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Despite the large number of elaborate enantioselective syntheses for the preparation of a single
enantiomer to achieve industrial and scientific goals, the separation and purification of enantiomers
(components of racemic compounds) is also necessary. Hence, we present the most often used
thought-provoking modern methods based on momentous recognitions (e.g. spontaneous resolution,
induced crystallization, resolution by formation of diastereomers, resolution by formation of
non-covalent diastereomers, resolution by diastereomeric salt formation, resolution by diastereomeric
complex formation, “half equivalent” methods of resolution, separation by crystallization, separation
by distillation, separation by supercritical fluid extraction, resolution with mixtures of resolving agents,
resolution with a derivative of the target compound, enantioselective chromatography, resolution by
formation of covalent diastereomers, resolution by substrate selective reaction, kinetic resolution
without enzymes, kinetic resolution by enzyme catalysis, hydrolytic and redox enzymes, kinetic and
thermodynamic control, resolutions combined with 2nd order asymmetric transformations, enrichment
of partially resolved mixtures, role of the solvent and methods of optimization in the separation of
diastereoisomers, non-linear effects and selected examples of resolution on an industrial scale).
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1 : 1 mixture of enantiomers. Resolution may serve several
purposes:

(i) structural studies: Pasteur’s resolution experiments (1853)*
paved the way for the discovery of the tetrahedral orientation
of the valencies of carbon (van’t Hoff and Le Bel, 1874).2> Re-
solvability of compounds such as R'R*R*R*N* type ammonium
salts and R'R*R*P type phosphines provided information about
the configurational stability of such compounds. Racemization
rates of atropisomers permits a rough estimation of the bulk of
substituents in the ortho position to the aryl-aryl bond,

(i1) mechanistic studies: optically active compounds are power-
ful tools in the elucidation of the stereochemistry of reactions,
especially in biochemistry. E.g. the inversion of configuration
in Sy2 reactions was recognized by comparing the rate of
racemization and isotope exchange of 2-iodooctane by Hughes
and Ingold,*

(1ii) study of the biological activity of the individual enantiomers
of chiral compounds.

(iv) separation of active and inactive (possibly harmful) enan-
tiomers of chiral commercial products, foremost of drugs and
pesticides. Nowadays the chances for registration of a new chiral
drug in its racemic form are slim. Among chiral drugs approved
by the FDA in 2003 more than 80% were single enantiomers.

Preparation of synthetic L-amino acids as food supplements is
also an important application.

1.1 History of resolution methods

The first ever resolution (in fact a kinetic resolution) was carried
out by Louis Pasteur in 1848. He digested racemic tartaric acid
with the mold Penicillium glaucum and observed that the unnatural
S,S enantiomer remained unchanged. The first resolution by
diastereomeric salt formation was also realized by him: he
obtained (R,R)-tartaric acid from the racemate via its salt with
(R,R)-quinotoxine.

Non-enzymatic kinetic resolution was discovered by Marckwald
and McKenzie in 1899,% but this approach did not acquire much
practical importance for several decades. In the same year Pope
and Peachey described the “half equivalent” method* which, in
numerous variations, remaines up to this day one of the most
economic methods of resolution. Breathtaking advance in enan-
tioselective synthesis and the advent of chiral chromatography in
the last three decades may suggest that preparation of optically
pure compounds by resolution may be obsolete, but on a large
scale it still is one of the cost effective approaches, if not the most.

3012 | Org. Biomol. Chem., 2006, 4, 3011-3030
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Absolute asymmetric synthesis, i.e. the production of non-
racemic mixtures without a chiral aid is of high theoretical
importance, first of all regarding the origin of chirality of
biomolecules, but has not achieved any practical importance yet.>”’

1.2 Resolution and stereoselective synthesis

Two main categories of selective transformation can be
distinguished:?® (i) substrate selectivity, when selection affects two
(or even more) substrates and (ii) product selectivity, when a single
substrate is transformed into more than one product. Resolution
is typically a substrate selective process, the substrates being the
enantiomers, while stereoselective syntheses are product selective
transformations.

Since enantiomers are identical in all of their scalar properties,
selection between them requires a non-racemic chiral tool (reagent,
catalyst, medium, etc.) to elicit a diastereomeric, i.e. non-mirror
image, interaction with the components of the racemate.

2 Spontaneous resolution, induced crystallization

From a supersaturated solution of a conglomerate forming
racemate one of the enantiomers may crystallize in high purity
spontaneously or on seeding with the same enantiomer (preferen-
tial crystallization). The remaining solution contains an excess of
the other enantiomer, which can be crystallized after concentration
of the solution and repeated seeding. The process is laborious,
and needs optimization and careful control of conditions. The
principle of diastereomeric interaction is not violated even in this
case, because interaction of the second molecule with the seed
molecule of the crystal is of a diastereomeric nature for the two
enantiomers.

Resolution by preferential crystallization was used in the
manufacture of chloramphenicol,” L-dopa,' and (—)-menthol."
The latter was resolved as its benzoate, which crystallizes as a
conglomerate.

A precursor of the 1,5-benzothiazepin type calcium channel
blocker diltiazem, of which only one of its four stereoisomers
is active, could be resolved by alternate crystallization of the 3-
amino-4-hydroxybenzenesulfonic acid salt of its cis diastereomer. '
However in the manufacturing of diltiazem probably resolution
with 0.5 eq. of (S)-naproxen is used."

The method becomes more attractive when induced crystalliza-
tion of one of the enantiomers is accompanied by spontaneous
racemization thereby causing the total transformation of the
racemate to a single enantiomer. Of the several examples, that of
naproxene ethylamine salt may be mentioned giving >90% yield
of one of its enantiomers.**

3. Resolution by formation of diastereomers

The essence of resolution is the differential interaction of the
components of a racemic mixture with the single enantiomer of
a chiral compound, ie. the resolving agent, to form a pair of
diastereomers, which have then to be separated by achiral methods.
Finally the pure diastereomers have to be decomposed to yield
the pure enantiomers and the resolving agent. In the following
some noteworthy examples, both old and recent, of resolutions by
diastereomer separation will be presented.

Table 1 Resolution of some o,B-unsaturated amines with (S)-2,3-
isopropylideneglycerol hemiphthalate

Racemate Yield (%) ee (%) E (%)
NH 80.2 >99 82
Ph/&/
NH 62.9 >99 72
Ph/\\\
N 41.8 98 44
O/kMe
NH, 37.7 96.5 39
e
NH, Me 0 0 0

of

3.1 Resolution by formation of non-covalent diastereomers

Conversion of a racemate with a single enantiomer of another
chiral compound to a mixture of two diastereomers, followed by
separation of the latter is the most often used method of resolution.
This involves, with acidic or basic substrates, salt formation,'
while with neutral racemates the usually less efficient complex
formation can be applied. The design of resolving agents seems to
be possible by crystal engineering.'®

3.1.1 Resolution by diastereomeric salt formation.

3.1.1.1 Resolution of racemic bases. This method seems to be
antediluvian, but is still the most popular for the resolution of
bases. Dibenzoyl tartaric acid (DBTA) and di-p-toluoyl tartaric
acid (DPTA)Y are often used to separate chiral bases. An
intermediate of the potent anticancer agent flavopyridol was
resolved with (R,R)-DBTA."™ cis-1-Amino-2-indanol, an inter-
mediate for indinavir, was resolved with (S)-phenylpropionic
acid,” 3-methylamino-1-(2-thienyl)propan-1-ol, an intermediate
for duloxetine, was resolved with (S)-mandelic acid.?®

Optimum conditions for the resolution of N-methylamphe-
tamine with DPTA (molar ratio, solvent, etc.) were elaborated."”
A similar investigation involving N-acetyl-phenylalanine as the
resolving agent for a series of benzodiazepins was recently
reported.*!

Camphorsulfonic acid was the resolving agent for a metabolite
[1-(3-hydroxy-4-methylphenyl)-2-methyl-3-(1-piperidyl)-propan-
1-one] of tolperisone.? Tolperisone enantiomers show different
biological profiles: while the R enantiomer is a bronchodilator,
the S enantiomer is a central muscle relaxant.

(1R)-3-Bromocamphor-8-sulfonic acid [(R)-BRCS] is also an
efficient resolving agent e.g. for a tetrahydroquinoline intermediate
of the antibacterial agent flumequine.®

Resolution of f,y-unsaturated amines with (S)-2,3-
isopropylideneglycerol hemiphthalate is remarkable in that
the chiral center of the resolving agent is separated by six bonds
from the carboxyl group (Table 1).** A failure to resolve the
saturated analogues of some of the substrates indicates a role of
a,B-unsaturation in resolvability.

This journal is © The Royal Society of Chemistry 2006
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tert-Butylphenylphosphine oxide, a P-chiral compound, was
resolved with (S)-mandelic acid [(S)-MA] (Fig. 1).»

