Photocleavable groups; Protecting groups; Tem-

porary labels; Fluorophores.
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derivatives have been reported as food additives, in cos-
metics, as optical brightening agents, disperse fluorescent
and laser dyes.'®'? In addition, these compounds have
also been suggested as photolabile protecting groups for
biomolecules,' !> as well as other polycyclic aromatics
such as anthraquinone, phenanthrene and pyrene.'®!”

Taking these facts into consideration together with our re-
search work related to the area of fluorescent heterocycles
synthesis and also amino acid labelling,'®!? we decided to
investigate the possibility of using oxobenzo[ f]benzopyrans
as new fluorescent photocleavable protecting groups for the
carboxylic function of organic molecules. Using amino
acids as models, the synthesis and characterisation of
new fluorescent amino acid conjugates were carried out.
Absorption and emission properties of all compounds were
measured and the results showed that these conjugates ex-
hibited moderate to excellent fluorescence quantum yields
and Stokes’ shifts.

Photocleavage of these fully protected amino acids was
achieved by using radiation of 300, 350 and 419 nm. The
consumption of starting materials as well as the formation
of the released amino acid was monitored by RP-HPLC
and kinetic data were also obtained.

2. Results and discussion

Chloromethyl oxobenzo[ f]benzopyrans 1la—c were prepared
through a Pechmann reaction of the corresponding 2-naph-
thol and its derivatives, and ethyl 4-chloroacetoacetate cata-
lysed by sulfuric acid, at room temperature in good yields.?°
The fluorophores will be designated in this report by a three
letter code for simplicity of naming the various amino acid
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fluorescent derivatives (1-methylene-3-oxo-3H-benzo[f]-
benzopyran, Obb, 9-hydroxy-1-methylene-3-oxo-3H-benzo-
[fIbenzopyran, Obh and 9-methoxy-1-methylene-3-oxo-
3H-benzo[ f]benzopyran, Obm).

In order to investigate the linkage of compounds 1a—c to the
carboxylic function of a-amino acids by an ester bond and
to compare the influence of the substituent at the oxo-
benzo[ f]benzopyrans, N-benzyloxycarbonyl-L-phenylala-
nine, Z-Phe-OH (2a) was chosen as model. Derivatisation
at the C-terminus of 2a with heterocycles 1a—¢ was carried
out with potassium fluoride, in DMF, at room temperature
(Scheme 1), yielding derivatives 3a—c.

By comparing fluorescence data obtained for these deriva-
tives, which will be discussed later, it was concluded that
compound 1¢ was the most fluorogenic reagent. Thus, using
the same method reported above, heterocycle 1¢ was reacted
with N-benzyloxycarbonyl derivatives of glycine (2b),
alanine (2¢) and valine (2d) and also to N-p-toluenosulfonyl-
phenylalanine (2e). After dry chromatography on silica gel,
the corresponding fluorescent derivatives 3a—g were ob-
tained as solid materials in good to excellent yields (71—
96%) (Table 1) and were characterised by elemental analysis
or high resolution mass spectrometry, IR, 'H and '*C NMR
spectroscopies.

The IR spectra of labelled amino acids showed bands due to
stretching vibrations of the carbonyl groups from 1757 to
1619 cm~!. "H NMR spectra showed signals of the amino
acid residues, such as a multiplet (6 4.29—4.82 ppm) or a dou-
blet (6 4.18 ppm, 3d) for the o-CH, in addition to the protons
of the heterocyclic moiety. In '*C NMR signals of the car-
bonyl function were found at § 155.58-156.90 ppm for the
carbamate, at 6 159.84-160.10 ppm for C-3 of the hetero-
cycle and at 0 169.4-172.31 ppm for the ester.

Electronic absorption and emission spectra of 1075107 M
solutions of compounds 1a—c and 3a—g in degassed absolute
ethanol were measured; absorption and emission maxima,
molar absorptivities and fluorescence quantum yields (@)
are also reported (Table 2). The ®g were calculated using
9,10-diphenylanthracene as standard (®=0.95 in ethanol).?!
For the ®p determination, 9,10-diphenylanthracene was
excited at the wavelengths of maximum absorption found
for each one of the compounds to be tested. The longest

R

O CH,-Cl
+ R'HN-CHR2-CO,H

X
2
0" o
1
aR=H aR'=Z7 R?=CH,Ph
bR=0H bR'=Z R®=H
¢ R=0CH, cR1=Z,R2=CH3

dR'=2,R?=CH(CH,),
e R' = Tos, R? = CH,Ph

Z = Benzyloxycarbonyl
Tos = p-Toluenesulphonyl (tosyl)

Scheme 1. Synthesis of fluorescent conjugates 3a—g.

KF/DMF
rt

Table 1. Synthesis of compounds 3a-g

Compound Yield (%) Mp (°C)
3a Z-Phe-Obb 96 127.8-129.8
3b Z-Phe-Obh 81 189.6-190.7
3c Z-Phe-Obm 71 180.8-182.1
3d Z-Gly-Obm 86 181.6-184.0
3e Z-Ala-Obm 83 132.8-134.0
3f Z-Val-Obm 94 122.6-124.0
3g Tos-Phe-Obm 82 184.8-186.6

wavelength absorption maxima of all compounds were
located between 345 and 361 nm, with molar absorptivity
ranging from 10,174 to 14,125 M~ ! cm™!. The wavelengths
of maximum absorption obtained for these compounds
showed a bathochromic shift when compared with other poly-
cyclic aromatic photocleavable groups, namely 7-methoxy-
coumarin-4-ylmethoxycarbonyl (Mmoc, Ama. 343 nm),?
anthraquinon-2-ylmethoxycarbonyl (Agmoc, A 327 nm),'°
pyren-1-ylmethoxycarbonyl (Pmoc, Anax 323 nm)!” and phe-
nanthren-9-ylmethoxycarbonyl (Phmoc, Apna 297 nm).'®
The wavelengths of maximum emission were found between
411 and 478 nm. Emission of compound 3¢ was batho-
chromically shifted when compared to 3a,b, the difference
being 67 (3c/3a) and 22 nm (3¢/3b) due to the substituent.
Although there was not a significant variation in the maxi-
mum wavelengths of emission of compounds 1a—c in their
isolated or conjugated forms, they displayed low @ in their
isolated form (the highest value was 0.08, 1a), which

Table 2. UV-vis and fluorescence data of compounds 1la—c and 3a—g

Compound uv - Fluorescence Stok;s’
Amax. (€) ot on shift
la  Obb-Cl 352 (11,449) 418  0.08+0.01 66
1b  Obh-Cl 361 (12,190) 462  0.02+£0.002 101
1c  Obm-Cl 354 (12,826) 472 0.03£0.004 118
3a  Z-Phe-Obb 345 (14,125) 411 0.42+0.01 66
3b  Z-Phe-Obh 360 (10,174) 456  0.13£0.01 96

3¢ Z-Phe-Obm
3d Z-Gly-Obm
3e Z-Ala-Obm
3f  Z-Val-Obm
3g  Tos-Phe-Obm

347 (12,075) 478
347 (11,436) 471
348 (11,640) 477
348 (11,830) 478
347 (12,883) 475

0.5940.02 131
0.70+0.01 124
0.66+0.01 129
0.5840.02 130
0.53+0.01 128

% Unit: nm.
® Unit M~ 'em ™

R

O CH,-0-CO-CHR2-NHR'
L
0”0
3
aR=H,R' =7 R%=CH,Ph
bR =0H,R'=2 R%?=CH,Ph
¢ R=0CH,, R' =7, R?=CH,Ph
dR=0CH,; R'=2Z R?®=H
eR=0CH; R'=2 R?=CH,
fR = OCH,, R = Z, R? = CH(CHj),
g R =0CH,, R" = Tos, R? = CH,Ph
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increased upon reaction with the amino acids. All labelled
amino acids 3a—g exhibited moderate to excellent quantum
yields (0.13<®g<0.70), compound 3b having the lowest
value probably due to the presence of H-bonds to the solvent,
and Stokes’ shift from 66 to 131 nm. By comparison of
@ of labelled N-benzyloxycarbonylphenylalanine 3a—c, it
was possible to see that derivative 3c exhibited the highest
value (0.59) and also the larger Stokes’ shift (131 nm), which
may be related to the higher electron-donating character of
the methoxy substituent on the oxobenzopyran moiety 1c.
Considering these results, oxobenzo[f]benzopyrans are
promising candidates for fluorescent labelling. In Figure 1,
the fluorescence spectra of amino acid conjugates 3a, 3b,
3c and 3g are shown.

Since our main purpose is the investigation of the potential
application of these fluorophores as photocleavable protect-
ing groups in organic synthesis, we decided to evaluate the
behaviour of the ester linkage between the fluorescent
heterocycles synthesised and the amino acids to photocleav-
age conditions.

Fully protected phenylalanine derivatives, Z-Phe-Obb (3a),
Z-Phe-Obh (3b), Z-Phe-Obm (3¢) and Tos-Phe-Obm (3g)
were used as representative models (Scheme 2). Solutions of
the mentioned compounds in acetonitrile (ca. 1x107> M)
were irradiated in a Rayonet RPR-100 reactor, at different
wavelengths. As it is desirable to have short irradiation times
at the highest irradiation wavelength possible if future bio-
applications are to be considered, photolysis was carried
out at 300, 350 and 419 nm, in order to determine the best
cleavage conditions. The cleavage at different wavelengths
was followed by reverse phase HPLC-UV detection.

The plots of peak area versus irradiation time were obtained
for each compound, at the considered wavelengths. Peak

- -
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Figure 1. Normalised fluorescence spectra of compounds 3a—c and 3g.

3aR=H,R'=Z,bR=0H,R'=Z
c¢R=0Me, R"=2,gR=0CH,; R"=Tos

Scheme 2. Photocleavage of compounds 3a—c and 3g.

acetonitrile

areas were determined by HPLC and were the average of
three runs.

When compounds 3a—c and 3g were irradiated at 350 nm,
the time necessary for the consumption of the starting
materials, until less than 5% of the initial area was detected,
varied from 4 to 22 min (Table 3).

At this wavelength, the time cause of the reaction for com-
pound 3b was similar to that of 350 nm, whereas compounds
3a and 3g were photolysed about three times and two times
faster, respectively; compound 3¢ showed a slower cleavage.

As expected, irradiation at 419 nm resulted in much longer
irradiation times for all compounds, with compound 3a
requiring a 29 h photolysis for the consumption of more
than 95% of the starting material.

At the same time, the study of the stability of Z-Phe-OH
(2a) and Tos-Phe-OH (2¢) was carried out under the above
reported photolysis conditions. HPLC studies showed that
both N-blocking groups were stable to the tested conditions,
no cleavage being detected. These results supported the fact
that the disappearance of the starting materials (3a, 3b, 3¢
and 3g) was associated with the cleavage of the ester linkage
between the fluorophore and the C-terminus of the amino
acid, as expected.

The formation of N-protected phenylalanine, as the expected
photolysis product, was also followed by RP-HPLC. The
yield of formation of compounds 2a or 2e was calculated
on the basis of a calibration curve (concentration versus
peak area), which was plotted with solutions of these phenyl-
alanine derivatives of known concentration in acetonitrile.
In case of compound 3g, the photorelease yield of the
expected product was 73% (300 and 419 nm) and 82%
(350 nm). N-Protected phenylalanine 2a was obtained from
the photocleavage of compounds 3a—c in yields ranging

Table 3. Photolysis data of compounds 3a—c and 3g

Compound 300 nm 350 nm 419 nm
Irr Release® Irr Release® Irr Release®
time® time® time”
3a Z-Phe-Obb 7 79 22 80 29 78
3b Z-Phe-Obh 4 82 4 90 2 92
3¢ Z-Phe-Obm 12 75 8 81 8 86
3g Tos-Phe-Obm 4 73 8 82 9 73

# Trradiation time (min).
® Irradiation time (h).
¢ Yield (%) of the released amino acid as determined by HPLC.

er)

|
R1HN—(|')—002H + side products

H
2aR'=z
eR'=Tos
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from 75 to 92%, the highest value in the case of compound 3b
at 419 nm.

From the obtained data, it was possible to see that the most
suitable wavelength of irradiation was 350 nm for com-
pounds 3b, 3¢ and 3g. Although in the case of compound
3a the irradiation time was longer at this wavelength, it is
preferable to avoid the use of shorter wavelengths of irradi-
ation. The results also indicated an influence of the substitu-
ent at position 9 of the heterocycle, as the substituted
compounds 3b, 3¢ and 3g required shorter irradiation times
for equal percentage of consumption of the starting material,
which was more evident when the wavelength of irradiation
was 350 or 419 nm.

Based on HPLC data, the kinetic study of the photocleavage
reactions was also carried out. For each compound, the plot
of In A versus irradiation time showed a linear correlation
for the decrease of the starting material, which suggested
a first order reaction. The observed values were calculated
by the linear least squares methodology for a straight line
(Table 4). Figure 2 summarises the behaviour of conjugates
3a—c and 3g at 350 nm.

From these results, it was possible to confirm that the wave-
length of irradiation influenced the rate of the photocleav-
age, 350 nm being the selected wavelength on account of
the short irradiation times and the potentially less damaging
effect on biological systems. The substituent at the 9-posi-
tion of the fluorophore was also important in this process,
the presence of a hydroxyl group leading to a reduction of
the irradiation time.