Ph
LowH (SYMA o tBUPhPO(S)}MA + (S)tBuPhPO(S)-MA

PY
By o O

(+)-tBuPhPO

lKZCO3/HZO lK2003/H20
(S)-tBuPhPO (R)-tBuPhPO
y: 28% y: 52%
ee: 98.7% ee: 39.4%

Fig. 1 Resolution of fert-butylphenylphosphine oxide (rBuPhPQO) with
(S)-mandelic acid [(S)-MA].

3.1.1.2  Resolution of racemic acids. 1-Phenylethylamine
(PEA) is one of the standard resolving agents for acids,
among others for 3-phenyl-1-methyallenecarboxylic acid,® tert-
butyl(phenyl)phosphanylthioic acid*” and a ferrocenecarboxylic
acid,”® while 1,1’-binaphthyl-2,2’-dicarboxylic acid could be re-
solved with (R)-1-cyclohexyl-ethylamine.”

(1R,2S)-ephedrine (0.5 eq.) was used for the resolution of a
racemic cyclopentene dicarboxylic acid.*

Resolution of dec-7-ene-d-lactone (jasmine lactone) (as
the Na-salt of the corresponding acid) with (1S,2R)-
diphenylethanolamine is an example of a marked solvent effect,
ironically water was found to be the best.*

The relatively inexpensive alkaloids quinine, cinchonine (CH),
cinchonidine (CD) and brucine were often used to resolve racemic
acids.*> Cinchonine (CH) resolved a racemic phosphonic acid*®
(Fig. 2), while cinchonidine (CD) was used to resolve two 2-
aryloxycarboxylic acids.3* The (2-methylsulfinyl)phenyl phospho-
nicesters (TPhA) have chirogenic centers both at the Pand S atoms.
The doubly diastereomeric cinchonine salts of the monoester
(TPhA, R = H) in which both P and S are chiral centers were
separated by crystallization followed by reesterification, which
destroyed the chirality at the P center, giving the pure (+)- and
(—)-TPhA.

R

3,5-Me2PhNH(IT‘CH2@O/§CO2H

o
R =Me, Et

ArOAc

Fig.2 Starting materials of the resolution (TPhA and ArOAc as racemic
compounds, CH and CD, respectively, as resolving agents).

3.1.2 Resolution by diastereomeric complex formation. Enan-
tioselective molecular complex formation between a resolving
agent and one enantiomer of the racemate has often been exploited
for resolution, especially for racemates which are not amenable to
salt formation.

Racemic unsaturated hydrocarbons could be resolved by host—
guest complexation with a diol [(R,R)-HDN] synthesized from
tartaric acid (Fig. 3).* Although results seem to be rather poor,
note that methods for the resolution of hydrocarbons are quite
rare.

Some volatile chiral alcohols could be resolved by enantios-
elective inclusion complex formation using the bis-ketals BKS

o b &

(R,R)-HDN CHN BCND CHPN
Guest Yield* | [o],” ee*
CHN (R = 3-Me) 66 —66" 75
CHN (R = 4-Me) 55 +31° 33
CHN (R = 4-vinyl) 73 -12° 28
BCDN (R =H) 90 -16° i
CHPN (R =H) 48 -28° 56
CHPN (R=CI) 42 +15° —HEE

*After two recrystallizations. **Absolute configurations unknown.***Not determined.

Fig. 3 Resolution of some hydrocarbons by enantioselective inclusion
complex formation with an optically active host compound [(R,R)-HDN].

and BKA derived from (R,R)-tartaric acid (Fig. 4). The racemic
alcohols were mixed neat or with some toluene with the resolving
agent, which selectively complexed one enantiomer, while the
other one was let to evaporate. After recrystallization and thermal
decomposition enantiopure alcohols were obtained in low to
moderate yields (5-34%).*¢ In the case of 2-hydroxypropionitril
enantioselective complexation required the incorporation of one
molecule of toluene.

Z Me.__CN
S Ph Qo Ph Me\s/ Y
o0 oH o\>+ph &
HO><,: OH P °© OH oH
o o, HO 3 Et__CH,OH BUYMe
K HoofNp, P OH Y
Ph Ph

Me OH
BKS BKA

Fig. 4 Host compounds (BKS and BKA) derived from (R,R)-tartaric
acid and some racemic alcohols resolved by enantioselective inclusion
complexation.

0,0'-Dibenzoyl-(R,R)-tartaric acid [(R,R)-DBTA] forms solid
molecular complexes with chiral alcohols in hexane. Although
enantioselectivity is modest to low, the method deserves attention
since the choice of resolution methods for alcohols is rather
limited. Out of 22 alcohols enantioselective complexation was
observed for 13, with ee values and yields in the range of 6-83% and
11-91% respectively.’*® Complexation of a racemic 3 : 2 mixture of
trans- and cis-2-methylcyclohexanols with (R,R)-DBTA in hexane
resulted both in a shift of the frams : cis ratio and in modest
resolution (ee 8-42%).%

N-Benzyl cinchoninium chloride (BnCH) forms a crystalline
molecular complex of very high diastereomeric purity with (R)-
1,1-bi-2-naphthol [(R)-BINOL] while the S enantiomer stays in
solution (Fig. 5).%

Using the same technique 2-amino-2'-hydroxy-1,1’-binaphthyl
was resolved with N-benzyl cinchonidium chloride, i.e. the quasi
enantiomer of BnCH, to give the R enantiomer in 88% yield (ee:
>99%) and the S enantiomer in 85% yield (ee: >99%).4

(R)- or (S)-1,1'-bi-2-naphthol (BINOL) itself can effect reso-
lution by inclusion complex formation.** This was the method of
choice for the resolution of a sulfoxide, namely the gastric secretion
inhibitor omeprazole (OPR). Interestingly here it was a large
excess of the chiral complexant which gave the best results (Fig. 6).
The (R)-sulfoxide was selectively enclosed, while the S enantiomer
could be recovered by washing the complex with diethyl ether.

3014 | Org. Biomol. Chem., 2006, 4, 3011-3030
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(+)-BINOL + BnCD (0.6 eq.) — (R)-BINOL'BnCD + (S)-BINOL

l y: 76%, ee: 99% g ‘ OH
(R)-BINOL

y: 80%, ee: 99%

I,

R = H: (R)-BINOL
R = NHy: (R)-ABN

X = OH, Y = H (BnCH)
X =H, Y = OH (BnCD)

Fig.5 Resolution of (£)-1,1’-bi-2-naphthol [(£)-BINOL] with N-benzyl cinchoninium chloride (BnCH).

+)}-OPR + (R)}-BINOL (1.5 ¢eq.) benze“e (R)-OPR.(R)-BINOL + (S)-OPR
Z N
| o\ l .
A SiO,
O'V'e (R-OPR
¥:92%, ee: 90%
(+)-OPR

Fig. 6 Resolution of a sulfoxide by inclusion complex formation with
(R)-BINOL as chiral host.

In optical resolution of chiral amino acids with chiral 18-
crown-6 tetracarboxylic acid, the (+)-18CsH, took very similar
conformations for all complexes*

Chiral sulfoxides were resolved by enantioselective inclusion
complex formation with dehydrocholic acid (Fig. 7).* Except for
R = H, the predominant configuration of the included sulfoxide
was R. After complexation, carried out in melt or in an ether
solution, the uncomplexed enantiomer was washed out with ether,
followed by decomposition of the complex with aqueous NaHCO,
solution.

Me,
O (CH3)2CO,H
Me

Me

Z
o} 0o

DCHA

R =H, Me, MeO,Cl, Br
ee: 48 - >99

Fig. 7 Resolution of aryl methyl sulfoxides by inclusion complex
formation with dehydrocholic acid (DCHA).

Resolution can even be achieved by forming salts with inexpen-
sive calcium oxide. E.g. O,0'-dibenzoyl tartaric acid (DBTA) of
very low ee (5-15%) can be resolved by induced crystallization of
its mixed calcium salt formed with methoxyacetic acid. This salt
forms conglomerate type crystals and seeding of the solution with
the salt prepared from pure (R,R)-DBTA induces crystallization
of a salt of identical chirality in 90% ee and 12% yield (Fig. 8).%

2DBTA CaO, MeOCH,CO,H

Seeding of the mother liquor with the salt of (S,S)-DBTA produces
an equal amount of the antipode. Owing to the ready availability
of tartaric acid enantiomers this experiment is only of theoretical
interest.

Coordinative complex formation involving calcium ions has
also been used to resolve 3-methoxypropionic acid and tetrahy-
drofuroic acid.* When to a solution of the neutral calcium salt
of (R,R)-DBTA in ethanol the racemic acids were added, mixed
salts precipitated, which, albeit after several recrystallizations, gave
the corresponding acids in higher enantiomeric purity than by
conventional resolutions with a chiral base.

The method can also be applied to resolve mandelic acid esters
(Fig. 9). Yields and optical purities can be high. Adding some
water improves yields and ee values with the ethyl, benzyl and
2-phenylethyl esters. The process is illustrated in Fig. 9 for ethyl
mandelate. Predominant configuration, yield and enantiomeric
purity is much dependent on conditions (medium, additive, solvent
for recrystallization). E.g. with methyl mandelate the R ester was
obtained with ee > 99% and 83% yield, while the benzyl ester
in toluene-acetone gave the S product with very low ee, in ethyl
acetate—ethanol, in turn, the R enantiomer was obtained in high
enantiomeric purity (ee 87%) but in low yield (42%).

Ca?*[(R.R)-DBTAT, (0.6 €q) + (+)-PhCH(OH)CO,Et + EtOAC + H,0 —>

Ca*[(S)-PhCH(OH)CO.Et[(R,R)}-DBTA T H,0 + (R)-PhCH(OH)CO,EL

1 1) recrystallization
(EtOH+EtOAC)
2) decomposition

(S)-PhCH(OH)CO,Et
y: 74%, ee:>99%

Fig. 9 Resolution of mandelic acid esters by coordination with the
calcium salt of (R,R)-DBTA.

Formation of crystalline diastereomeric complexes with opti-
cally active organometallics offers another powerful method of
resolution. In this way one can even resolve a base with another
base asillustrated in Fig. 10.%4° A special interest of this example is
that the secondary amine group in the palladium complex becomes
tetracoordinated and represents an unusual center of chirality.

(0.26 eq.)

eep: 5-15%

EtOH, H,0

[(R,R)-DBTA“MeOCH,CO, |Ca?*+2H,0 + (S,S)-DBTA > (R,R)-DBTA

ee: 90%

Fig.8 Resolution of racemic O,0'-dibenzoyl tartaric acid (DBTA) of low optical purity by partial calcium complex formation and induced crystallization.

This journal is © The Royal Society of Chemistry 2006
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Me

\ iPr
NoH  HoN  NHp
A 1) MeOH

c|j el Ph ph2) recryst. MeCN (2x)

_'Pd (#)-syn
|Pr5 N
H N

Me

,iPr
N-H H2N NH2
pd 1) 1 N HCI, CH,Cl, \_<
S 2) KOH/H,0 PH
HoN NH, Ph
\ (S,S)-syn
Ph Ph | cr

y: 66%, de:>98%

Fig. 10 Resolution of (+)-syn-1,2-diphenyl-1,2-ethanediamine with an N-chiral dimeric arylpalladium complex.

3.1.3 “Half equivalent” methods of resolution. Since even the
cheapest resolving agent is relatively expensive for resolutions on a
larger scale it is desirable to substitute part of it with an inorganic
acid or base. The method was first proposed by Pope and Peachey
who resolved 2-methyltetrahydroquinoline as the hydrochloride
with 0.5 eq. of the ammonium salt of (+)-3-bromocamphor-8-
sulfonic acid.* In such a system the solubility of the less soluble
diastereomeric salt remains practically unchanged, while the other
enantiomer is present as an inorganic salt, which is usually more
soluble than salts with a bulky resolving agent. The method is
of course only applicable to resolution of acids or bases. Its
theoretical basis has been elaborated in several papers®®* and
a monograph.>*

3.1.3.1 Separation by crystallization. A combination of the
half equivalent method and repeated resolution is shown in
Fig. 11.5 2-Amino-1-phenylethanol, a starting material for an-
tidiabetic drugs, was resolved with 0.25 eq. of (R,R)-DPTA in
aq. isopropanol giving the R enantiomer in 62% yield and ee >
99%.%¢ trans-2-Methylaminocyclohexanol was resolved with the
same technique also with (R,R)-DPTA.*’

NH
(SMA(050q (SFSPOH(SMA™  (R-SPO
Swo T MeoN \crysotalsl ot [solution]
(+)-SPO y:60-70% ee>99% o
B (0.5eq)

(R)-SPOH*(R)-MA"

y: 60-70% ee:>99%
Fig. 11 Resolution of a sulfoxide with half eq. of (S)-mandelic acid (MA)
followed by treatment of the mother liquor with (R)-mandelic acid.

3.1.3.2  Separation by distillation. Direct enantiomer separa-
tion can be achieved by distillation or fractionated distillation of
a mixture of the racemate and a suitable resolving agent applied
in less than equivalent amount.

Earlier it was shown that racemic unsaturated hydrocarbons can
be resolved by complexation (Fig. 3).* One of the enantiomers
preferably precipitates as a complex, while the other remains in

solution. The substrate is then liberated from the solid complex
by heating. Selectivity, however, is generally poor.

With distillable compounds, such as e.g. 1-phenylethylamine
(PEA), the process can be simplified in such a way that the
racemate is mixed with somewhat more than 0.5 eq. of a
chiral agent followed by fractional distillation of the mixture.
This method was applied for the separation of 2-amino-3-
phenylpropane (amphetamine, AA) enantiomers. Seebach’s ligand
(SL) (0.52-0.66 eq.) forms a complex with the R-amine, while the
S enantiomer can be distilled off. On further heating the complex
decomposes and (R)-amphetamine can be recovered as the second
fraction (Fig. 12).%8

The optical purity of the product depends on the molar ratio
of the components and whether or not an intermediate fraction is
collected at the expense of yield.

Another example of the resolution of amines by fractional
distillation is using 0.5 molar eq. of DBTA and its p-toluyl
analogue DTTA.® On distillation the residue is mainly the more
stable diasteromeric salt, while the distillate contains the other
enantiomer in excess (Fig. 13). High ee values can be realized by
repeating the procedure. Some amines resolved by this method
and ee values after repeated resolution are shown in Fig. 13.

PhCH, Me D%
M OH N
e&/\ Y /“‘-Kv . R
NH, NHR |
e6: 41.8% Me

R =H, ee: 46.4%
R = Me, ee: 93.5%

: 85%
06:85% R = CH,OH, ee: 28.3%

R =CO,Me, ee: 47.1%

Fig. 13 Resolution of volatile amines with tartaric acid (TA) and its
0,0'-dibenzoyl and O,0'-di-4-toluyl derivatives (DBTA and DTTA) by
the distillation method.

Diastereoisomeric salt formation may also be combined with
distillation as shown in Fig. 14.® The hemiphthalide of (R)-1-
phenylethylamine (0.5 eq.) was added to (4)-3-phenylpropylamine
[(£)-PhPA]. First the free amine enriched in the R enantiomer dis-
tilled off, then on raising the temperature, the amide decomposed
and the other enantiomer could be recovered too.

3.1.3.3 Separation by supercritical fluid extraction. The find-
ing that non-racemic products can be obtained from mixtures of

(+)-AA + (R R)-SL — b (RLAA(RR)-SL + (S)}-AA Me

| residue | | distillate-| | PhCHz/L“ NH,

Y. 33-44% (+)-AA
t2 ee: 65-88%
(R-AA  + (RR)-SL
[distillate-2] [ residue | (RR)-SL
y: 47-52%
ee: 44-62%

Fig. 12

Resolution of amphetamine (AA) by fractionated distillation using Seebach’s ligand [(R,R)-SL] as the complexant.
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P Me
PhCH, Me
NHC + Y 1) CH,Cl,, 2) evaporation
g COM NH, 3) distillation at 0.1 mmHg
Pht-(R)-PEA (+)-PhPA

Pht-(R)-PEA™(S)-PhPAH" + (R)-PhPA

distillate
v 68%

0.1 Hgmm ee: 48%

o (S)-PhPA
y: 42%

N < ee: 37%

Fig. 14 Resolution of 3-phenyl-2-aminopropane using distillation at two
temperatures.

free enantiomers and diastereomers by distribution between a solid
and a liquid phase suggests that other methods of phase separation
would also work. Thus after diastereomeric salt formation with
0.5 eq. of a resolving agent, the free enantiomer can be removed
by extraction with a supercritical fluid, typically carbon dioxide.

As compared to traditional procedures this method sometimes
gives better results for racemic acids even with the same resolving
agent (Fig. 15). Separation is much influenced by reaction
conditions,* and the design of the apparatus. Selectivity improves
at higher pressures and temperatures. Resolution of a series of
cyclopropane carboxylic acids and of ibuprofen (IPF) is shown in
Fig. 15 and Table 2.6

Racemic bases e.g. the anthelmintic tetramisole have also been
separated by supercritical fluid extraction® of its partial salt with
(R,R)-DBTA. Note that in this case the best results were realized
with 0.25-0.35 eq. of the resolving agent. As usual, yields and
optical purity were in an inverse relationship.