Although the main purpose of this work was to study the
suitability of oxobenzo[f]benzopyrans as photocleavable
groups for the carboxylic acid function of bifunctional
molecules such as amino acids, we also considered their
behaviour towards classical chemical cleavage. Therefore,
stability tests were carried out using fluorescent N-p-tolue-
nosulfonylphenylalanine, Tos-Phe-Obm (3g) as model.
Compound 3g was submitted to similar conditions to those
usually required for cleavage of protecting groups during
peptide synthesis, such us catalytic hydrogenation (Pd/C/
1,4-cyclohexadiene), acidolysis at room temperature and
reflux (TFA, 6 M HCI, aqueous HBr and HBr in acetic
acid),?® reduction with metals (Mg/MeOH)24 and alkaline
hydrolysis (1 M NaOH) (Table 5).

The results showed that under catalytic hydrogenation con-
jugate 3g was cleaved, compounds Tos-Phe-OH (2e) and

Table 4. Kinetic data of the photolysis studies of compounds 3a—c and 3g

Compound 300 nm 350 nm 419 nm

k:\ Rc ka Rc kb Rc

3a Z-Phe-Obb 0.4587 0.9965 0.1175 0.9556 0.1063 0.9965
3b Z-Phe-Obh 0.9416 0.9983 0.8310 0.9940 1.6883 0.9893
3c Z-Phe-Obm  0.2569 0.9998 0.3684 0.9771 0.3841 0.9993
3g Tos-Phe-Obm 0.8159 0.9980 0.4092 0.9992 0.3353 0.9995

 Rate constant (min ).
b Rate constant (h’l).
¢ Correlation coefficient.

12

0 5 10 15 20 25
Irradiation time (min)

Figure 2. Plot of In A versus irradiation time at 350 nm for compounds 3a—c
and 3g.

Table 5. Stability tests/chemical cleavage of Tos-Phe-Obm (3g)

Cleavage Time (h) Yield (%)
Tos-Phe-Obm  Tos-Phe-OH
(32 (2e)

Pd/C/1,4-cyclohexadiene 6 36 11*°

TFA (rt) 2.5 100 —

TFA (reflux) 8.5 100 —

6 M HCI (rt) 45 100 —

6 M HCI (reflux) 17 83 —

aq HBr (rt) 4.5 100 —

aq HBr (reflux) 5 — 57°

HBr/CH3CO,H (1t)° 4.5 90 —

HB1/CH;CO,H (reflux)” 5 — 68°

Mg/MeOH 3 — 56"

1 M NaOH 9 — 100

? Yield of isolated product by dry chromatography.
® Obm-H (4) was also obtained (25%).
¢ HBr/CH3CO,H (45% m/v).

1-methyl-9-methoxy-3-oxo0-3H-benzo[ f]benzopyran (Obm-
H) (4) being isolated in low yields.

Compound 3g was stable under acidolysis conditions, at
room temperature, and was quantitatively recovered (TFA,
6 M HCl and aqueous HBr) or in 90% yield (HBr in acetic
acid). Considering acidolysis at reflux, the fully protected
fluorescent conjugate (3g) was stable in TFA (9 h, 100% re-
covery) and 6 M HCI (17 h, 83% recovery). However, in
HBr at reflux (5 h), cleavage of the ester linkage between
the fluorophore and the amino acid occurred, the expected
product 2e being isolated in moderate yields (57%, aqueous
HBr and 68%, HBr in acetic acid).

Reaction of compound 3g with magnesium gave Tos-Phe-
OH (2e) in 56%. The stability of tosyl group to this metal
was verified with studies of the behaviour of Tos-Phe-OH
(2e) in the same experimental conditions, which confirmed
that it was stable, being recovered quantitatively. As ex-
pected, cleavage of the ester bond was achieved by treatment
with base (1 M NaOH), resulting in quantitative isolation of
compound 2e.

From the results obtained in these chemical cleavage tests, it
was possible to conclude that fluorophore 1c¢ had the appro-
priate behaviour to be considered also a suitable conven-
tional protecting group for the carboxylic function of
amino acids, in peptide synthesis. All labelled compounds
were stable in prolonged storage at room temperature.
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3. Conclusions

A series of fluorescent amino acid conjugates were synthes-
ised in excellent yields by a straightforward procedure, be-
tween a chloromethylated fluorophore and the C-terminus
of several N-protected amino acids, through an ester bond.
The photophysical properties of these conjugates showed
that oxobenzo[ f]benzopyrans are good fluorogenic reagents
for amino acid and peptide chemistry.

The photocleavage studies of the fluorescent phenylalanine
derivatives with the three oxobenzo[ f]benzopyrans showed
that the rate of cleavage of the ester bond depended on the
wavelength of irradiation as well as on the substituent at
the 9-position of the heterocycle. The most suitable wave-
length was 350 nm, allowing short irradiation times, which
are convenient for possible future biological applications,
for example, as caging groups.

In the absence of radiation, we also confirmed that these
groups were efficiently chemically cleavable by soft alkaline
hydrolysis or in moderate yields by acidolysis with HBr at
reflux or with magnesium.

The results obtained, mainly their photophysical properties,
allowed us to conclude that the considered functionalised
heterocycles are potential candidates as fluorescent labels
for biomolecules. Considering the efficient derivatisation
reactions and also the good results of the photocleavage pro-
cess, 1-chloromethyl-3-oxo-3H-benzo[ f]benzopyrans la—c
could be used as fluorescent photocleavable protecting
groups in organic synthesis. In addition, they can also be
used as conventional protecting groups, quantitatively cleav-
able by basic hydrolysis (I M NaOH, room temperature).

Bearing in mind the properties displayed by these com-
pounds, further investigations into their applicability in bio-
logical systems, for example, as caging groups, will be
carried out in the near future.

4. Experimental
4.1. General

All melting points were measured on a Gallenkamp melting
point apparatus and were uncorrected. TLC analyses were
carried out on 0.25 mm thick precoated silica plates (Merck
Fertigplatten Kieselgel 60F;s4) and spots were visualised
under UV light. Chromatography on silica gel was carried
out on Merck Kieselgel (230-240 mesh). IR spectra were de-
termined on a Perkin Elmer FTIR-1600 using KBr discs or
Nujol. UV-vis spectra were run on a Hitachi U-2000 spec-
trophotometer. '"H NMR spectra were recorded on a Varian
300 spectrometer in CDCl;3 or DMSO-dg at 300 MHz at
25 °C. All chemical shifts are given in parts per million using
ou Me4Si=0 ppm as reference and J values are given in
hertz. '3C NMR spectra were run in the same instrument
at 75.4 MHz using the solvent peak as internal reference.
Assignments were made by comparison of chemical shifts,
peak multiplicities and J values and were supported by spin
decoupling-double resonance and bidimensional hetero-
nuclear correlation HMBC and HMQC techniques. Mass

spectrometry analyses were performed at the C.A.C.T.I—
Unidad de Espectrometria de Masas of the University of
Vigo, Spain, on a Hewlett Packard 5989 A spectrometer
for low resolution spectra and a Autospec M spectrometer
for high resolution mass spectra. Elemental analyses were
carried out on a Leco CHNS 932 instrument. Fluorescence
spectra were collected using a Spex Fluorolog 1680
Spectrometer.

4.1.1. N-(Benzyloxycarbonyl) phenylalanine (3-oxo-3H-
benzo[ f]benzopyran-1-yl) methyl ester, Z-Phe-Obb (3a).
To a solution of 1-chloromethyl-3-ox0-3H-benzo[ f]benzo-
pyran, Obb-Cl (1a) (0.106 g, 4.30x10"*mol) in DMF
(1.5 mL), potassium fluoride (0.076 g, 1.30x10~3 mol)
and Z-Phe-OH (2a) were added with stirring at room temper-
ature. The reaction mixture was maintained in these condi-
tions for 25h and monitored by TLC (ethyl acetate/
n-hexane, 4:6). The precipitate was filtered and the remain-
ing solution was evaporated until dryness. Purification of
the residue by dry chromatography using ethyl acetate/
n-hexane, 3:7 as the eluent, followed by recrystallisation
from ethyl acetate/n-hexane, gave Z-Phe-Obb (3a) as a white
solid (0.209 g, 96%). Mp=127.8-129.8 °C. TLC (ethyl
acetate/n-hexane, 4:6): R,=0.58. 'H NMR (CDCl;,
300 MHz): 6=3.17 (d, J=6.3 Hz, 2H, B-CH, Phe), 4.62—
4.82 (m, 1H, «-CH Phe), 5.02-5.20 (m, 2H, CH, Z), 5.30
(d, /=7.8 Hz, 1H, a-NH Phe), 5.60-5.76 (m, 2H, CH,),
6.54 (s, 1H, H-2), 7.10-7.18 (m, 2H, 2xAr-H Phe), 7.20-
7.30 (m, 3H, 3xAr-H Phe), 7.32-7.40 (m, SH, 5xAr-H Z),
7.49 (d, J=8.7 Hz, 1H, H-5), 7.59 (t, J=6.9 Hz, 1H, H-8),
7.67 (dt, J=8.3 and 1.5 Hz, 1H, H-9), 7.94 (dd, J=8.0 and
1.2 Hz, 1H, H-7), 8.01 (d, J=9.0 Hz, 1H, H-6), 8.08 (d,
J=8.4Hz, 1H, H-10). '*C NMR (CDCl;, 75.4 MHz):
0c=38.10 (B-CH, Phe), 55.17 (a-CH Phe), 64.94 (CH,),
67.22 (CH, Z), 112.44 (C-4b), 113.78 (C-2), 117.78 (C-5),
124.54 (C-10), 125.74 (C-8), 127.44 (C-4 Phe), 128.18
(C-4 2), 128.23 (C-3 and C-5 Phe), 128.49 (C-2 and C-6
Z), 128.61 (C-9), 128.80 (C-3 and C-5 Z), 128.97 (C-6b),
129.04 (C-2 and C-6 Phe), 129.92 (C-7), 131.24 (C-6a),
134.11 (C-6), 135.11 (C-1 Phe), 135.95 (C-1 Z), 149.85
(C-1), 154.86 (C-4a), 155.69 (CONH), 159.84 (C-3),
171.10 (CO,CH3). IR (KBr 1%, cm™!): »=3287, 3028,
2963, 2918, 2848, 1740, 1728, 1686, 1553, 1532, 1496,
1455, 1413, 1340, 1290, 1258, 1207, 1198, 1166, 1052,
1019, 822, 803. UV-vis (ethanol, nm): A,.. (&)=345
(14,125 M~ ' cm™1). Anal. Calcd for C3;H,sNOg (507.52):
C,73.36; H,4.97; N, 2.76. Found: C, 73.28; H, 4.98; N, 2.85.

4.1.2. N-(Benzyloxycarbonyl) phenylalanine (9-hydroxy-
3-0x0-3H-benzo[f]benzopyran-1-yl) methyl ester,
Z-Phe-Obh (3b). The product of reaction of 1-chloromethyl-
9-hydroxy-3-oxo-3H-benzo[ f]benzopyran, Obh-Cl (1b)
(0.100 g, 3.84x10 *mol), with Z-Phe-OH (0.115 g,
3.84x107*mol) (2a) was chromatographed using ethyl
acetate/n-hexane, 3:7 as eluent, to give compound Z-Phe-
Obh (3b) as a white solid (0.163 g, 81%). Mp=189.6—
190.7 °C. TLC (acetate/n-hexane, 4:6): R,=0.31. '"H NMR
(CDCl;, 300 MHz): 6=3.00-3.10 (m, 2H, B-CH, Phe),
4.40-4.54 (m, 1H, o-CH Phe), 4.95 (d, J=12.0 Hz, 1H,
CH,), 5.10-5.20 (m, 2H, CH, Z), 5.36 (d, J=5.1 Hz,
1H, a-NH Phe), 548 (d, J=11.7 Hz, 1H, CH,), 6.26 (s,
1H, H-2), 7.14-7.24 (m, 2H, H-8 and 1xAr-H Phe), 7.28
(d, J=8.7Hz, 3H, H-5 and 2xAr-H Phe), 7.32-7.42
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(m, 7H, 2x Ar-H Phe and 5 xAr-H Z), 7.61 (d, J=1.8 Hz, 1H,
H-10), 7.80 (d, J/=8.7 Hz, 1H, H-7), 7.91 (d, J=9.0 Hz, 1H,
H-6), 8.44 (s, 1H, OH). '3C NMR (CDCl;, 75.4 MHz):
0c=37.05 (B-CH, Phe), 56.26 (a-CH Phe), 66.66 (CH,),
68.26 (CH, Z), 107.54 (C-10), 112.30 (C-4b), 114.39
(C-5), 117.79 (C-8), 118.68 (C-2), 125.93 (C-6a), 127.87
(1xAr-C Phe), 128.39 (1xAr-C Z), 128.65 2xAr-C 2),
128.96 (2x Ar-C Phe), 129.07 2xAr-C Z), 130.61 (C-6b),
131.50 (C-7), 134.15 (2xAr-C Phe), 134.61 (C-6), 134.80
(C-1 Phe and C-1 Z), 148.10 (C-1), 155.78 (C-4a), 156.86
(CONH), 157.59 (C-9), 160.07 (C-3), 171.60 (CO,CH,).
IR (Nujol, cm™1): ¥=3346, 3299, 2954, 2924, 2854, 1744,
1710, 1685, 1622, 1553, 1538, 1463, 1456, 1366, 1333,
1290, 1253, 1232, 1215, 1195, 1163, 1140, 1048, 1014,
987, 963, 883. UV-vis (ethanol, nm): A, (£)=360
(10,174 M~'ecm™"). HRMS (EI): caled for Cs;H,sNO,
[M*]: 523.1631; found: 523.1611.