Me CO,H ¢ CO,H
Me,
Mé Me C>Z\A<Me o
Me Me M
(1R)-cis-CHRA (1R)-cis-PMA

COH

(1R)-trans-CHRA

The resolution of N-methylamphetamine with (R,R)-DBTA was
optimized regarding the molar ratio of racemate and resolving
agent and at a ratio of ~0.25 ee’s of 85 and 83% was realized
in the extract and the raffinate respectively (yields: 47 and
48%).%* Similar results were reported for the resolution of trans-2-
chlorocyclohexanol by complexation with (R,R)-DBTA followed
by extraction with supercritical carbon dioxide.®

If high cost of the equipment was not a severe limitation,
supercritical extraction would be one of the simplest separation
methods.

3.1.3.4 Resolution in a system of immiscible solvents. Enan-
tiomer separation is also possible without crystallization using a
pair of immiscible solvents based on the different solubility of
diastereomeric salts and the free substrate.

A special method for enantiomer separation is reacting the
racemic mixture with 0.5 eq. of the resolving agent in two
immiscible solvents, one of which dissolves the free enantiomer,
while the other one dissolves the diastereoisomers.®® Such a
procedure is shown in Fig. 16. Note that the concentration of

®
. benzeneMH,O . 2n i+
2 (+)-Base + (R,R}-TANa® ——————= (R)-Base™(RR)-TA“Na” + (S)-Base
(i)
ArCH, Me
NR1Rz
Base Benzene phase Aqueous phase
R, R, Ar ee % yield ee % yield
% %
H H Ph 49.3 49 49.6 48
Me | H Ph 66.1 49 65.1 49
Me | H 4-O,N-Ph_| 50.0 50 53.8 49
Me | H 4-HN-Ph | 35.2 50 484 47
Me | H 4-Br-Ph 87.1 47 >99 40
Me | HC=CCH: Ph 73.1 45 59.2 49

Fig. 16 Resolution of 3-aryl-2-aminopropane derivatives in a benzene—
water system. (i) Scheme of the procedure, (ii) experimental results.

COH

Me Me

Cl Me
Me =" Me
C 4-iBu- Ph/g\COZH

(1R)-trans-PMA (+)-IPF

PhYMe PhCHa.__Me CHOH MeCHz\rCI-hOH
] 4-O,N-Ph
NH, NHMe NHCH,Ph
(R)-PEA (S)-MPPA (R,R)-AD (S)-BAB

Fig. 15
(i) substrates, (ii) resolving agents.

Resolution of cyclopropane carboxylic acids (pyrethroid intermediates) and ibuprofen by extraction with supercritical carbon dioxide (I):

Table 2 Resolution of cyclopropane carboxylic acids (pyrethroid intermediates) and ibuprofen (IPF) by extraction with supercritical carbon dioxide

(II). E = extract, R = residue. For compound codes see Fig. 15

(R)-PEA (S)-MPPA (R,R)-AD (S)-BAB
Racemate Eee% Ree% Eee% Ree% Eee% Ree% Eee% Ree%
cis-CHRA <0.5(9S) 2.3(R) 1.8 (S) 2.6 (R) 76.1(S) 42.6 (R)
trans-CHRA 3.9(S) <0.5(R) 3.1(9) 12.7 (R)
cis-PMA 48.2 (S) 45.7 (R) 2.6 (S) 2.6 (R) 37.9(S) 16.6 (R) <0.5(S) 4.4 (R)
trans-PMA 12.8 (S) 3.4(R) 17.8 (S) 9.7(R) 32.2(8) 30.8 (R)
IPF 41.7 (S) 35.0(R) 1.5(S) <0.5(R) 14.0 (S) 11.0 (R)
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the substrate and the ratio of the solvents are not indifferent and
have to be optimized.

Fig. 17 illustrates another example of resolution in a water—
solvent system.®” Since cis-CPP forms a racemic phase and the
concentration range between the two eutectic compositions is
rather broad, on recrystallization of the optically impure primary
products the pure enantiomers appear in the mother liquors. The
racemic portion can, of course, be recycled.

CHCl3+H,0
—_—

2 (#)-cis-CPP + (R R)-DBTA (+)-Gis-CPPH'(R,R)-DBTA + (-)-cis-CPP

[crystals | [ cHel |
o H lNHAOH levaporation
N‘ (+)-cis-CPP (-)-cis-CPP
/k ee<<100% ee<<100%
3-Cl-Ph H 4 AJ\:E!CNSL (EtOH)
cis-CPP (+)-cis-CPP (#)-cis-CPP «~ % ()-cis-CPP
|mother|iq.‘ ‘ crystals | ‘ mother qu.‘
ee~100% ee~100%
y:60% y: 56%

Fig.17 Resolution process of the pyrimidine derivative cis-(+)-CPP with
0.5 eq. of (R,R)-DBTA in a system of immiscible solvents.

Occasionally addition of a third solvent, miscible with both
phases, can significantly improve selectivity. As a consequence
solubility can change significantly, which may result in much
improved optical purities (Fig. 18).%®

PhCHa_Me (R R).DBTA (0.5 eq.)

NHMe H,O - CI(CH,),Cl - MeOH
(+)-NMA

(S)-NMA(R,R)-DBTA + (R)-NMA
|crystals| ‘ CI(CH,),ClI |

Fig. 18 Optimization of the resolution of N-methylamphetamine (NMA)
with (R,R)-DBTA in a two-phase system by adding a third solvent.

3.1.4 Resolution with mixtures of resolving agents. A remark-
able variation of the classical method of diastereoisomeric salt
formation was discovered by Dutch researchers.™ In the so-
called “Dutch resolution (DR) technology” a mixture of resolving
agents with analogous structure (called families) is applied, and
the results—both in terms of enantiomeric purity and yield—
may be superior to those achieved by using any of the resolving
agents alone. This phenomenon implies a certain synergism of
the resolving agents. E.g when racemic ephedrine or another
racemic base was reacted with two of the phosphoric acids shown
in Fig. 19 (X = Ph and 4-Cl-Ph), 0.5 eq. of each, the salt of
(1S,25)-ephedrine containing both acids in equimolar amounts
precipitated. In extremis a mixture of three cognate resolving
agents in an optimized ratio was used (Fig. 19). Note that the
ratio of resolving agents is different in the precipitated salt.”

A slight increase in ee at the expense of yield was found when
some amines (N-methylamphetamine, its 4-fluoro analogue and
2-amino-1-butanol) were resolved with a mixture of tartaric acid

and its derivatives (DBTA, DPTA), instead of a single resolving
agent.”

Resolutions with several other mixtures composed of analogous
resolving agents have been explored (Fig. 20).% Interestingly
although the triads of resolving agents are applied in a 1 :
1 : 1 molar ratio, some of the components, shown boldface
in Fig. 20 are not, or only to <10%, incorporated into the
precipitating diastereomeric salt. It was assumed that the non-
incorporated component served as a nucleation inhibitor and
significant improvement of the efficiency of resolution effected by
adding only 10% of the “inhibitor” supported this hypothesis.”

M mix,: R = H, Me, Br PGA-mix: R = H, Me, OMe

NH,

PE-I-mix: R'=H, RZ Cl, Br, Me PE-lll-mix: R = Me, Et, tBu  PG-mix: R = H, Me, OMe
PE-ll-mix: R' = R?= H; R' = NO,, R?=H
R'=H,R*=NO,

o COgH

CD;H o]
T-mix: Ar = Ph, 4-Me-Ph, 4-MeOPh

Fig. 20
agents.

Mixtures of close structural analogues (families) used as resolving

Resolution of N-acetyl-™ and N-formylphenylalanine”™ with
mixtures of (S)-PEA and (R)-phenylglycine methyl ester, its amide
and benzylamine was tried with varying success. Resolution of N-
formylphenylalanine with a 1 : 1 mixture of the methyl ester and
the amide of (R)-phenylglycine and its amide and benzylamine
gave better results than any of the individual agents alone. The
precipitated salt (yield: 79%, ee: 100%) contained, however, only
the amide.”

Later it was also found™ that some racemates, which could not
be resolved with a given resolving agent in a pure state could be
separated when mixed with another racemic or achiral compound
of a similar type. E.g. pure racemic 4-hydroxyphenylglycine (HPG)
and 4-fluorophenylglycine (FPG) could not be resolved with (1.5)-
10-camphorsulfonic acid (ee < 5%), but when mixed with racemic
phenylglycine (PG) resolution for both was successful, although
yields were low (Fig. 21). It is supposed, and supported by
molecular modeling studies, that the salt of the component with
low resolution efficiency forms a solid solution with the salt of its
well resolvable partner.”

The above and other experiments are highly interesting from a
theoretical point of view but their practical value is limited.