4.1.3. N-(Benzyloxycarbonyl) phenylalanine (9-methoxy-
3-0x0-3H-benzo[f]benzopyran-1-yl) methyl ester,
Z-Phe-Obm (3c). The product of reaction of 1-chloro-
methyl-9-methoxy-3-ox0-3H-benzol[ f|benzopyran, Obm-Cl
(1c) (0.104 g, 3.8x10 *mol), with Z-Phe-OH (2b)
(0.113 g, 3.8x10~* mol) was chromatographed using ethyl
acetate/n-hexane, 3:7 as the eluent, to give compound
Z-Phe-Obm (3c) as a yellow solid (0.145g, 71%).
Mp=180.8-182.1 °C. TLC (acetate/n-hexane, 3:7): Ry=
0.45. 'H NMR (CDCl;, 300 MHz): 6=3.16 (d, J=6.6 Hz,
2H, B-CH, Phe), 3.95 (s, 3H, OCH3), 4.72-4.84 (m, 1H,
a-CH Phe), 5.02-5.16 (m, 2H, CH, Z), 5.28 (d J=8.1 Hz,
1H, a-NH Phe), 5.66 (s, 2H, CH,), 6.50 (s, 1H, H-2), 7.08—
7.16 (m, 2H, H-3 and H-5 Phe), 7.19-7.28 (m, 3H, H-2, H-
4 and H-6 Phe), 7.30-7.40 (m, 7H, H-5, H-8 and 5xAr-H
Z), 142 (s, 1H, H-10), 7.85 (d, J/=9.0 Hz, 1H, H-7), 7.93
(d, J=9.0 Hz, 1H, H-6). '3C NMR (CDCls, 75.4 MHz):
0c=38.21 (B-CH, Phe), 55.17 (a-CH Phe), 55.44 (OCHy),
64.96 (CH,), 67.25 (CH, Z), 105.58 (C-10), 111.82 (C-4b),
113.62 (C-2), 115.28 (C-5), 116.69 (C-8), 126.34 (C-6a),
127.45 (C-4 Phe), 128.19 (C-4 Z), 128.26 (C-3 and C-5
Phe), 128.51 (C-2 and C-6 Z), 128.80 (C-3 and C-5 Z),
129.03 (C-2 and C-6 Phe), 130.51 (C-6b), 131.34 (C-7),
133.81 (C-6), 135.07 (C-1 Phe), 135.95 (C-1 Z), 149.64
(C-1), 155.58 (C-4a and CONH), 159.71 (C-9), 160.00
(C-3), 171.16 (CO,CH,). IR (Nujol, cm™~'): »=3285,
2954, 2925, 2854, 1746, 1664, 1630, 1549, 1463, 1409,
1378, 1366, 1275, 1248, 1233, 1201, 1183, 1104,
1086, 1038, 1021. UV-vis (ethanol, nm): A,.. (e)=347
(12,075 M~'em™!). HRMS (EI): caled for C;,H,,NO,
[M*]: 537.1788; found: 537.1798.

4.1.4. N-(Benzyloxycarbonyl) glycine (9-methoxy-3-oxo-
3H-benzo[ f]benzopyran-1-yl) methyl ester, Z-Gly-Obm
(3d). The product of reaction of Obm-Cl (1¢) (0.100 g,
3.64x10~* mol), with Z-Gly-OH (2b) (0.076 g, 3.64x
10 mol) was chromatographed using ethyl acetate/
n-hexane, 3:7 as the eluent, to give compound Z-Phe-Obm
(3c) as a yellowish solid (0.140 g, 86%). Mp=181.6—
184.0 °C. TLC (acetate/n-hexane, 4:6): R,=0.51. 'H NMR
(CDCl;, 300 MHz): 0=3.97 (s, 3H, OCHz), 4.18 (d,
J=5.7 Hz, 2H, CH, Gly), 5.16 (s, 2H, CH, Z), 5.35 (br s,
1H, o-NH Gly), 5.77 (s, 2H, CH,), 6.66 (s, 1H, H-2), 7.24
(dd, J/=9.0 and 2.4 Hz, 1H, H-8), 7.30-7.40 (m, 6H, H-5
and 5xAr-H Z), 742 (s, 1H, H-10), 7.84 (d, J=9.0 Hz,

1H, H-7), 7.93 (d, /=8.7 Hz, 1H, H-6). '3C NMR (CDCls,
75.4 MHz): 6=42.79 (CH, Gly), 55.47 (OCHj), 64.84
(CH,), 67.36 (CH, Z), 105.54 (C-10), 111.77 (C-4b),
112.97 (C-2), 115.31 (C-5), 116.71 (C-8), 126.36 (C-6a),
128.17 (Ar-C 2), 128.28 (2xAr-C Z), 128.54 (2xAr-C Z),
130.52 (C-6b), 131.40 (C-7), 133.91 (C-6), 135.95 (C-1
Z), 150.20 (C-1), 155.59 (C-4a), 156.34 (CONH), 159.73
(C-9), 160.13 (C-3), 169.43 (CO,CH,). IR (Nujol, cm™!):
v=>3413, 2954, 2924, 2854, 1757, 1721, 1625, 1553, 1516,
1401, 1368, 1341, 1272, 1232, 1170, 1054, 1016. UV-vis
(ethanol, nm): A, (6)=347 (11,436 M~'cm™'). Anal
Calcd for C,5H,NO; (447.43): C, 67.67; H, 5.02; N, 3.03.
Found: C, 67.40; H, 5.01; N, 3.06.

4.1.5. N-(Benzyloxycarbonyl) alanine (9-methoxy-3-oxo-
3H-benzo| fIbenzopyran-1-yl) methyl ester, Z-Ala-Obm
(3e). The product of reaction of Obm-Cl (1¢) (0.201 g,
7.32x10"*mol), with Z-Ala-OH (2¢) (0.183 g, 8.2x
10~*mol) was chromatographed using ethyl acetate/
n-hexane mixtures of increased polarity as the eluent, to
give compound Z-Ala-Obm (3e) as a white solid (0.280 g,
83%). Mp=132.8-134.0 °C. TLC (acetate/n-hexane, 1:1):
R=045. 'H NMR (CDCl;, 300MHz): 6=1.52 (d,
J=7.2 Hz, 3H, B-CH; Ala), 3.97 (s, 3H, OCHs), 4.48-4.62
(m, 1H, «-CH Ala), 5.06-5.20 (m, 2H, CH, Z), 5.26 (d,
J=7.2 Hz, 1H, a-NH Ala), 5.66-5.87 (m, 2H, CH,), 6.67
(s, 1H, H-2), 7.24 (dd, J/=9.0 and 2.1 Hz, 1H, H-8), 7.30-
7.41 (m, 6H, H-5 and 5xAr-H), 7.45 (s, 1H, H-10), 7.86
(d, /=9.0Hz, 1H, H-7), 7.95 (d, J/=9.0 Hz, 1H, H-6).
13C NMR (CDCls, 75.4 MHz): 6-=18.14 (B-CH; Ala),
49.74 (a-CH Ala), 55.42 (OCH3), 64.85 (CH,), 67.10
(CH, 2), 105.62 (C-10), 111.66 (C-4b), 112.81 (C-2),
115.21 (C-5), 116.52 (C-8), 126.26 (C-6a), 128.12 (1x
Ar-C Z7), 128.17 (1xAr-C Z), 128.46 (1xAr-C Z), 130.44
(C-6b), 131.32 (C-7), 133.79 (C-6), 13598 (C-1 2),
150.24 (C-1), 155.48 (C-4a), 155.66 (CONH), 159.63
(C-9), 160.05 (C-3), 172.31 (CO,CH,). IR (Nujol, cm™!):
v=3422, 3335, 3065, 2958, 2933, 1732, 1719, 1619, 1543,
1518, 1449, 1418, 1355, 1331, 1249, 1230, 1211, 1168,
1105, 1067, 1024. UV-vis (ethanol, nm): A, (¢)=348
(11,640 M~ cm™"). Anal. Calcd for C,4H,;NO; (461.45):
C, 67.67; H,5.02; N, 3.03. Found: C, 67.40; H, 5.01; N, 3.06.

4.1.6. N-(Benzyloxycarbonyl) valine (9-methoxy-3-o0xo-
3H-benzo[ f]benzopyran-1-yl) methyl ester, Z-Val-Obm
(3f). The product of reaction of Obm-Cl (1c¢) (0.104 g,
3.8x10"*mol), with Z-Val-OH (2d) (0.070g, 2.8x
10~*mol) was chromatographed using ethyl acetate/
n-hexane mixtures of increasing polarity as the eluent, to
give compound Z-Val-Obm (2f) as a white solid (0.129 g,
94%). Mp=122.6-124.0 °C. TLC (chloroform/methanol,
50:0.5): R;=0.48. "H NMR (CDCl;, 300 MHz): 6=0.95 (d,
J=7.2 Hz, 3H, y-CH; Val), 1.04 (d, /=6.9 Hz, 3H, y-CH;
Val), 2.20-2.35 (m, 1H, B-CH Val), 3.98 (s, 3H, OCHs),
4.40-4.50 (m, 1H, a-CH Val), 5.13 (s, 2H, CH, Z), 5.25
(d, J/=8.4Hz, 1H, a-NH Val), 576 (d, J/=3.9 Hz, 2H,
CH,), 6.70 (s, 1H, H-2), 7.25 (dd, J/=7.8 and 2.4 Hz, 1H,
H-8), 7.30-7.42 (m, 6H, H-5 and 5xAr-H Z), 7.47 (s, 1H,
H-10), 7.86 (d, J=9.0 Hz, 1H, H-7), 7.95 (d, J=9.0 Hz,
IH, H-6). '*C NMR (CDCls, 75.4 MHz): 6c=17.45
(v-CH; Val), 19.17 (y-CH;3 Val), 30.96 (B-CH Val), 55.43
(OCH3;), 59.28 (a-CH Val), 64.81 (CH,), 67.25 (CH, 2),
105.67 (C-10), 111.75 (C-4b), 113.08 (C-2), 115.25 (C-5),
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116.58 (C-8), 126.31 (C-6a), 128.17 (1xAr-C Z), 128.22
2xAr-C Z), 128.50 2xAr-C Z), 130.49 (C-6b), 131.34
(C-7), 133.82 (C-6), 135.99 (C-1 Z2), 150.18 (C-1), 155.54
(C-4a), 156.25 (CONH), 159.70 (C-9), 160.07 (C-3),
171.51 (CO,CH,). IR (KBr 1%, cm™') »=3391, 2966,
2928, 1731, 1721, 1625, 1553, 1520, 1456, 1426,
1351, 1306, 1275, 1232, 1180, 1164, 1098, 1059, 1025.
UV-vis (ethanol, nm): A, (6€)=348 (11,838 M~ 'cm™)).
HRMS (EI): calcd for C,gH,7NO, [M*]: 489.1788; found:
489.1790.

4.1.7. N-(p-Toluenesulfonyl) phenylalanine (9-methoxy-
3-0x0-3H-benzo[ f]benzopyran-1-yl) methyl ester, Tos-
Phe-Obm (3g). The product of reaction of Obm-Cl (1c)
(0.060 g, 2.18 x10~* mol), with Tos-Phe-OH (2e) (0.069 g,
2.18x107* mol) was chromatographed using ethyl acetate/
n-hexane, 3:7 as the eluent, to give compound Tos-Phe-
Obm (3g) as a yellow solid (0.100 g, 82%). Mp=184.8—
186.6 °C. TLC (acetate/n-hexane, 4:6): R,=0.45. "H NMR
(CDCl3, 300 MHz): 0=2.27 (s, 3H, CHj), 3.08 (d,
J=6.9 Hz, 2H, B-CH, Phe), 3.93 (3H, s, OCHs), 4.28-4.40
(m, 1H, «-CH Phe), 5.30-5.53 (m, 3H, CH, and o-NH
Phe), 6.39 (s, 1H, H-2), 7.02-7.09 (m, 2H, H-3 and H-5
Phe), 7.13-7.19 (m, 5H, H-3 and H-5 Tos, H-2, H-4 and
H-6 Phe), 7.23 (dd, J=8.7 and 2.4 Hz, 1H, H-8), 7.27-7.32
(m, 2H, H-5 and H-10), 7.61 (d, J=8.4 Hz, 2H, H-2 and
H-6 Tos), 7.83 (d, J/=8.7 Hz, 1H, H-7), 7.90 (d, /=9.0 Hz,
1H, H-6). '3C NMR (CDCl;, 75.4 MHz): 6c=21.30 (CH;
Tos), 39.24 (B-CH, Phe), 55.45 (OCHj3), 57.07 (a-CH
Phe), 64.88 (CH,), 105.71 (C-10), 111.64 (C-4b), 113.25
(C-2), 115.20 (C-5), 116.44 (C-8), 126.29 (C-6a), 127.10
(C-2 and C-6 Tos), 127.43 (C-4 Phe), 128.69 (C-3 and
C-5 Phe), 129.13 (C-2 and C-6 Phe), 129.60 (C-3 and
C-5 Tos), 130.35 (C-6b), 131.37 (C-7), 133.82 (C-6),
134.55 (C-1 Phe), 136.51 (C-1 Tos), 143.73 (C-4 Tos),
149.39 (C-1), 155.45 (C-4a), 159.66 (C-9), 159.98 (C-3),
170.55 (CO,CH,). IR (KBr 1%, cm™'): v=3434, 2921,
2846, 1707, 1625, 1550, 1506, 1443, 1349, 1224, 1161,
1080, 1011. UV-vis (ethanol, nm): A,.x (&)=347
(12,883 M~ ' cm™!). HRMS (EI): calcd for C3H,7;NO;S
[M*]: 557.1508; found: 557.1519.