3.1.5 Resolution with a derivative of the target compound.
Finding the optimal resolving agent for a target molecule has
become a challenging exercise owing to the continuously widening
range of commercially available resolving agents. Often, however,

UL W e @/k %(@
/ \\ / \\

X —H,CI,OMe
ratio1:1:1

ee: 99%
X =H, Cl, OMe
ratio5:5:1

Fig. 19 Resolution of 1-(3-methylphenyl)ethylamine with a mixture of three similar resolving agents.
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(+)-PG + (+}HPG (+}-CSA _ (R)-PG + (RYHPG

3 : 1 y:30.5% y: 6%
ee: 94% ee: 94%
(+)-PG + (+}-FPG (+)-CSA _ (R)-PG + (R}FPG
1 : 1 ¥:21% ¥:6.7%
ee: 85% ee: 52%
NH; Me.__Me
R HO3S o
PG:R=H
HPG: R = OH (H)-CSA
FPG:R=F

Fig. 21 Resolution of mixtures of phenylglycine (PG) and 4-hydrox-
yphenylglycine (HPG) as well as of PG and 4-fluorophenylglycine (FPG)
with (+)-10-camphorsulfonic acid [(+)-CSA].

the following short-cut can be useful: it is known that about 90% of
chiral compounds form a separate racemic phase,”” which means
that the crystals of the pure enantiomers are less stable (and, with
very few exceptions, lower melting) than those of the racemic
mixture. It can therefore be presumed that an enantiomerically
pure derivative of the compound to be resolved should be an
efficient resolving agent by forming a stable “quasi racemic”
phase. In addition, in this way it is just the unwanted enantiomer,
otherwise to be discarded, that can be put to good use.

The method seems to be quite efficient, yielding products of
high optical purity and in good yield (Table 3 and Fig. 22).7%7
The latter example™ is noteworthy because the diastereoisomeric
salt contains one molecule of one of the enantiomers and two
molecules of the derivative while the other enantiomer stays in
solution.

F F
(S)-FQ2(R)-PhFQ + (R)-FQ
+ 2 y
[(crystais | [ solution |
NH  “Me l‘\l Me
(2)-FQ

y: 85%, de: 75%

Pht
(R)-PhtFQ

Fig. 22 Resolution of the flumequine intermediate (FQ) with its hemiph-
thalate [(R)-PhtFQ], Pht = phthaloyl.

Similarly 1-phenylethylamine®® and its 2-, 3- and 4-methyl
analogues® could be resolved using monoamides of (R)-1-
phenylethylamine with oxalic, malonic and succinic acid. The
highest 2-methyl derivative ee values were achieved with the
succinate.

3.1.6 Enantioselective = chromatography. Chromatographic
separation of diastereomers is bread and butter for preparative
chemists and need not be discussed here. Enantioselective
chromatography developed from modest beginnings (separation
of Troger’s base on lactose, 1944)® to a universal technique,
especially after the advent of HPLC and more recently capillary
electrophoresis (CE). Nowadays the determination of ee values
by chiral HPLC has almost completely superseded measurement
of optical rotation. For enantiomer separation both chiral mobile
and stationary phases (CSP) can be used, the former rather for
analytical purposes. Separation of CSPs has reached a stage of
maturity permitting resolution on a multigram scale, and what is
even more important, furnishing of both pure enantiomers. This
is of prime importance for drug discovery, because the biological
activity of both can be tested and compared. For manufacturing
purposes the method still seems to be too expensive therefore we
restrict ourselves to quoting some reviews.%

The introduction of supercritical fluid chromatography (SFC)
with packed-CSP columns is a major step towards large scale
resolution. The use of supercritical CO, often provides a three to
five times faster separation than normal-phase HPLC.%¢

Simulated moving bed (SMB) countercurrent chromatography,
the principle of which has already been invented in the sixties,
finally offers a means for large scale chromatographic separation
of enantiomers.*> An apparatus built on this principle contains
a circularly arranged battery of HPLC columns, through which
a mobile phase is pumped. The input point of the racemic
mixture and two extract points of the resolved components are
continuously rotated around the system. 100 g to kgs of pure
enantiomers are claimed to be producable with this apparatus.

3.1.7 Enantioselective phase transfer. By substituting one of
the three hydroxyl groups of methyl cholate with a strongly basic
group, and converting the other two to N-phenylurethane groups,
phase transfer catalysts were obtained which were capable of
differentiating between N-acyl amino acid enantiomers.”* The
hydrochloride salt of the catalyst dissolves in chloroform and on
equilibration with a neutral aqueous solution of an N-acyl amino
acid one of the enantiomers exchanges selectively with the chloride
ion in the organic phase. By separating the two phases up to 80%
ee can be achieved with catalyst GCH2 (Table 4, Fig. 23).

Table 3 Resolutions by a derivative of the compound to be resolved. (Pht = phthaloyl)

Enantiomer in the precipitated salt Resolving agent Yield (%) ee (%)
P COH Ph.___CONH, 86 100
NHAc RHAc
Ph_CO CoH 90 95
NH, PhCONH
PhCH CoH PRCH,.__COH 80 100
NH, lilHAc
0 OH 95 81
CH;0H - CHZOH
4-OQN-PP)J\( z 40NPHT T
NH, NHPht
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Table 4 Enantioselective extraction of N-acyl amino acids with a guani-
dinium salt prepared from cholic acid (GCH2)

Substrate Mol% extracted ee % (L)
(£)-N-Ac-alanine 76 72
(+£)-N-Ac-phenylalanine 93 80
(£)-N-Ac-tryptophane 92 72
(£)-N-Ac-valine 89 80
(£)-N-Ac-tert-leucine 82 44
(£)-N-Ac-methionine 93 80
(£)-N-Ac-proline 74 60
(+£)-N-Ac-asparagine 0 —
Ar'NHCOO (CH,)2CO,Me

""OCONHAr?

GCH1: Ar' = Ar? = Ph
GCH2: Ar' = Ph, Ar?=2,6-Cl,-Ph

Fig. 23 Guanidinium ions GCH1 and GCH2, derived from cholic acid,
which are used in the enantioselective phase transfer of N-acetyl-a-amino
acids into CHCI; from an aqueous medium.

3.2 Resolution by formation of covalent diastereomers

Covalent diastereomer formation has to be considered for
molecules which are incapable of salt formation. Sometimes even
with acids recourse is taken to amide formation with a chiral
amine. The most often used partner for this technique is the
workhorse of conventional resolutions ie. 1-phenylethylamine
(PEA). In the simplest case, diastereomeric amides are prepared
and separated by fractionated crystallization. Since acids can be
readily resolved by diastereomeric salt formation, here we only
refer to typical papers.®** Sometimes, however, as e.g. with 6-
decalactone, a fragrant component, resolution by salt formation
fails and the indirect way has to be used (Fig. 24).%!

(S)-PEA OH Me
q toluene, 95 °C }\ /\
Me(CHz)q o Yo Me(CHy)4 (CH2)3CONH Ph
1) crystallization, [l

2)H* Me(CHy)," ~07 S0
Y. 42%, ee: 98%

Fig. 24 Resolution of &-decalactone by amide formation with (S)-PEA.

1-Phenylethanol proved to be useful for resolving a chiral
tetracoordinated boron compound by diastereoisomeric ester
formation followed by crystallization. Although the example in
Fig. 25”7 also involves an acid, owing to the exotic nature of the
chiral center it deserves to quoted.

The planary chiral cyclophane aldehyde in Fig. 26 was resolved
by forming an azomethine with (R)-PEA followed by crystalliza-
tion.

1,1’-Bi-2-naphthol enantiomers are important starting materials
for enantioselective catalysts and reducing agents. An interesting
way to resolve them is their transformation with L-proline to a

Br
| Me 0 BN
CysP—B—COMH + | __1120°C¢ 07 “Ph o >ph
Ill HO Ph 2) cryst. (hexane) é H + Ho. I|3
O O~
Cy = cyclohexyl CysP Br Br PCys
(RsSc) (SBSc)
OH OH
| |
! HoBL
CysP Br Br PCy;
(Rg) (Ss)

Fig. 25 Resolution of a chiral tetracoordinated boron compound by
esterification with (S)-1-phenylethanol.

pair of diastereomeric mixed boric anhydrides. Separation of the
latter followed by hydrolysis gives both enantiomers pure and in
high yield (Fig. 27).%®

Alternatively (R)- or (S)-1-(u-pyrrolidinylbenzyl)-2-naphthol
can be used to form a similar pair of diastereomeric borates with
BINOL.”

A very practical way of resolution via diastereomeric derivatives
is when removal of the chiral auxiliary moves the synthetic
sequence one step further, instead of regenerating the original
functional group (Fig. 28).1° After separation, each of the
diastereomeric dithiolanes can be converted either to a flavan or
to a flavanone.