4.2. General photolysis procedure

A 1x107>M acetonitrile solution of the compound to be
tested (20 mL) was placed in a quartz tube and irradiated
in a Rayonet RPR-100 chamber reactor with 10 lamps of
different wavelength (300, 350 and 419 nm, 14 W each).
Aliquots were taken at regular intervals and analysed by
reversed phase HPLC using a Licrospher 100 RP18 (5 um)
column and a system composed by a Jasco PU-980 pump,
a UV-vis Shimadzu SPD-GAV detector and a Shimadzu
C-RGA Chromatopac register. The eluent was acetonitrile/
water, 3:1 (eluent A) or acetonitrile/water, 3:1 with 0.1%
TFA (eluent B), previously filtered through a Milipore,
type HN 0.45 um filter and degassed by ultra-sound for
30 min.

The chromatograms were traced by detecting UV absorption
(3a, Ager 347 nm, flow 1.2 mL min~!, retention time—tg
4.9 min; 3b, Age 360 nm, flow 0.8 mL min~—', fz 5.2 min;
3¢, Ager 347 nm, flow 1.2 mLmin~!, fg 5.1 min; 3d, Age
347 nm, flow 1.0 mL min—!, g 5.5 min; 2a, Age 240 nm,

flow 0.8 mLmin~!, g 3.3 min; 2e, Ager 240 nm, flow

0.8 mL min—!, #z 3.1 min), using eluent A for compounds
3a—c and 3g and eluent B for compounds 2a and 2e.

The yield of photorelease was calculated by comparison of
the HPLC trace (peak area) of the released amino acid
with the corresponding standard calibration curve (concen-
tration vs peak area).

4.3. Stability tests with Tos-Phe-Obm (3g)

4.3.1. Catalytic hydrogenation. A suspension of Tos-Phe-
Obm (3g) (2.90x1072g, 533x107>mol) in methanol
(1.0 mL) and 1,4-cyclohexadiene (1.35x1072mL, 1.40x
10~* mol) was mixed with 10% palladium on charcoal cat-
alyst (1.05x 1072 g), and refluxed for 6 h with stirring. The
catalyst was filtered off and washed with methanol; the com-
bined liquids were then evaporated under reduced pressure
affording the compound as a oily solid (0.185 g, 11%). 'H
NMR was well compared with Tos-Phe-OH (2e). 1-Methyl-
9-methoxy-3-oxo-3H-benzo[ f]benzopyran, Obm-H (4)
(3.20x1073 g, 25%) and starting material (3g) (1.07x
1072 g, 36%) were also isolated.

4.3.1.1. 1-Methyl-9-methoxy-3-ox0-3H-benzo[ f ]benzo-
pyran, Obm-H (4). TLC (ethyl acetate/n-hexane, 6:4):
R/=0.63. 'H NMR (CDCl;, 300 MHz): 6=2.95 (s, 3H,
CH;), 3.98 (s, 3H, OCHs), 6.36 (s, 1H, H-2), 7.23 (dd,
J=8.7 and 2.4 Hz, 1H, H-8), 7.34 (d, J/=8.7 Hz, 1H, H-5),
7.84 (d, J=8.7 Hz, 1H, H-7), 7.91 (d, J/=9.0 Hz, 1H, H-6),
795 (d, J=24Hz, 1H, H-10). '3C NMR (CDCls,
75.4 MHz): 6c=26.24 (CHs), 55.42 (OCHs;), 106.35 (C-10),
113.77 (C-4b), 115.40 (C-5), 116.09 (C-2), 116.09 (C-8),
126.47 (C-6a), 131.10 (C-7), 131.73 (C-6b), 133.36 (C-6),
154.02 (C-1), 155.37 (C-4a), 159.11 (C-9), 160.47 (C-3). IR
(neat, cm™!): v=3414, 2918, 2848, 1716, 1623, 1552, 1515,
1455, 1356, 1261, 1228, 1093, 1018, 933 cm~!. HRMS (EI):
calcd for C;sH;,05; [M*]: 240.0786; found: 240.0777.

4.3.2. Acidolysis with trifluoracetic acid

(a) To the fully protected amino acid Tos-Phe-Obm (3g)
(3.00x1072 g, 5.39x107° mol) were added 0.60 mL
of trifluoracetic acid with rapid stirring, at room temper-
ature, over 2.5 h. Evaporation under reduced pressure
gave a yellow solid (3.00x 1072 g, 100%). "H NMR con-
firmed the structure of the starting material.

(b) A solution of Tos-Phe-Obm (3g) (2.80x1072g,
4.97%x107> mol) in TFA (6 mL) was refluxed for 9 h.
Evaporation under reduced pressure gave a white-
greenish solid (2.80x1072 g, 100%). 'H NMR con-
firmed the structure of the starting material.

4.3.3. Acidolysis with hydrochloric acid

(a) To the fully protected amino acid Tos-Phe-Obm (3g)
(2.10x1072 g, 3.77x107> mol), was added 6 M HCl
(0.40 mL) under rapid stirring, at room temperature,
over 4.5 h. Evaporation under reduced pressure gave
a white solid (2.10x 102 g; 100%). 'H NMR confirmed
the structure of the starting material.

(b) A solution of Tos-Phe-Obm (3g) (2.10x1072g;
3.77x107>mol) in 6 M HCI (0.40 mL) was refluxed
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for 17 h. Evaporation under reduced pressure gave a
white solid (1.74x1073 g, 83%). '"H NMR confirmed
the structure of the starting material.

4.3.4. Acidolysis with hydrobromic acid

(a) To the fully protected amino acid Tos-Phe-Obm (3g)
(220x107? g, 3.91x107> mol) was added aqueous
HBr (0.2 mL), under rapid stirring over 4.5 h. Evapo-
ration under reduced pressure gave a white solid
(2.20x1072 g, 100%). "H NMR confirmed the structure
of the starting material.

(b) A solution of Tos-Phe-Obm (3g) (2.20x 1072 g,
3.86x 1075 mol) in aqueous HBr (0.2 mL) was refluxed
for 5 h. Evaporation under reduced pressure, followed
by dry chromatography with ethyl acetate/n-hexane
mixtures of increasing polarity, gave Tos-Phe-OH (2e)
as a yellow oil (6.80x1073 g, 57%). 'H and '*C NMR
well compared with an original sample.

(c) To the fully protected amino acid Tos-Phe-Obm (3g)
(2.00x1073 g, 3.59x 107> mol), was added a solution
of HBr in CH3CO,H (45% m/v) (0.008 mL), under rapid
stirring over 4.5 h. Evaporation under reduced pressure
gave a yellowish white solid (1.80x1072g, 90%).
"H NMR confirmed the structure of the starting material.

(d) A solution of Tos-Phe-Obm (3g) 2.00x1072g;
3.59x 107> mol), in a solution of HBr in CH;CO,H
(45% m/v) (0.008 mL), was refluxed for 5 h. Evapora-
tion under reduced pressure followed by dry chromato-
graphy ethyl acetate/n-hexane, mixtures of increasing
polarity, gave Tos-Phe-OH (2e) (7.80x1073 g, 68%)
as a colourless oil. 'TH NMR compared well with an
original sample.

4.3.5. Reduction with Mg/MeOH

(a) To a solution of Tos-Phe-Obm (2g) (6.00x1072 g,
1.08x10~* mol), in dry methanol (2 mL) magnesium
powder (3.90x1072 g, 1.62x 1073 mol) was added and
the resulting mixture was sonicated for 3 h, at room tem-
perature. The process was monitored by TLC (ethyl
acetate/n-hexane, 6:4) until all compounds were reacted.
The reaction was quenched by addition of saturated
aqueous NH,Cl (4 mL) and extracted with ethyl acetate.
The organic layer was dried with MgSO,, concentrated
to dryness to give Tos-Phe-OH (2e) as an off-white oil
(1.20x1072 g, 56%). '"H NMR compared well with an
original sample.

(b) Starting with Tos-Phe-OH (2e) (5.90x1072 g, 1.88x
10~* mol), in dry methanol (2 mL) magnesium powder
(4.60x1072g, 1.88x1073>mol) was added and the
resulting mixture was sonicated for 3 h, at room temper-
ature. Treatment by following the procedure described
above gave a white solid (5.00x1072g, 84%). 'H
NMR confirmed the structure of the compound.

4.3.6. Alkaline hydrolysis. To the fully protected amino
acid Tos-Phe-Obm (3g) (3.10x1072 g, 5.47x1075 mol),
in 1,4-dioxane 2mL) 1M NaOH (0.220 mL, 2.19x
10~* mol) was added at low temperature. The solution was
stirred at 0°C for 9h and acidified to pH 3 with 1 M
KHSO,. After extraction with ethyl acetate and evaporation

of the solvent, Tos-Phe-OH (2g) was obtained as an orange
solid (4.10x1072 g, 100%). 'H NMR compared well with
an original sample.
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Abstract—The coupling of two or four mono-6-amino B-cyclodextrin (amino-CD) units, (unprotected or permethylated hydroxyls), to
diisopropoxycalix[4]arene crown-6 (CAL) was realised using the N,N'-succinyldiamide linker. The resulting molecules in two series were
characterised with the help of mass and NMR spectroscopies. The yields of all coupling products were improved for permethylated sugar
series compared to the hydroxylated CD series or to our previous studies. The two B-cyclodextrin (3-CD) residues coupled to disubstituted

CAL were orientated from the same side of the crown ether.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

In our recent papers of this series,'> we identified several
crown calix[4]arene compounds, which could be usefully
coupled to B-cyclodextrin (B-CD) (1), and then proposed the
synthesis of mono-crown and bis-crown calixarene deriva-
tives by coupling them to B-CD through a succinic diamide
linker. Such amphiphilic ensembles have a capacity to in-
clude a wide variety of molecules according to the availabil-
ity of three sites: calixarene, crown and cyclodextrin. They
represent a new family of compounds to be used as potential
drug carriers and have ion affinities.> Among several at-
tempts to build B-CD-calixarene systems, in particular
seminal work of Reinhoudt’s*~” and Liu’s® groups should be
mentioned. However, none of these studies used our combi-
nation of host molecules or spacer arms.

The synthesis of CD-CAL mixed-derivatives allowed us to
construct molecules of new but defined architecture, and
also to study their physicochemical properties. This work has
some importance in the supramolecular field; the presence of
crown, CD and CAL cavities available to different guests is
significant in the development of encapsulation devices and
molecular containers as a step in nanotechnology, leading to
self-assembled, charged molecular capsules.

One difficulty in working with calixarenes is their general
poor solubility in organic solvents; this problem is often

Keywords: B-Cyclodextrin—calix[4]arene crown-6 coupling; Diisopropoxy-

calix[4]arene crown-6; Succinic coupling; New amphiphilic compounds.

* Corresponding author. Tel.: +1 506 858 4331; fax: +1 506 858 4541;
e-mail: jankowc@umoncton.ca

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.089

resolved by the introduction of the crown ether moiety. Like-
wise, a CD attached to a CAL frame should provide an
amphiphilic character to CAL-CD aggregates;>'? this
would also significantly improve solubility in water, while
preserving the supramolecular capacity of each of the three
components (CAL, crown and CD).

The use of n-octyl mono-crown calix[4]arene (2) (a mole-
cule of specific interest as a radioactive Cs* extractant in
the processing of spent nuclear fuel) as a frame for such a
coupling leads to the connection of either two or four CD
units to this calixarene.!! However, the bis-crown calix[4]-
arene binds to only two CDs. In both series, the coupling
products were obtained with relatively low yield. Purifica-
tion was laborious, the solubility remained low and
NMR spectra were very complex because of many overlap-
ping proton signals. These difficulties led us to modify
both the CAL and CD systems in search of friendlier ones

(Fig. 1).

The permethylation of CD usually leads to derivatives with
increased solubility in organic solvents. The mono-6-amino
permethylated B-CD (B-CDmet-NH,) (4) was thus consid-
ered as a possible substrate for this CAL-CD coupling,'?'3
according to Scheme 1, together with mono-6-amino B-CD
(B-CD-NHp) (5).

We thus propose the coupling of both amino-CDs (4, 5) via
the attachment to a free carboxyl of (N-succinate mono-
amide),,CAL (where n indicates the number of amino groups
attached to the calixarene frame). As we have previously ob-
served, the coupling of the amino-CD to the succ-NH-CAL
gives a better yield than does the opposite coupling (that is,
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Figure 1. Structures of B-cyclodextrin (1) and 25,27-diisopropoxycalix[4]arene-26,28-crown-6 (3).

of B-CD-succ to the amino-CAL). This can be explained by
the fact that an aromatic amine is less reactive to nucleo-
philic substitutions than is a primary amine. Furthermore,
steric hindrance disfavours the peptidic coupling by this
pathway.'* Consequently, we chose not to follow this second
route.