4. Resolution by substrate selective reactions
4.1 Kinetic resolution without enzymes

Kinetic resolution discovered in 1899 by Marckwald and
McKenzie® is a substrate selective process in which components
of a racemic mixture react at different rates with a chiral reagent.
Examples of efficient kinetic resolutions, apart from enzymatic
processes, are rare. A nice example is the resolution of a 1,4-
benzoxazine derivative by reaction with 0.5 eq. of (S)-naproxenyl
chloride (Fig. 29).1

Enantioselective catalytic hydrogenation is well known, but
chiral complexes may catalyze kinetic resolutions by an achiral
agent too. Thus aryl alcohols were submitted to non-enzymatic
kinetic acetylation in the presence of a chiral catalyst (0.5-2%,)
providing efficient enantiomer separation (Fig. 30).!*

Parallel kinetic resolution is a process in which two different
chiral reagents react preferentially with one particular enantiomer
of a racemate.'” The result depends on the nature of the reagent.
In the process shown in Fig. 31 both the reagents and the products
are of different constitution, while in Fig. 32 the reagent is pair of
diastereomers and one enantiomer of the substrate is preferentially
transformed.

Parallel kinetic resolution' (Fig. 31) has also been carried out
on both enantiomers (Fig. 33).

In the sequence presented in Fig. 33 the S enantiomer of 1-
(1-naphthyl)-ethanol reacts practically only with chlorocarbonate
(R)-PMe, while its antipode reacts only with fenchyl carbonate
(S)-PBn.

An even more exotic example of parallel kinetic resolution is
presented in Fig. 32. Owing to hindered rotation around the
N-N bond the quinazoline QUZ is in fact a mixture of two
diastereomers, which could be separated. Each reacted selectively
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Ph

CHO
ShE

OH (R)-PEA

(+)-CPH-CHO

Ph

XL,
HzN)\Me —»(R)—CPH—CHIN)\Me + (S)}-CPH-CH=N

1) fractional
crystallization
CHO 2) HyO*

(R)-CPH-CHO

S)-CPH-CHO

Fig. 26 Resolution of an aldehyde via azomethine formation with 1-phenylethyl amine (PEA).

OH BH3SMe2 ' ! o E
COQH

(1) BINOL

diastereomer_  hydrolysis

separation

recrystallization (R)-BINOL (S)-BII:OL
(benzene) v 78% y:82%
ee: 100% ee: 100%

Fig. 27 Resolution of 1,1’-bi-2-naphthol by forming a pair of diastereomeric borate esters with (S)-proline.

Eflj/ éﬁ)\ BF;EQO_

(S S)
Me

(SSS) (SSR)

(SSS)

Fig. 28 Preparation of the enantiomers of flavan-4-one and flavan via dithiolan formation with (S,S)-2,3-butanedithiol.

l ll OMe

NH Me CIOC Et3N
benzene
R OMe

=H,de:81%
R R=H,F =

F, de: 89%

Fig. 29 Kinetic resolution of benzoxazines with (S)-naproxenyl chloride.

OH OH OAc

1% (-)-DMAF, Ac,0

Ranyi Raikyt

Raryt = Ph, 4-F-Ph,
2-Me-Ph, 1-naphthyl
Raikyl = Me, CH,Cl, tBu

OH

@\Me
Me

conversion: 52 - 56%
Ktast/Ksloow = 32 - 95

NEts, Me;C(OH)CHoMe, 0°C Ry

ee: 95-99%

ee: 93%

. ;
Raikyt Raryl/\ Raikyl MezN

oH OAc

e Ph
0.5% (-)-DMAF, Ac,0 (0.6 eq.) :
M M Ph
NEts, Me,C(OH)CHzMe, 0 °C °. ©
(-)-DMAF
Kiast/Ksioow = 66 Me M

e
ee: 90%

Fig. 30 Kinetic resolution of alcohols by acetylation in the presence of a planary chiral catalyst.

with only one enantiomer of 2-methylpiperidine leaving the other
unreacted.'®

When a series of (+)-trans-2-(alkyl,aryl)-aminocyclohexanols
were reacted with N-chlorosuccinimide in the presence of (S)-
BINAP, only the 1S5,2S enantiomer was chlorinated, while the
1R,2R amine remained unreacted (ee: 59-97%).1%

Finally an ingenious example of kinetic resolution should
be quoted.' The expensive ruthenium complex of (R)-BINAP
selectively catalyzes the hydrogenation of (S)-2-cylohexenol. When
(1R,2S)-ephedrine was added to the system containing a racemic
catalyst, the (S)-BINAP complex was selectively poisoned while
its antipode remained active (Fig. 34).
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R*

@ (H-A — — Pr
kK== k™
(A ——> Pr
(b) (+)-A + R + R, —» (+)-A-R*; + (-)-A-R%,
= [
(+)-A (-A

Fig. 31 Schemes for kinetic (a) and parallel kinetic resolution (b). (a) R*
is a chiral reagent, Pr and Pr’ are diastereomeric products, (b) R, * and R,*
are different chiral reagents, while (+)-A-R,* and (—)-A-R,* are different
compounds.

~ - Gh— L O,

N Me N Me
tBuMe,SiO QS H ,‘_|
., -Ph 2eq. (¢]
iPrCO/ I’I/ (2ea) Ph
R (ee 95%)
(S,Rax)' + (R:sax)'QUZ

Fig. 32 Parellel kinetic resolution of an amine with a pair of axially chiral
diastereomers of an acylating agent (only one shown).

NMe, H NMe,
. \ﬁ ; tBu
OMe oA\ OcHPh
(R)-PMe
Me
Me (S)—PBn
COC(Me 2CCl3 Me OC\

=

y: 46%, ee: 88%
Zn/AcOH

y 49% de 95%
(S)-NOH (R)-NOH

Fig. 33 An example of a parallel kinetic resolution.

o OO
Ph
(#)-(BINAP)RU(OAC),, Hy P Ru(0Ac)2
"~ (1R2S)yephedine RZPh
ks>>kg \Ph

(R), ee>97.5

(R) -BINAP- Ru(OAc)z

Fig.34 Enantioselective hydrogenation of cyclohexen-2-ol with a racemic
BINAP-ruthenium catalyst selectively poisoned with (1R,2S)-ephedrine.

4.2 Kinetic resolution by enzyme catalysis

In recent years, the use of biocatalysts for organic syntheses has
become an attractive alternative to conventional methods and
has found its way into industry where multi-kilogram to one
ton magnitude is not unusual and even a thousand-ton scale is
known.'® A considerable portion of the several hundred papers

in this field and several reviews (e.g. refs 109,110) deal with the
enantioselective enzymatic transformation of racemates. It may
not be surprising that the father of this technique was again Louis
Pasteur, who submitted racemic ammonium tartrate to fermenting
yeast which left the unnatural 2.5,3S enantiomer unchanged.'"!

The advantages of resolution by enzyme catalysis are numerous:
a wide selection of commercially available enzymes, most often
at reasonable price, high to total selectivity, stability in organic
solvents, mild reaction conditions, low burden on the environment,
simple work-up. Owing to the extent of the relevant literature, this
short review can only highlight a few typical examples.'?

4.2.1 Hydrolytic enzymes. Enzymatic hydrolysis is still the
most widespread technique, although it has some drawbacks
(often high dilutions are required and recovery of the enzyme
is problematic).

Faulconbridge et al. observed strong pH-dependence in Pseu-
domonas cepacia lipase catalyzed hydrolysis of B-phenylalanine
ethyl ester. Increasing the pH from 7 to 8 the enantiomeric excess
increased from 73% to 99% at equal conversion.'”® (Fig. 35).

NH,
P. cepacia lipase /'V
CO,Et —> CO.Et + CO.H
Ar/& 2 2 /\/ 2

Ar = Ph, 2-, 3-Br- and 4-Br-Ph, Ar=Ph
4-F-Ph, 1-naphthyl y: 44%, ee: 99%

Ar=Ph
y: 36%, ee: 98%

Fig. 35 Resolution of B-amino acid esters using P. cepacia lipase.

Lipase from Candida antarctica (a new “favourite”) gave excel-
lent results in the resolution of a B-lactame derivative* (Fig. 36).

5-Ketoesters were successfully resolved in a phosphate buffer
with a protease (a-chymotrypsin)'s (Fig. 37).

0 COH
N Chirazyme L-2 \D// X 2
—_—
NH H,0, 70 °C NH
Et 50% conversion Et" NH;
ee 99% ee 98%

Fig. 36 Resolution of an a-methylene-B-lactam using Candida antarctica
lipase.

Mem
COEt
° 2!

cis:trans 85:15

O~ chymotnpsm

pH 7.4, 20 min
conversion: 27%

moza @ COH

ee:42% ee: 98%. de: 92%

Fig. 37 Resolution of d-ketoesters with a-chymotrypsin.

Enzymatic acylation in organic solvents may be more efficient
than hydrolysis, since the enzyme can be recovered by simple
filtration and by choosing an appropriate acylating agent (e.g. vinyl
or isopropenyl acetate) the reaction becomes irreversible resulting
in higher enantiomeric purities.