In order to further improve the solubility, we compromised
between bis-crown series and compound 2, and chose the
diisopropylcalix[4]arene crown-6 (3), since it has a slightly
shorter aliphatic chain on two of the phenols of CAL; two
others were linked via a mono-crown moiety.

The number of amino groups on the CAL system was
controlled by the selective nitration of CAL (3).!> The first
compound used was the dinitro cis-to-crown isomer for

CAL(NO,), (6a), followed by the tetranitro derivative
CAL(NOy)4 (7).

The identity of the CAL(NO,), compound was carefully
proven from its NMR and X-ray spectra. Both nitro deriva-
tives were then reduced, and coupled to the succinic linkers
as per previous procedures'® (Scheme 1), followed by a final
coupling to the amino-CDs 4 and 5, which we synthesised in
parallel (Scheme 2).

The approach proposed in Scheme 1 leads to permethylated
CD-CAL coupling products, with a variable number of
cyclodextrins attached. Such a methylated CD greatly
simplifies the step-by-step synthesis, and the solubility of
the final coupling products in organic solvents should be sig-
nificantly improved for the whole methylated cyclodextrin

Scheme 1. General scheme of coupling of calixarene to cyclodextrins. (a) HNO; concd, acetic acid, acetic anhydride, —18 °C, 18 h, 75%; (b) SnCl,, EtOH,
70 °C, 18 h, 75%; (c) succinic anhydride, DMF, 18 h, 86%; (d) DIC, HOBt, DMF, 24 h, 50%; (e) HNO; fuming, acetic anhydride, CH,Cl,, 1 h, 88%;
(f) Ni (Raney), toluene, 70 °C, 4 h, 76%; (g) succinic anhydride, DMF, 18 h, 79%; (h) DIC, HOBt, DMF, 24 h, 63%.
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Scheme 2. Synthesis of 6-monoamino-B-cyclodextrins 4 and 5. (a) B-CD, tosylimidazol, NaOH solution, rt, 45 min, 30%; (b) NaN3, H,0, 80 °C, 5 h; (c) Pd/C
10%, H,, H,0, 60 °C, overnight, 85%; (d) NaH, Mel, DMF, 1t, 6 h, 90%; (e) Pd/C 10%, H,, H,O/MeOH, overnight, 85%.

series. As a reference, the hydroxylated CD analogous series
was synthesised in parallel. In this last case, dialysis was
used to separate the final products from the reagents and
other water-soluble compounds.

2. Results and discussion

The tetra para-nitration of various calixarenes does not pres-
ent any particular difficulty. It has already been reported and
can be done according to many variations to our exhaustive
nitration procedures'> with a close to quantitative yield (75—
90%) in a variety of solvents and within a wide temperature
range. The tetranitration, for example, can be easily
achieved even in CH,Cl, solution at 0 °C with HNOs/acetic

anhydride. We were able to avoid undesired excess nitration
(for instance, the fifth nitro group on the benzylic carbon), as
well as the oxidation of the molecule as a whole and its
undernitration in a mixture of products. The dinitration
was best achieved under trifluoroacetic anhydride, HNO;
concd at —78°C (yield: 90%),'> under low-temperature
nitration (—18 °C, 2.2 equiv of fuming HNO3, yield: 75%2),
and under random nitration with acetic anhydride—concd
HNO; (yield: up to 40%). All these methods were followed
by column chromatography purifications. Here, the dinitra-
tion was performed according to the method described for
compound 6a in Section 4. LC-MS of the crude mixture ob-
tained was recorded showing the presence of isomeric mono,
di- and trinitro calixarenes (Fig. 2). For example, for dinitro
isomer, the presence of three isomers was detected (6a, 6b,
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Figure 2. Ion mass chromatograms of polynitrocalixarene derivatives of 1. Polynitro isomers (m/z, MH* and MNa", respectively): mononitro 756 and 778;
dinitro 801 and 823; trinitro 847 and 869. Lower run: total ion current, TIC (diode array).
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Table 1. LC retention time of nitrocalixarene mixture obtained according to
dinitration procedure (see Section 4, compound 6a)

Number of nitro group Isomer” Retention time (min)
1 20a 25.51
20b 24.06
2 62 24.20
6b 22.45
6¢ 20.16
3 21a 20.90
21b 19.52

6a: 11,23-Dinitro-25,27-diisopropoxycalix[4]arene-26,28-crown-6.

6b: 11,17-Dinitro-25,27-diisopropoxycalix[4]arene-26,28-crown-6.

6¢: 11,29-Dinitro-25,27-diisopropoxycalix[4]arene-26,28-crown-6.

20a: 11-Nitro-25,27-diisopropoxycalix[4]arene-26,28-crown-6.

20b: 17-Nitro-25,27-diisopropoxycalix[4]arene-26,28-crown-6.

21a: 11,17,23-Trinitro-25,27-diisopropoxycalix[4]arene-26,28-crown-6.

21b: 11,17,29-Trinitro-25,27-diisopropoxycalix[4]arene-26,28-crown-6.

# Identification of isomers was done assuming similar behaviour of n-octyl
mono-crown series and i-PrCAL series under LC conditions applied (see
Section 4); pure compound 1, fg=25.71 min and dinitro compound 6a
were used as references for this determination. Traces of CAL(NO,)y,
tr=9.6 min were also observed.

® Major isomer.

6¢). The major isomer (6a) ratio, as estimated from its MH*
and MNa* mass chromatogram, was in the vicinity of 95%
(Table 1).

The dinitro calixarene isomers were fully characterised for
the n-octyl mono-crown series, using NMR and LC
methods."!! The polynitro diisopropoxy mono-crown series
was also characterised using electrospray mass spectrometry
(ESI-MS) and liquid chromatography.

The identity of the CAL(NO,), compound was carefully
proven from its NMR and X-ray spectra. The NMR of this
particular molecule showed some interesting features: the
most characteristic proton signals were those associated
with the aryl protons—two types of protons for the phenyl
moiety without NO, group (7.06 ppm (d, 4H, H,), 6.88 ppm
(t, 2H, H,)) with 3JHH = 7.5 Hz and a singlet at 8.02 ppm
for meta protons on phenyls bearing NO,. This is in conjunc-
tion with the '*C signals, which follow the similar deshield-
ing trend (C-NO, at 142.0 ppm), and confirmed the
proposed structure. The geometry of the two nitro groups
in CAL(NO,), was also established with 2D NMR as being
in cis-to-crown orientation (compound 6a), (that is, both
NO, groups were orientated on the crown side of the mole-
cule (Fig. 3)); this was confirmed via X-rays.

The exact identification of the two NO, groups is important
because the next steps of the coupling will maintain the
relative spatial orientation of both nitrogens throughout the
entire scheme.

The separate reduction of both nitrated compounds, dinitro
6a and tetranitro 7 led to the corresponding amines 8 and
9, respectively, with high yield varying from 70% for
SnCl, reduction of dinitro, to 76% for Raney nickel reduc-
tion of tetranitro derivatives.!’

The reduction of dinitrocalix[4]arene (6a) to the correspond-
ing diamino compound 8 (Scheme 1), however, was better
achieved by the SnCl, reduction. When the Raney nickel

Figure 3. View of compound 6a. Hydrogen atoms are omitted. Displace-
ment ellipsoids are drawn at the 20% probability level.

reduction was performed on the compound 6a, a persistent
and difficult-to-purify green crystalline residue was ob-
served: this was probably due to the complexation of the
amine by Ni?* cation. This difficulty was overcome by
using SnCl, reduction instead;'® however, this observation
alone fully justified the relatively low yield of reduction
obtained.

Electrospray mass spectrometry, using mostly Cs* but also
occasionally Na* cationisation agents via the crown-metal
complex, allowed us to easily follow the progress of these
reactions and of the purification of compounds in the crown
series.

For the amines 8 and 9, the most significant proton shift is
the singlet signal at ca. 8 ppm, which disappeared in the
compounds 8 and 9, giving singlet signal deshielded at
6.71 ppm for 8, and at 6.51 ppm for 9. The key control signal
in NMR spectrum was the shift of the C-NH, signal to ca.
133.2 ppm in '3C spectrum (ipso-para carbon), thus con-
firming the reduction to diamine; this was less pronounced
for compound 9.

The amidation of the two amines with succinic anhydride in
DMF led to the production of the last synthetic intermediates
before the final coupling of the B-CD-NH, (8) and 3-CDmet-
NH, (9) to the CAL(succ),, molecules (n=2, 10, n=4, 11).

From the opposite side of the synthetic scheme, the -CD-
NH; (5) and B-CDmet-NH, (4) were synthesised according
to the following sequence of reactions (Scheme 2). The com-
mon starting product obtained by supramolecular tosylation
of B-CD (B-CD-OTs) (16) was then transformed into the
azide 17. Direct reduction of compound 17 gave B-CD-
NH, (5), and methylation of 17 with methyliodide in sodium
hydride, followed by similar reduction with Pd/C led to
B-CDmet-NH, (4) with challenging yields. The use of
Pd/C for reduction of the azido group avoids an important
difficulty related to Staudinger method'®->* where the inclu-
sion of triphenylphosphine or its oxide in the CD cavity is
observed.”!
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The full NMR and ESI-MS (Na™* cationisation) spectra give
some interesting features in this series, confirming the ex-
pected structures obtained. In order to succeed in the remain-
ing part of the synthesis, both 3-CD-NH, and $-CDmet-NH,
should be obtained as very high-purity compounds. This ob-
jective was realised by the combined use of column chroma-
tography and ion exchange resin. Their purity was confirmed
by NMR and ESI-MS techniques and was in the vicinity of
90-95%.?> The most interesting signal in the NMR spectra
of these amines were the dd at 2.95 ppm (CH,—N) confirming
that the mono 6-amination was overwhelmingly achieved.

2.1. Coupling of (succ),,CAL to 3-CD-NH,

The coupling reactions between the two components were
realised for the di- and tetrasubstituted calix[4]arene series.
When the activated ester method (DIC, HOBt) was used, two
expected coupling products in methylated B-CD series were
respectively obtained (yields up to 50% for di-coupled prod-
uct 12, 65% for tetrasubstituted product 14). In hydroxylated
CD series the corresponding yields of compounds 13 and 15
were lower (approximately at 20% level). It should be noted
that starting from this point, MALDI-TOF-MS was used for
mass determination of the coupling compounds.

As in previous work in this series,! dimers containing the
B-CDmet-succ skeleton were also detected. Their structures
should be rationalised on the basis of coupling of two
CD derivatives: the B-CDmet-NH, and the B-CDmet-succ
(HOOC-CH,—CH,—NH),, CDmet. The coupling reaction
seems to be affected by the presence of residual succinic
acid, which also can react with amines 4 and 5. Their struc-
tures will be characterised separately.

A detailed characterisation of these coupling products for
the disubstituted (12) and tetrasubstituted calix[4]arene
crown-6 (14), in methylated B-CD series, is presented in
Section 4. However, in the hydroxylated CD series the usual
impurities, in particular B—f CD dimer (19) and two cou-
pling products with two or three CD residues attached to
the calixarene instead of the expected four, were observed.
Their separation by classical chromatography was impossi-
ble, the attempt of isolation and purification by dialysis
resulted in a mixture, which when analysed by MALDI
clearly indicated the presence of the above mentioned
by-products.

The yield of both CDmet—CAL coupling products is how-
ever greater than in the natural CD series, the coupling in
natural B-CD remains relatively low; however, the solubility
of the aggregates synthesised was significantly improved
and their purification was much easier (e.g., column chroma-
tography could be used for purification).

3. Conclusion
The coupling of permethylated and hydroxylated CD series
to amino-CAL was accomplished using succinic linkers for

separation between two molecules.

With the help of diamino- and/or tetramino calixarene as
a base, we can reasonably consider that the in-space

orientation of B-CD is properly controlled, and that the
calixarene—crown system represents a good example of a
frame molecule for the construction of carbohydrate tubes
‘dangling’ from such a frame.

As it was mentioned in previous cases that were examined,
the hydroxylated CD moiety is large enough to overturn
the calixarene crown and form some H-bonds over the
CAL—crown systems. Once again, molecular modelling cal-
culations showed that this important stabilising interaction,
absent for the CDmet series, enabled the correct orientation
of both linker and CD moieties, improved the total yield of
coupling product®® and eventually involved chiral linker to
target a more organised system.

In order to further develop the use of CAL frames for con-
struction of peptide chains in a rigorously space-orientated
direction, a similar synthetic scheme should be attempted
for peptide—succ-NH CAL systems. This might allow the
formation of interpeptide chain interactions,?*?*> and the
organisation of the resulting molecules into multihelix
systems; in particular, this may lead to quadruple peptide
helices.”?

In this respect, the attempts to bond various diamino-CD
derivatives to a CAL frame seem particularly appealing,
and could lead to dendrimeric structures. It seems, from
our observations in this field, that the crown-6 system
attached to CAL is small, hidden and ‘crushed’ by a large
CD. However, we can consider its selective removal,
because of its phenolic ether character, by various ablation
techniques.?®

4. Experimental
4.1. General

All calixarene derivatives were purchased from Acros
Organics. The starting cyclodextrins are given from
Roquette Freres (France). Most of the reagents and solvents
used in this study came from the Sigma—Aldrich and used
without further purification. TLC was performed on Silica
Gel 60 F,s4 plates (E. Merck) followed by charring with
10% (v/v) HySO4 or UV revelation. NMR experiments
were performed using a Bruker DRX500 spectrometer oper-
ating at 500 and 125 MHz for 'H and '3C, respectively. In all
cases, the samples were prepared in deuterium oxide,
DMSO-d¢ (Euriso-Top, Saclay, France) and measurements
were performed at 25 °C. Chemical shifts are given relative
to external Me,Si (0 ppm) and calibration was performed
using the signal of the residual protons of the solvent as a
secondary reference. Selected 2D experiments were run on
these compounds in order to unambiguously assign signals.
Molecular modelling calculations were done with Hyper-
Chem 6.03 Mm+ (Hypercube, USA, 2000) in gas-phase
only. The X-ray diffraction determination was done on di-
nitrocalix[4]arene (6a). The data were collected at 100(2) K
on a Nonius Kappa-CCD area detector diffractometer using
graphite-monochromated Mo Ko radiation (0.71073 A).
The data were processed with HKL.2000.?” The structure
was solved by direct methods with SHELXS-97 and subse-
quent Fourier-difference synthesis and refined by full-matrix
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least-squares on F> with SHELXL-97.?® All non-hydrogen
atoms were refined with anisotropic displacement parameters.

Crystal data and refinement details: Cy4qHs5,N505,
M=800.88, ftriclinic, space_group Pi, a=9.4077(9), b=
12.6984(8), c=17.5132(15) A, a=75.357(5), 8=86.167(4),
y=83.820(5)°, V=2010.8(3) A’>, Z=2, u=0.096 mm ',
F(000)=852. Refinement of 545 parameters on 6982 inde-
pendent reflections out of 15247 measured reflections
(Rin=0.081) led to R;=0.069, wR,=0.161 and S=1.054,
CCDC 612684.

The mass spectra were recorded on triplequad Quattro II
Micromass ESI-MS system as solutions of ca. 0.1 mg mL ™!
in methanol/water (1:1) introduced with Harward Apparatus
syringe-pump. The working range of the instrument was
from m/z 100 to 2000. For the details of ESI analytical con-
ditions see Ref. 11. The MALDI-TOF spectra were recorded
for superior than 1500 mass compounds only on MALDI-
TOF Voyager DE, Applied Biosystem of Université de Lille
using DHB matrix and usual protein calibration standards
within 1200 to 5700 mass range. The acceleration voltage
was fixed at 20 kV and the number of laser shots at 100.

For LC-MS experiment, the mass spectrometer is the Waters
Micromass® ZQ™ (quadrupole with ESI source) and the UV
detector is the Waters 2996 photodiode array. The instru-
mental parameters were: capillary voltage at 3.5 kV, source
temperature at 120 °C and cone voltage was fixed at 20 V.
The column is a Waters XBridge™ C18, 4.6x100 mm,
3.5-um particle size. Elution solvents are: A, acetonitrile
(containing 0.1% formic acid) and B, water (containing
0.1% formic acid). A linear gradient elution was used: from
A/B, 50:50 (v:v) to A, 100 (v) in 25 min at a flow rate of
1 mL/min. Spectra were recorded in continuum mode by
scanning the quadripole between m/z 130 and 2000.

4.2. Synthesis

4.2.1. 6'-(0-p-Tolylsulfonyl)-cyclomaltoheptaose (16).
This compound was synthesised from B-CD (1) according to
the Bittman method.” Yield: 26%. Mp=179 °C; R;=0.6
(BuOH/MeOH/H,0/NH; 3:3:3:1); '"H NMR (500 MHz,
DMSO-dg, 298 K): 0=7.75 (d, 2H; Hyy), 7.42 (d, 2H;
L/C) 5.6-5.9 (140H, OH-2, OH-3), 4.81-4.86 (m, 6H;
H-18p"), 4.76 (d, 1H; H-1¢p), 4.33 (d, 1H; H-6(p), 4.18
(dd, 1H; H-6'tp), 3.4-3.7 (m, 18H; H- 5I S Y/H-6151Y
H-6'85 VII/H 353, 3.2-3.4 (m, 14H; H-25,§11/H-45[¥11),
2.42 (s, 3H; C.H); ESI-MS+: m/z 1290.2 [M+H]* (calcd
for C49H77037S: 12902)

4.2.2. 6'-Azido-6'-deoxy-cyclomaltoheptaose (17). This
azide was obtained with sodium azide according to
Ueno method.*® R;=0.5 (BuOH/MeOH/H,O/NHj; 3:3:3:1);
'H NMR (500 MHz D,0): 6=5.10 (d; H-1¢p), 3.99 (t;
H-3¢p), 3.86-3.97 (m; H-5¢p/H-6cp/H-6'cp), 3.68 (dd;
H-2¢p), 3.61 (d; H-4cp); ESI-MS+: m/z 1166.5 [M+H]*
(CalCd for C42H70034N3).

4.2.3. 6'-Azido-6'-deoxy-2',3!-di-O-methyl-hexakis
UV U=VI GT-VIL ¢ 0-methyl) cyclomaltoheptaose
(18). The compound 17 is dissolved in dry DMF (100 mL)
and cooled down at 0°C. NaH is added in portions

(1.55 g, 65 mmol, dispersed in o0il 60%). After 20 min, iodo-
methane (18.35 g, 129 mmol) is slowly added. The reaction
is stirred overnight at room temperature under argon. Salts
formed are filtered off, washed with dichloromethane and
the filtrate is concentrated. Oily residue is dissolved in a
minimum amount of water and extracted with chloroform
(3x50 mL). The organic phase is washed with water
(2x50 mL), dried with sodium sulfate, filtered and evapo-
rated. Removal of the oily residue was achieved by filtration
through a silica bed yielding 1.65 g (90%) of compound 18.
R;=0.8 (CHCl3/MeOH 9:1); 'H NMR (500 MHz, CDCl5):
0=5.31-5.36 (H-1¢p), 3.88-3.96 (H-5cp/H-6¢p), 3.69-3.84
(H-4cp/H-6'cp/H-3¢p), 3.65 (OCH3-6¢p), 3.56 (OCHs-
3cp), 3.43 (OCH3-2¢p), 3.38-3.42 (H-2¢p); ESI-MS+: m/z
1462.8 [M+Na]+ (CalCd for C62H]09N3N3034).

4.2.4. 6'-Amino-6'-deoxy-2',3!-di-O-methyl-hexakis
QU-VIL U=V GT-VIL ¢ 0-methyl) cyclomaltoheptaose
(4). This compound was synthesised according to the method
described by Carofliglio®? from compound 18 and purified
using ionic exchange resin BioRad AG 50W-X, (50-100
mesh), the residue was acidified at a pH of 4-5. The aqueous
solution was put into the resin column, eluted with 900 mL
of water and then with 400 mL of aqueous ammonia (10%).
The pure compound appeared in ammonia fractions. These
fractions were evaporated almost to dryness and lyophilised.
Yield: 86% of the desired compound 4. R,=0.2 (CH,Cl,/
MeOH 8:2); 'H NMR (500 MHz, D,0): 63=5.36 (d, 1H;
H-1tp, 3J,'»,'=3.6 Hz), 5.30-5.35 (m, 6H; H-1&p"1),
3.86-3.96 (m H-58p'), 3.87-3.92 (m; H—62’DVH), 3.83
(H-5Ep), 3.75-3.83 (m; H-48p¥™), 3.76 (H-3tp), 3.69-3.79
(m; H-385Yh), 3.71 (H-4Lp), 3.65-3.73 (m; H-6/8p'M),
3.64-3.66 (m; OCH;-6¢p), 3.55-3.57 (m; OCH3-3cp),
3.43 (H-2p), 3.42-3.43 (m; OCH3-2¢p), 3.36-3.44 (m;
H-285V1), 3.05 (dd, 1H; H-65p, 3J¢ s'=5.5 Hz, 3J¢' ¢'=
14.2 Hz), 2.96 (dd, 1H; H-6'Lp, 3J¢' 5'=3.0 Hz, 3J¢' ¢'=
142 Hz); 3C NMR (125MHz, D,0): 6:=97.1-97.8
(C-1E5™), 80.9-81.6 (C-353™1), 80.2-80.6 (C-253™), 76.7-

78.6 (C-4&5M), 71.0-71.4 (C-68p"™h), 70.7-71.7 (C-553™),
59.8-60.4 (OCH3-6¢cp), 58.3-59.0 (OCHj3-3¢cp/OCH3-
2¢cp)s 41.6 (C-65p); ESI-MS+: m/z 1414.8 [M+Na]* (calcd
for C62H1 12NN3034).

4.2.5. 11,23-Dinitro-25,27-diisopropoxycalix[4]arene-
26,28-crown-6 (6a). 1,3-Diisopropoxycalix[4]arene-crown-6
(200 mg, 0.281 mmol) 3 was dissolved in 10 mL of acetic
anhydride and maintained under —15°C. A mixture of
5 mL of acetic anhydride, 5 mL of acetic acid and fuming
nitric acid (26 pL, 2.2 equiv) is added dropwise to the calix-
arene solution. After addition, the reaction mixture is
warmed at room temperature and stirred overnight. The mix-
ture is then poured into ice water and extracted twice with
ether. Organic phases were extracted with a solution of sat-
urated NaHCOj three times, dried over MgSOy, filtered and
evaporated. The residue is purified on silica gel column chro-
matography eluted with cyclohexane/ethyl acetate 9:1 to 8:1
to give 168 mg of the desired product. Yield: 75%. Ry=0.5
(cyclohexane/AcOEt 7:3); 'H NMR (500 MHz, CDC13)
oy=8.02 (s, 4H; H,); 7.06 (d, 4H; H,, J, .=7.5 Hz), 6.88
(t, 2H; H,, Jy_=7.5 Hz), 4.40 (sept., 2H; CH(CH3),, J=
6 Hz), 3.91 (d, 4H; ar-H,CHg-ar, J,_g=16.1 Hz), 3.85 (d,
4H; ar-H,CHg-ar, J,_3=16.1 Hz), 3.61 (t, 4H; ar—-OCH,,
J=6.3 Hz), 3.58 (s, 4H; O-CH,), 3.51 (m, 4H; O-CH,),
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3.48 (m, 4H; O-CH,), 3.22 (t, 4H; ar—OCH,CH,-O,
J=63Hz), 091 (d, 12H; CH;, J=6Hz); '3C NMR
(125 MHz, CDCl3): 6c=160.7, 156.6 (C-0O), 142.0
(CaromNO»), 135.5, 132.4 (Carom.CH»), 130.8 (C.), 125.2
(Co), 122.7 (Cy), 71.9 (CH(CH3),), 71.5, 71.1, 70.6, 69.6,
69.4 (CH,-0), 38.9 (ar-CH,-ar), 22.0 (CH3); ESI-MS+:
m/z measured at 933.5 [M+Cs]* (calcd for C44H5,N,0;,Cs).

4.2.6. 11,23-Diamino-25,27-diisopropoxycalix[4]arene-
26,28-crown-6 (8). A suspension of 62 mg of compound
6a (0.077 mmol) and 175 mg of SnCl,-2H,0 (0.77 mmol)
in 3.7 mL of ethanol was refluxed overnight. The reaction
mixture is poured into ice water. The solution is adjusted
to pH=9 with 1 N NaOH and extracted three times with di-
chloromethane. Organic phases were washed with distilled
water and dried over MgSQO,, filtered and evaporated. The
product is used without further purification. Yield: 75%.
R=0.5 (chloroform/methanol 9:1); 'H NMR (500 MHz,
CDCls): 64=6.93 (d, 4H; H,, J,_.=7.5Hz), 6.71 (s, 4H;
H,), 6.61 (t, 2H; H., Jy,.=7.5Hz), 4.12 (sept., 2H;
CH(CH3),), 3.86-3.96 (m, 16H; OCH,), 3.70 (s, 4H;
OCHy,), 3.54 (d, 4H; ar-H,CHg-ar, J, 3=13.1 Hz), 3.41
(d, 4H; ar-H,CHp-ar, J,_3=13.1 Hz), 1.25 (d, 12H; CHj;,
J=6 Hz). 3C NMR (125 MHz, CDCl5): §c=156.1, 133.8
(C-0), 133.2 (Cyrom NHy), 130.1 (C,), 128.3 (Cyrom.CHb),
121.8 (Cy), 120.1 (C,), 73.9 (CH(CHs;),), 72.4, 72.0, 71.7,
71.6, 69.4 (CH,-O), 36.1 (ar—CHjy-ar), 22.8 (CH3); ESI-
MS+: m/z measured at 873.5 [M+Cs]* (caled for
C44H56N208CS).