It has been demonstrated, that for the resolution of diols,
acetylation of the secondary hydroxy group of the 1-acyl derivative
is far more enantioselective than earlier methods based on
hydrolysis of the diester or acylation of the diol, (Fig. 38 and
Table 5).'"® Marked differences in the results between models with
slightly different R groups demonstrates, however, the substrate
sensitivity of enzyme systems and the need for optimization for
each substrate. It has to be emphasized that total selectivity of
enzyme systems is only guaranteed for their natural substrates
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Table S Yields and ee values realized in the reactions shown in Fig. 38

Substrate R Method Product I Yield (%) ee (%) Product 1T Yield (%) ee (%)
(£)-1,2-Ac nBu i (R)-1,2-Ac 40 15 (S)-1-Ac 36 13
(£)-1,2-Ac iPr i (R)-1,2-Ac 45 30 (S)-1-Ac 4 32
(£)-1-Ac nBu ii (S)-1-Ac 45 13 (R)-1,2-OH 46 14
(£)-1-Ac iPr ii (S)-1-Ac 64 0 (R)-1,2-OH 14 4
(£)-2-Ac nBu iii (5)-2-Ac 15 2 (R)-1,2-OH 49 5
(£)-2-Ac iPr iii (5)-2-Ac 60 1 (R)-1,2-OH 21 5
(£)-1,2-OH nBu iv (S)-1,2-OH 67 3 (R)-1-Ac 21 9
(£)-1,2-OH iPr iv (5)-1,2-0H 44 32 (R)-1-Ac 46 31
(£)-1-Ac nBu v (R)-1-Ac 52 28 (S)-1,2-Ac 41 34
(£)-1-Ac iPr v (R)-1-Ac 59 2 (S)-1,2-Ac 24 46
(£)-2-Ac nBu vi (R)-2-Ac 39 49 (5)-1,2-Ac 48 40
(£)-2-Ac iPr vi (R)-2-Ac 53 57 (S)-1,2-Ac 37 100
0 oac Ac OH OAc CH2COMe CO,Me PGA
R oac —Pit, Ri/OAC + RO _A_OAc + R\/E\/OH /©/ T PhMe or CHoCl,
(9)1,2-Ac (R-1,2-Ac (S-1-Ac (S)-2-Ac HO 2 conversion 100%
M oy OH OH (05 eq) X~ H OH X
PiL =H,
R \}\/OAC PR, R _A_OAc+ R\/k/OH COMe CO,Me
(H-1-Ac (9)-1-Ac (R)1,2-OH 9
HoN
(DR one oH CH,CNH K@\ 4
R\/K/OH s R A_OH + R\/k/OH X X
(+)-2-Ac (9)-2-Ac (R)1,2-0H HO X =H, y: 60%, ee: < 98%
(v) oH OH OH X =O0H, y. 65%, ee: 75%
PL H
R\A/OH VA R\/\/OH * R\/k/OAC Fig. 39 Penicillin G acylase (PGA) catalyzed enantioselective amidation
( )(1)'1=2 Ac (8)-1,2-0H (Sy1-Ac of an ester in organic solvents.
\
OH OH OAc
R\/{/OAC %. R\/!\/OAc + Ru_~_-OAc racemization of the amide which did not affect the acid permitting
(+)-1-Ac (R-1-Ac (5)1,2-Ac the obtainment of the R acid in 98% ee and in yields higher than
™)  OAc OAc 0Ac 50% (Fig. 40).
PfL :
R\A/OH A R\/'\/OH + R _A_-OAc
(+)-2-Ac (S)-2-Ac (R)-1,2-OH Ph E. coli DH5w/TrpLAP £h N Ph
R =nBu, iPr CONH, Ny~ “CONH, COH

Fig. 38 Resolution of heptan-1,2-diol (R = nBu) and 4-methylpen-
tan-1,2-diol by enzymatic hydrolysis (i-iii) and enzymatic acylation (iv—vi)
and acetylation with Pseudomonas fluorencens lipase (PfL) (VA = vinyl
acetate).

and the more the structure of a non-natural substrate deviates
from that of the natural one, the less selectivity can be anticipated.
Some 1-oxyl-hydroxymethylpyrrolidines used to prepare spin
labels were resolved by acetylation with various lipases.'"”
Enzymatic amidation of an achiral ester is another technique
for producing optically active amino acid esters. E.g. in penicillin
G acylase catalyzed amidation of methyl 4-hydroxyphenylacetate
with racemic amino acid esters in organic solvents gives selectively
the S amides, while the (R)-phenylglycine ester remains mainly
unreacted (ee 75-98%) (Fig. 39)."®
A process very promising for large scale applications uses
immobilized enzymes in a flow system and supercritical carbon
dioxide (scCO,) as the solvent.'"” Passing a solution of racemic
1-phenylethanol and vinyl acetate in scCO, through a flow reactor
packed with Novozym 435, an immobilized lipase from Candida
antarctica gave almost quantitative yields of the unreacted (S)-
alcohol and the (R)-acetate, both enantiomerically pure.
Aromatic amides were hydrolyzed with whole cells of
Escherichia coli containing the Pseudomonas putida 1-amino-
peptidase gene.’” The reaction was accompanied by in situ

y:30% (after 3 h)
y: 70% (after 75 h)
ee: 98%

in situ racemization

Fig. 40 Enzymatic hydrolysis of an ¢-azido amide combined with a
second order asymmetric transformation using an E. coli strain containing
the P. putida L-aminopeptidase gene (E. coli DH5a/pTrpLAP).

The term dynamic kinetic resolution (DKR) has been coined
recently for the above process' which involves an enantioselective
transformation combined with in situ racemization (spontaneous,
enzyme'? or non-enzyme catalyzed'*).

The hemiaminal HA readily racemizes spontaneously via the
open-chain form, while enzymatic acylation only transforms the
R enantiomer (Fig. 41).'**

OAc
OAc
Ilpase QL, =wme
60-70 °C hexane NR
(R) ee: 99% ©

Fig. 41 Dynamic kinetic resolution of a hemiaminal by lipase catalyzed
acetylation.

With chiral secondary alcohols racemization of the unreacted
enantiomer can be brought about by metal catalysis as in the
following example (Fig. 42).1%
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or RuCpD OH Subfilsin 0,CCH;
Ph “Me P Mg CoMrCOLHCRs o Sye
R) 5] ()
Ph
Ph NHiPr
Ph” RuPh
oc’lgcl
RuCpD

Fig. 42 Dynamic kinetic resolution of a secondary alcohol by enzyme
catalyzed acetylation and metal catalyzed racemization.

4.2.2 Redox enzymes. Reduction and oxidation reactions
have less synthetic relevance at the moment. This does not mean
lack of interest, but rather that at present these techniques are less
suitable for the production of larger quantities.

The example in Fig. 43'% is notable in this way, that the oxidation
product is reverted to the racemate by chemical reduction.

@ D-amino acid oxidase, O\ +
—
\ CO2H

N COxH

B . NaBH, /" H

(£)-PA

Fig. 43 Resolution of pipecolic acid by oxidation with D-amino acid
oxidase and recycling of the achiral oxidation product.

4.3 Kinetic and thermodynamic control

Conventional resolution methods based on diastereomeric salt
formation are usually under thermodynamic control. However,
sometimes kinetic effects have also been observed and simultane-
ous detection of both phenomena in an induced crystallization
process has been reported.'”” This example also involves induced
crystallization, moreover it was triggered by a different compound.
Addition of 6 mol% of L-alanine to an oversaturated aqueous
solution of (£)-threonine induced, after standing for 2.5-3 hours,
the crystallization of D-threonine in high ee (kinetic control).
On prolonged standing, the enantiomeric purity of the product
declined sharply (to 16% after 4.5 h) (thermodynamic control).

5. Resolutions combined with 2nd order asymmetric
transformations. Racemization and deracemization

Racemization is an important partner process to resolution,
since usually only one of the enantiomers is required and by
racemization the unwanted one can be recycled. Racemization
of compounds with more than a single stable chiral center cannot
usually be accomplished.

With configurationally labile compounds, or in media inducing
inversion of the chiral center, resolution may be accompanied by
racemization of the enantiomer forming the less stable (or more
soluble) diastereomer, whereby the total amount of the racemate
can be transformed to a single diastereomer. The rather clumsy
term for this process is second order asymmetric transformation
and denotes also the very rare cases when one of the enantiomer
spontaneously crystallizes and its concentration is continuously
replenished by racemization of its antipode (see also dynamic
kinetic resolution in Section 4.2).

An example of such a process is shown in Fig. 44."® The
mandelate salt of the R enantiomer crystallizes, while its antipode
racemizes yielding the pure S salt in high yield.

CF3 CF3.