4.2.7. 11,23-Diamidosuccinyl-25,27-diisopropoxy-
calix[4]arene-26,28-crown-6 (10). CAL(NH,), 8 (95 mg,
128 pmol) is dissolved in 3 mL of DMF together with
26.9 mg of succinic anhydride (269 umol). The reaction
mixture is stirred overnight, evaporated and the 140 mg
of product is used without further purification. Yield:
86%. 'H NMR (500 MHz, DMSO-dy): 65=9.67 (s, 2H;
C(O)NH), 7.33 (s, 4H; H,), 7.00 (d, 4H; Hy, J,, .=7.4 Hz),
6.74 (t, 2H; H,, Jy_=7.4 Hz), 4.10 (sept., 2H; CH(CH3),,
J=58Hz), 3.77 (d, 4H; ar-H,CHg-ar, J, =159 Hz),
3.65 (d, 4H; ar-H,CHg-ar, J, s=159 Hz), 3.5 (s, 4H;
O-CH,), 3.43-3.48 (m, 4H; O-CH,), 3.36-3.40 (m, 4H;
O-CH,), 3.12-3.19 (m, 4H; O-CH,), 3.05-3.12 (m, 4H;
OCH,), 2.43-2.57 (m, 4H; CHygyee), 0.76 (d, 12H; CHj;,
J=5.6 Hz); 3C NMR (125 MHz, DMSO-d;): 6c=173.8
(C(O)NH), 169.1 (C(O)OH), 156.3, 149.9 (C-0), 134.0
(CaromNH), 133.2, 133.0 (Cyprom.CHp), 129.8 (C,), 121.3
(Cp), 119.5 (Cp), 69.9, 69.7 (CH,-0), 69.6 (CH(CHs3),),
69.4, 68.7, 68.4 (CH,-0O), 39.4 (ar—CHj-ar), 30.9, 28.9
(CHaguee), 21.3 (CHs); ESI-MS+: m/z measured at 963.4
[M+Na]+ (calcd for C53H65014N2Na).

4.2.8. 5,11,17,23-Tetranitro-25,27-diisopropoxycalix[4]-
arene-26,28-crown-6 (7). 1,3-Diisopropoxycalix[4]arene-
crown-6 3 (200 mg, 294 umol) is dissolved in 5 mL of
dichloromethane and cooled to 0 °C. A mixture of 400 uL
of nitric acid, 500 pL. acetic anhydride dissolved in 2 mL
of dichloromethane is cooled to 0 °C and added dropwise
to the calix[4]arene solution. After several minutes the reac-
tion is stopped by addition of 4 mL of triethylamine and
diluted with 50 mL of dichloromethane. The mixture is
extracted twice with a saturated solution of NaHCO;, dried
over MgSOQy, filtered and evaporated. The residue is purified

on silica gel column. The elution with cyclohexane/AcOEt,
6:4 gives 230 mg of the desired product. Yield: 88%. R,=0.6
(cyclohexane/AcOEt 1:1); '"H NMR (500 MHz, CDCl5):
op=8.07 (s, 4H; Hurom.), 8.02 (s, 4H; Harom.), 4.47 (sept.,
2H; CH(CHj),; J=6.5Hz), 3.96 (d, 4H; ar—H,CHg-ar,
Jo-p=16 Hz), 391 (d, 4H; ar-H,CHg-ar, J, =16 Hz),
3.60 (t, 4H; O-CH,—, J=5.5 Hz), 3.53 (s, 4H; O-CH,-),
3.31 (br s, 8H; O-CH,—CH,-0), 3.47 (t, 4H; O-CH,—,
J=5.5Hz), 1.05 (d, 12H; CH;, J=6.5Hz); '*C NMR
(125 MHz, CDCls): 6c=161.8 (2C-NO,), 160.2 (2C-
NO,), 142.3 (4C-CH,), 134.5 (2C-0), 133.9 (2C-0),
126.6 (4CHyrom), 126.1 (4CHyom), 73.1 (2CH(CHa)y),
71.6 (2CH,-0O), 71.3 (2CH,-0O), 71.1 (2CH,-0O), 70.8
(2CH,-0), 69.7 (2CH,-0O), 38.2 (4ar—CHp-ar), 22.0
(4CHj3); ESI-MS+: m/z measured at 1023 [M+Cs]* (calcd
for C44H50N4016CS).

4.2.9. 5,11,17,23-Tetramino-25,27-diisopropoxycalix[4]-
arene-26,28-crown-6 (9). CAL(NO,), 7 (78 mg, 88 umol)
is dissolved in 3 mL of methanol and one spatula of Raney
nickel. The mixture is placed under hydrogen atmosphere
and stirred vigorously overnight. The mixture is filtered
under Celite® pad and evaporated to dryness. The residue
is purified by silica gel column chromatography eluted
with CH,Cl,/MeOH, 9:1 to give 51 mg of the desired prod-
uct. Yield: 76%. R=0.3 (CH,Cl,/MeOH 9:1); 'H NMR
(500 MHz, CDCl3): 0y=6.52 (s, 4H; Haom.), 6.41 (s, 4H;
Harom.), 4.11 (sept., 2H; CH(CHs),; J=6.0 Hz), 3.81-3.80
(m, 16H; 40-CH,), 3.76 (s, 4H; O-CH,-), 3.55 (se, 8H;
4NH,), 3.46 (d, 4H; ar-H,CHg-ar, J,_g=13.5 Hz), 3.38 (d,
4H; ar-H,CHg-ar, J, 3=13.5Hz), 1.25 (d, 12H; CHs,
J=6.0 Hz); '3C NMR (125 MHz, CDCls): 6c=149.6 (2C-
0), 146.8 (2C-0), 140.6 (2C-NH,), 139.9 (2C-NH,), 134.3
(2Car0m._CH2)7 133.8 (2Carom._CH2)v 118.42 (ZCHaromA)v
118.0 (4CH,om), 73.3 (2CH(CHj),), 72.3 (2CH,-O),
71.9 (2CH,-0), 71.6 (2CH,-0O), 71.4 (2CH,-0O), 69.7
(2CH,-0), 36.7 (4ar—CH,-ar), 22.6 (4CH3); ESI-MS+:
m/z measured at 903 [M+Cs]* (calcd for C44HsgN4OgCs).

4.2.10. 5,11,17,23-Tetramido-25,27-diisopropoxy-
calix[4]arene-26,28-crown-6 (11). CAL(NH,), 9 (60 mg,
77.8 umol) is dissolved in 4 mL of DMF together with
31.2 mg of succinic anhydride (311 umol). The reaction
mixture is stirred overnight, evaporated and the 72 mg of
product is used without further purification. Yield: 79%.
'H NMR (500 MHz, CDCl3), 6y4=12.03 (se, 2H;
C(O)OH), 9.65 (s, 2H; C(O)NH), 9.60 (s, 2H; C(O)NH),
7.31 (s, 8H; Hyom.), 4.07 (sept., 2H; CH(CH3)), 3.08-3.65
(OCH,/ar—-CH,-ar), 0.79 (s, 12H; CHs); '3C NMR
(125 MHz, CDCl3): 6c=173.3 (C(O)NH), 168.7 (C(O)OH),
151.3, 149.5 (C-0), 133.6, 132.8, 132.7, 132.4 (Cyrom.CH>/
Carom NH), 120.0, 119.2 (Cyrom H), 69.6, 69.5, 69.2, 69.1,
68.3 (CH,-O, CH(CHs),), 38.3 (ar—CH,-ar), 30.5, 28.6
(CHasguee), 20.8 (CH3); ESI-MS+: m/z measured at 1193.40
[M+Na]+ (CalCd for C60H74N4020Na).

4.2.11. Calix di-B-CDmet (12). CAL(succ), (83 mg,
88 umol) was dissolved in 2 mL of DMF. DIC (109 puL,
705 pmol) and 95 mg of HOBt (705 pmol) were added
successively. Then 249 mg of 4 (176 pmol) was added. After
30 h, the mixture was evaporated, diluted in CH,Cl, and
extracted with HC1 0.1 M. The product is purified on silica
gel column, eluted with CH,Cl,, then CH,Cl,/MeOH 95:5,
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to give 120 mg of the desired compound 12. Yield: 35%.
R=0.5 (CH,ClyMeOH, 9:1); 'H NMR (500 MHz,
DMSO-dg): 0y=9.61 (t, 2H; CONH), 7.61 (t, 2H; CONH),
7.33 (s, 4H; Ha), 6.99 (d, 4H; Hc), 6.74 (t, 2H; Hb),
5.21-5.03 (m, 14H; H-1¢p), 4.09 (m, 2H; CHCHj3cqaiix),
3.57-3.83 (m, H'SCD)s 3.14-3.58 (H_6CD/H_4CD/H_3CD/
CH,—O,,jix/ar—CHjy—ar), 3.0-3.1 (m; H-2¢p), 0.75 (s, 12H;
CH;..i0); °C NMR (125 MHz, DMSO-dq): 6c=171.3,
169.4 (C(O)NH), 156.3, 149.8 (C-0O), 134.0 (Cyrom NH),
133.2, 133.0 (Cyom.CHy), 129.9 (Cp), 121.5 (Cy), 119.5
(Co, 97.9-97.1 (C-1¢p), 81.0-79.0 (C-3¢cp/C-2cp/C-4cp),
68.4-71.1 (C-6cp/C-5cp/CHo—O1ix/ CH(CH3)2ca1ix), 60.3—
60.8 (OCH3-6¢p), 57.6-58.3 (OCH3-3cp/OCH;3-2¢p), 30.4
(CHoguee), 21.2 (CHjegiix); MALDI-TOF MS: m/z measured
at 3756.3 [M+Na]+ (CalCd for C]76H282N4080Na).

4.2.12. Calix tetra-f-CDmet (14). CAL(succ), 11 (60 mg,
51 umol) was dissolved in 5 mL of DME. DIC (127 pL,
820 pumol) and 111 mg of HOBt (820 umol) were added suc-
cessively. Then 297 mg of 4 (210 pmol) was added. After
30 h, the mixture was evaporated, diluted in CH,Cl, and
extracted with HC1 0.1 M. The product is purified via silica
gel column chromatography, eluted with CH,Cl,/acetone
1:1, then another column chromatography is done with
CH,Cl,/MeOH 95:5 to give 217 mg of 14. Yield: 63%. R;=
0.5 (CH,Cl,/MeOH, 9:1); 'H NMR (500 MHz, DMSO-dy),
op=9.61 (s, 2H; C(O)NH), 9.55 (s, 2H; C(O)NH), 7.61 (se,
4H; NHcpC(0)), 7.24-7.34 (m, 8H; Hyrom.), 5.00-5.22 (m;
H-1¢p), 4.04 (m, 2H; CH(CHs),), 3.64-3.75 (m; H-5¢p),
3.18-3.55 (H—6CD/H—4CD/H—3CD/CHQ—Ocalix/ar—CHz—ar),
3.0-3.1 (m; H-2¢p), 2.30-2.50 (m; CHsgyee), 0.76 (s, 12H;
CHseaix); °C NMR (125 MHz, DMSO-dg): 6c=97.7-
97.9 (C-lcp), 81.5-81.6 (C-3¢p), 81.1-81.2 (C-2¢p),
69.7-71.0 (C-6¢cp/C-5cp/CHr—Oq1ix/ CH(CH3)5ca1ix), 60.6—
60.7 (OCH3-6¢p), 57.7-58.2 (OCH;3-3¢cp/OCH3-2¢p), 31.2
(CHaguce), 21.1 (CHzcaiix); MALDI-TOF MS: m/z measured
at 6780.4 [M+Na]+ (CalCd for C308H510N80152Na).

4.2.13. Calix di-pB-CD (13) and calix tetra-p-CD (15).
CAL(succ),, (n=2, 36 mg and n=4, 24 mg) was dissolved
in 4 mL of DMF. DIC (for 13, 47 uLL and for 15, 51 uL)
and HOBt (for 13, 41 mg and for 15, 44 mg) were added
successively. Then 5 (for 13, 91.1 mg and for 15, 95.3 mg)
dissolved in DMF was added. After three days, the mixture
was evaporated, diluted in water and precipitated in acetone.
The residues were dialysed with ester cellulose membrane
MWCO=2000 for 13 and MWCO=3000 for 15. MALDI-
TOF spectra proved the existence of compound 19
(IM+Na]*, 2372.6) in the synthesis of compound 13, 3195.4
[M+Na]*. For synthesis of compound 15, presence of
2373 [M+Na]* of compound 19, 5657.1 [M+Na]* of com-
pound 15 and partially substituted calixarene structures
such as 3433.9 (calix di-B-CD disucc) and 4523.0 (calix
tri-B-CD monosucc) was detected.
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Abstract—Six new 4,4'-substituted biphenyl coronands have been prepared. The ligands containing dimethylamino groups in the biphenyl
moiety have been used in transition metal cations’ complexation and one of them (3) has demonstrated to be a selective fluorescent sensor for
mercury. Stoichiometries of the formed complexes and complexation constants have been determined by titration experiments. In addition, the
extractant ability of some ligands has also been studied. Finally, the electrochemical properties of some of these ligands are also described.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Molecular systems that combine binding ability and photo-
chemical or photophysical properties are of great interest
for designing chemosensors.! Recently it has been estab-
lished that conformational restriction is a viable mechanism
for transducing ion binding into enhanced fluorescence
emission in organic fluorophores.> Among the systems stud-
ied it is possible to find biphenyl and bipyridyl derivatives
that experiment fluorescence enhancement after complexa-
tion. It is well established that more rigid fluorophores are
more fluorescent® even though this restriction is due to com-
plex formation.* On the other hand, it is also known that sub-
stituents in the biphenyl systems have strong influence on
its fluorescent properties.> For all these reasons, we have
been interested in using the 4,4’-bis(N,N-dimethylamino)-

biphenyl (TMB, tetramethylbenzidine) subunit in the design
and synthesis of red-ox and fluorescent sensors.® In particu-
lar our interest has been directed toward the preparation
of crown ether and azacrown ether derivatives covalently
attached to the 2,2’ position of TMB’ and their use as

NMe2 NMEZ

NMe,

Chart 1.

fluorescent and red-ox chemosensors. Among all the pos-
sible target cations our interest has been mainly directed
toward Cd**, Hg?* and Pb?* because they are highly toxic
environmental pollutants and they are generated from both
natural and industrial sources. In addition Zn>* has been
also studied due to its electronic configuration that makes
it similar to Cd** and Hg>*.

The studied ligands are shown in Chart 1 and in addition
to the TMB moiety they contend an ortho-disubstituted
benzene system. The presence of this additional aromatic
ring has the goal of increasing the rigidity of the cavity to
improve cation selectivity. In addition, several heteroatoms
and functional groups are present in these ligands to study
the influence of the donor atom nature.

On the other hand, solvent extraction belongs to one of
the most important processes in water treatment and the
use of complexing agents plays an important role in such
processes. In solvent extraction of metallic ions it is possible
to use a variety of ligands as extracting agents and among

NM62 NMez
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these complexing agents, macrocyclic polyethers have been
widely used and the strong influence of the ligand topology
on the extraction efficiency has been well established.® For
this reason, we have been also interested in evaluating the
ability of the prepared ligands in cation extraction.

2. Results and discussion
2.1. Synthesis

Ligands 1 and 2 were easily prepared as described in
Scheme 1 starting, respectively, from 2,2'-bis(chloro-
carbonyl)-4,4’-dinitrobiphenyl (7)° and the corresponding
phenyl derivative compounds 8 and 9 could be isolated.
Reductive amination of the nitro groups gave rise to the cor-
responding dimethylamino ligands 1 and 2, respectively,
almost with quantitative yields. On the other hand, direct
reaction between 4,4’-bis(dimethylamino)-2,2'-bis(chloro-
methyl)biphenyl (10)” and the corresponding chains gave
rise to 3 and 4.

To carry out the syntheses described above, compound 5 was
prepared from catechol as is described in the literature.'®
The synthesis of 6 was accomplished from o-N,N'-dimethyl-
phenylenediamine!! by alkylation with 2-[2-chloroethoxy]-
ethanol (Scheme 2).

Me
l
N OH
@NHMG K,CO4/DMF, Nal C[ \/\O/\/
NHMe Cl\/\o/\/OH N/\/o\/\OH
Me 6

Scheme 2.

2.2. Complexation studies

Due to the presence of the TMB moiety in the prepared li-
gands, they present fluorescent properties. The influence of
the cyclic systems directly bound to the 2,2" positions of
the TMB gives rise to the expected changes in the emission
bands.'> Thus, 1 and 2 present the emission band at
Amax=487 and 481 nm, respectively, whereas both 3 and 4
show values of 372 nm.

coo o X
O L\
8X=0

NO;

Hy, Pd(C) 10%
EtOH, CH,0 30%

1X=0
2 X=N-CH,

~
CcoO0 © x@

NO,  9X=N-CH

3X=0
4 X=N-CH,

Complexation experiments were carried out in CH;CN with
solutions of Zn?*, Cd>*, Pb?*, Ni%*, Hg?* as triflate salts. The
results obtained with ligands 1, 2 and 4 and all the studied
cations were very similar, since a quenching of the fluores-
cence was observed after the salt addition (results obtained
for ligand 4 are reflected in Fig. 1, as an example; for the
other ligands, refer to Supplementary data). This behaviour
could be due not only to the presence of the transition metal
cation in the solution,' but also to the modifications in the
dihedral angle between both aromatic rings or the conforma-
tional restriction induced by the complexation event.'*

By contrast ligand 3 showed a more interesting behaviour
when complexation experiments were carried out with the
studied salts. Thus, even though all the cations are com-
plexed by the ligand the fluorescent properties in each case
were different. Three types of fluorescent behaviours were
observed with this ligand (Fig. 2 for Zn?**, Cd** and Hg>*
and Supplementary data for Ni** and Pb>*) the most interest-
ing result being those obtained with Hg?*. In the presence of
this cation a new band at A=464 nm that could be attributed
to the formation of intermolecular excimers!>!? appears.
Oppositely, Cd** and Ni** did not give rise to any modifica-
tion of the fluorescence and the intensity of the new band
was very small in the presence of Zn>* and Pb>*.

The different behaviour observed in the presence of Hg?*
makes compound 3 able to act as a selective fluorescent sen-
sor for this cation. As Zn?*, Cd** and Hg?* have the same
electronic configuration, selectivity experiments were

700
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400
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300 350 400 450 500
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Figure 1. Fluorescent response of ligand 4 in CH3CN in the presence of
1 equiv of Ni**, Hg?*, Zn**, Cd** and Pb*" as triflate salts.
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Figure 2. (From left to right) Complexation experiments with ligand 3 in CH3CN with Hg2+, Cd** and Zn*", all of them as triflate salts.

carried out with an equimolecular mixture of these three cat-
ions. The results obtained with the mixture were the same
observed in the presence of pure Hg?* samples (Fig. 3).

Titration experiments with the different cations using fluo-
rescence showed that the stoichiometries of the formed
complexes were always 1:1 (see Supplementary data). Com-
plexation constants for these complexes were determined as
described in Section 4 and they are reflected in Table 1.

The values of the complexation constants suggest that substi-
tution of the ester groups for the corresponding ether groups
gives rise to very small changes in Ni>* and Zn>* complex-
ation and slightly larger in Cd** complexation. On the other
hand, complexation of Hg?* and Pb** was stronger with 3
(log K=6.84+0.4 and 6.240.2, respectively) than with 1
(log K=5.640.2 and 5.340.1, respectively) but shows the
opposite tendency when 2 (log K=6.3+£0.4 and 6.2+0.2,
respectively) and 4 (log K=4.9£0.2 and 5.9£0.1, respec-
tively) were compared. When complexation constants with
ligands 3 and 4 were compared it was observed that substi-
tution of oxygen by nitrogen atoms gives rise to stronger
complexes with Ni>* and Cd** and keeping similar strength
with Zn*. The opposite behaviour was observed with Pb>*
and even more with Hg?*. This behaviour agrees with both
the preference of Hg?* for being complexated by crown ether

300
—— Hg(ll)
250 A —— Cd(ll)
—— Zn(ll)
200 1 —a— Pb(ll)
150 —— Ni(ll)
100 -
50 -
0 . . .
0 0.5 1 15 2

Figure 3. Effect of 1equiv of metal ions on the emission at 470 nm
for solutions of 3 (3.0x 1073 M) in acetonitrile.

Table 1. Complexation constants (log K) for ligands 1-4 in acetonitrile
determined by fluorescence titrations

Ni2* 72 cdzt Hg®* Pb2*

1 5.1£0.5 5.9+0.3 5.8£0.2 5.6+0.2 5.3+0.1
2 6.1+£0.4 5.8+0.3 5.4+0.3 6.3£0.4 6.2+0.2
3 5.7£0.5 5.9+0.2 5.7£0.2 6.8+£0.4 6.2+0.2
4 6.9+0.3 5.6+0.2 7.0£0.5 4.9+0.2 5.9+0.1

containing six oxygen atoms'® and the usual coordination
properties in divalent lead complexes.!”

2.3. Extraction experiments

Extraction experiments were carried out with ligands 2, 4, 8
and 9 that were chosen to study the influence of different
functional groups in extraction ability. Thus, comparison be-
tween ligands 2 and 4 results allows knowing the influence
that ester or ether groups have in extraction properties.
The preliminary extraction experiments were carried out
with alkaline cations as their picrate salts. Extraction con-
stants for these ligands determined by using the Cram’s
method are shown in Table 2.'8

As can be seen in Figure 4 substitution of ester by ether
groups gives rise to a big increase of the extraction proper-
ties. This behaviour could be related to two factors: (a) the
higher flexibility and size showed by the cavity and (b) the
much more donor character of the ether oxygen atom. Com-
parison between ligands 2 and 9 demonstrates that the type
of substitution in the biphenyl moiety has a very small influ-
ence on extraction of Li* and Na*. However, larger effects
were observed with Cs* and even more with K*. Thus the
extraction constants for these cations were around 20 and
10 times higher, respectively, when ligand 9 was used.
One explanation to this fact can be found in the higher

Table 2. —log K. (water/chloroform) determined by using Cram’s method

2 4 8 9
Li* 2.46 477 476 2.83
Na* 2.38 4.75 4.66 2.75
K" 2.77 5.19 452 4.05
Cs* 2.13 3.79 4.13 3.22

All the salts were picrates.

160000 -
140000 - = Na
120000 - B K
100000 - B Cs

< 80000 A

60000 -
40000 -

20000
p=_=—4

O Li

Ligand

Figure 4. Comparison of alkaline cation extraction (water/chloroform) with
ligands 2, 4, 8 and 9.
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lipophilic character of the nitro group, which is an important
point for the extraction properties.

Finally, comparison between ligands 8 and 9 indicates that
substitution of nitrogen atoms by oxygen atoms give rise
to higher extraction, which can be related to the hard charac-
ter of the alkaline cations that make stronger interactions
with the harder oxygen atoms than the softer nitrogen atoms.
In addition, ligand 4 extracts preferably K* that agrees with
the relation cavity size/cation radium. By contrast, both
ligands 8 and 9 show a small K* extraction that could be
related to the smaller cavity of this ligand due to the presence
of the two ester groups. As it is shown in Figure 4, extraction
of Li* by ligands 4 and 8 is very similar. The small size of
this cation allows it to form strong complexes using only
four oxygen atoms. For this reason it fits as well in ligand
4 as in ligand 8.

2.4. Electrochemical experiments

The electrochemical response of compound 4 in MeCN
solution has been studied, as well as the electrochemistry
of such macrocyclic receptor in the presence of an excess
of different metal ions, namely, Li*, Na*, K*, Mg?*, Ca**,
Ba?*, Ni?* and Zn?*. The electrochemical response at glassy
carbon and platinum electrodes is dominated by two succes-
sive one-electron-transfer processes involving the oxidation
of the diaminobiphenyl moiety above +1.0 V versus AgCl/
Ag. The obtained results were compared with those previ-
ously reported for ligand 117 (Chart 2) and the correspond-
ing potential data are shown in Table 3.

As shown in Figure 5, corresponding to a 10~ mM solution
of 11 in 0.10 M BuyNPFs/MeCN, the CV response of that
receptor at platinum electrode consists of three overlapped
anodic peaks at +0.74 (Ia), +0.92 (Ila), and +1.09 V (Illa)
coupled with their cathodic counterparts at +0.72 (Ic),
+0.84 (IIc). The voltammetric profile varies slowly with
the potential scan rate and remains essentially identical for

NMe;
(Ol e
0 O
o o\ 7/
O /
1
NMe,

Chart 2.

Table 3. Peak potential data in V versus AgCl/Ag for ligands 4 and 11 in
MeCN solution (0.10 M BuyNPFg)

Ligand Anodic peaks Cathodic peaks
Ia Ila LI Ic Ilc IlIc

4 +0.62 +0.91 — +0.51 +0.74 —
4+K* +0.58  +0.82 — +0.49 4067 —
4+Zn** +0.85 +1.02 +0.75 +0.96
4+Cd* +0.88 +1.04 +0.85 0.99
11 +0.74 +0.92 +1.09 +0.72 +0.84 —
11+Zn** +0.81 — +0.72 —
11+Cd** +0.86 — +0.77 —

From CVs at 100 mV/s at platinum electrode.

+0.4 +1.0 +1.6
Potential (V)

Potential (V}

Figure 5. CVs of (a) a 2.0 mM 11 solution in 0.10 M BuyNPF¢/MeCN. (b)
A 2.0mM 4 solution in 0.10 M BuyNPF¢/MeCN. Potential scan rate
100 mV/s.

experiments performed at glassy carbon electrodes, thus
denoting that no adsorption processes occur. The voltammet-
ric behaviour at platinum and glassy electrodes in DMSO
solutions was almost identical to that described in MeCN.
All three pairs Ia/lc, Ila/Ilc and Ila/Illc, can be described
as essentially reversible one-electron-transfer processes as
judged by the variation of anodic-to-cathodic peak potential
separation with the potential scan rate, E,,—E,.. The value
of this parameter tends to 60 mV at low sweep rates, as ex-
pected for a one-electron reversible process. The response
of this bis(dimethylamino)biphenyl-containing receptor is
consistent with that reported for the oxidation of aromatic
compounds.19 Thus, the parent neutral ligand, L, is revers-
ibly oxidized to the corresponding radical cation L™* and a
dication, L?*, in two successive one-electron-transfer steps.
Consistently, the value of the peak current function (peak
current/(sweep rate)'’?) determined for the receptors studied
here was almost identical to that reported for different biphe-
nyl-type receptors at the same concentration. These corre-
spond to the Ia/lc and Ila/llc couples. The presence of an
additional couple IIa/IIlc is rationalized taking into account
that the overall oxidation process is accompanied by a signif-
icant stereochemical modification: there is a transition from
the dihedral neutral molecule, to the planar dication. Ac-
cordingly, the first electron-transfer step yields a nonplanar
cation radical (L'") that undergoes to some extent a relatively
slow pre-organization process.?’ Under similar conditions,
ligand 4 shows the Ia/Ic (0.62 V) and Ia/Ilc (0.91 V) cou-
ples but not the pair IIla/