N N
(R)-MA, 3,5-dichlorosalicylaldehyde .
NH, ~«NH3* (R)}-MA"
N H20, iPrOAgc, r.t. N

¥:92%, ee: 99%

Fig. 44 Resolution of an amine with (R)-mandelic acid [(R)-MA]
combined with a second order asymmetric transformation.

Another example of a second order asymmetric transformation
is the resolution of 1,4-thiazane-3-carboxylic acid with (R,R)-
tartaric acid in the presence of salicylaldehyde as the epimerization
catalyst giving the salt of the pure S enantiomer in high yield
(Fig. 45)."®

s s
[ l 1) (R,R)-TA, SA, EtCO,H, 110 °C [ j\
& coy 2) EtsN & Ncoy
Ha Ha

y: 90%, ee:100%

Fig. 45 Resolution of 1,4-thiazane-3-carboxylic acid with (R,R)-tartaric
acid coupled with second order asymmetric transformation induced by
salicylaldehyde (SA).

Deracemization is the transformation induced by an optically
active agent of a racemic mixture to a non-racemic one without
any net change in the composition of the molecule. An example
is the deracemization of a number of chiral acids, such as 2-(4-
isobutylphenyl)propionic acid (ibuprofen), mandelic acid and 2-
phenylpropionic acid during the crystallization of their melt in the
presence of 2-phenylethylbenzylamine (MBA) (1.5-10 eq.) and of
a catalytic amount of a strong base e.g. 1,5-diazabicyclononene
(DBN) (Fig. 46)."*° The preferred configuration depended, of
course, on the configuration of MBA, i.e. in the case of ibuprofen
(R)-MBA shifted the equilibrium towards the R acid and vice versa.

Me Me Me

H/O/L COH  (5)MBA (25 eq.), DBN (0.05 eq.) COH 4 COzH
B 110 °C, (64 hy— r.t. (in 5 h) B B
y: 88%, ee: 75% ee: 24%

Fig. 46 Crystallization coupled deracemization of an a-arylpropionic
acid (ibuprofen) in melt (optimized conditions).

Deracemization may also be effected by enzymes. The fungus
Rhizopus orizae not only deracemizes benzoin, but the configu-
ration of the product can even be controlled by the pH of the
medium (Fig. 47)."%!

OH OH OH
PhY\Ph R. oryzae Ph% R. oryzae Ph%
< - Ph
o pH 7.5-8.5 Ph pH 4.0-5.0
o] o]

Fig.47 pH dependent deracemization of benzoin by the fungus Rhizopus
oryzae.
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6. Enrichment of partially resolved mixtures

Optical resolutions and enantioselective reactions usually result
in non-racemic but optically more or less impure products,
which need further enrichment. That is, the mixture has to be
separated in an optically pure and a racemic portion. This latter
can then be recycled. Enrichment can be achieved by repeated
resolution or, without further chiral auxiliaries, e.g. simply by
recrystallization from a solvent, partial crystallization of a melt,
selective precipitation, distillation or extraction. Enantiomeric
enrichment can be characterized by the parameter EEE defined as
follows: '3

EEE = op.y/op,

, where op. and op, are the ee values of the enriched and initial
mixture and y is the mass ratio of the enriched and initial mixtures.

The behavior of mixtures of enantiomers depends on its initial
enantiomeric purity (ee,) and whether crystals of the molecule
or its derivative, e.g. a salt, forms a conglomerate or, apart from
the two phases of the pure enantiomers, also a separate racemic
phase (often called a racemate or racemic molecular compound)
(Fig. 48). A survey of a large number of chiral compounds (quote
ref. 77) revealed that about 80% of them form a separate racemic
phase. With any method of crystallization (from melt or from a

Sometimes a minor modification can change the solid phase
behavior of a compound. E.g. while (+)-1,4-benzodioxane-2-
carboxylic acid forms a racemic phase, its methyl ester forms a
conglomerate.'**

Although recrystallization is usually the method of choice,
sometimes simple melting is sufficient for enantiomeric enrichment
(Table 6).7132 Followed by complete melting the mixture is cooled
to an optimized temperature, kept at this temperature for a while
and the crystals formed are filtered off. With conglomerate forming
enantiomers it is of course the one in excess in the initial mixture
which is isolated as crystals, while the other remains in the filtrate.
The data in Table 6 suggest that the method works best with
medium values of eey. Since precise control of the conditions is
required, this method is not recommendable for resolutions on a
small scale.

Recrystallization of non-racemic mixtures is the most straight-
forward enrichment procedure. Results for a series of model
compounds are shown in Table 7. Note, that similarly to the
melting method, depending on the phase behavior and ee,, it is
either the racemic or the (theoretically pure) enantiomer portion
which crystallizes.

solvent) yield, optical purity and configuration of the product is PhCH2 o AFPNCHa Me
controlled by the initial composition (x,) and the phase behavior W;[ NHMe
of the compound. With conglomerates always the enantiomer in +)-cis-CPL (+)-FPPA
excess crystallizes until the solution becomes saturated for the PYRM +)-PhA
minor component. The theoretical upper limit of the yield of the OH
pure enantiomer is the ee value of the starting mixture (ee,). With Ph \/\ COH
compounds forming a separate racemic phase it depends on the N/\{Ph
relative position of ee, and the eutectic composition (ee., Or Xe,), )\ ( )% OH
whether on solidification of a melt or recrystallization from a 3-CI-Ph Hz s~ "NH
solvent it is the racemate or one of the pure enantiomers that cis- CPP *)-anti-HTA (#)-TIAZ
crystallizes first. Et
S Ph-4-OMe Me  NHCH,Ph
\
m.p. @[ oA N CH,0H
@ < =N (+)-BPA
) ’\?M 3,4-OMe-Ph
2)2Tez +1-BTA
(#)-cis-BTA @ HOCH; N,Ph4'0Me
! ! L L Me Ph.
R Xeu Xo S R X0 Xeu 50% Xo Xeu § /i %’/_\N N\
100% 100% 100% 100% 4-HO-PhO”” >CO,H N Sj HaN o
(+)-PPA (+)-TAZ (+)-cis-AZET

Fig. 48 Binary phase diagrams of enantiomeric mixtures: (a) conglomer-
ate, (b) formation of a separate racemic phase (“racemate”). Arrows point
to the product that crystallizes from a given composition.

Fig. 49 Model compounds for enrichment experiments. For codes of
compounds not shown here see Fig. 15.

Table 6 Enantiomeric enrichment by partial crystallization of a melt of conglomerate forming enantiomers, compound structures given in Fig. 49

Solid phase Liquid phase
Racemate ee, ee (%) Yield (%) ee (%) Yield (%) EEE®
CPL- 21.5 69.2 10.0 6.2 84.3 322
29.2 72.5 39 2.6 59.0 96.8
52.3 76.9 449 29.2 55.1 66.0
cis-CHRA 42.6 15.5 60.0 83.3 40.0 78.2
PYRM R,=Meg, R,=Et 48.2 83.5 32.1 28.5 64.7 55.4
FQ 69.5 93.7 29.5 57.4 68.6 39.8

“ Crystallization at 0-5 °C. ® Calculated for the higher enriched phase.

This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 3011-3030 | 3025





Table 7 Enantiomeric enrichment by recrystallization from a solvent (compound codes refer to Fig. 49)

Crystals Mother liquor
Racemate Acid or base e ee (%) Yield (%) ee (%) Yield (%) EEE
PhA-HCL, R = H NH,OH 60.6 11.4 42.5 97.1 57.0 91.3
PhA-NH,*,R = Ac HCl 31.0 5.2 28.1 44.0 65.0 923
PhA-NH,*,R = CHO HCl 40.1 24.3 442 53.1 55.3 73.2
trans-PMA Na* HCI 43.4 81.1 47.6 4.7 353 88.9
cis-PMA Na* HCI 25.8 10.2 35.6 36.3 58.9 82.9
BPA'HCl NaOH 80.0 81.0 27.9 78.0 71.1 28.3
PPA Na* HCI 48.3 7.4 243 63.5 73.2 96.2
anti-HTA Na* HCI 53.2 27.7 23.4 62.4 71.0 83.3
TAZ-HCl NaOH 80.3 5.0 12.7 99.6 65.5 81.2
cis-AZET-HCI NaOH 25.8 10.2 35.6 36.3 58.9 82.9

As a modification of the above technique less than one molar
equivalent of an achiral acid or base is added to the solution
of the salt of the racemate, usually in water, resulting in signif-
icant enantiomeric enrichment owing to selective precipitation
(Table 7).13* Note that with high ee, values (e.g. with BPA) the
process is inefficient.

Every available achiral method has been tested for the enrich-
ment of partially resolved N-methylamphetamine of which partial
hydrochloride salt formation and distillation proved to be the most
effective.*

Apparently, except for the case of immiscible solvents, any
procedure that involves some kind of distribution between phases
is eligible for enantiomeric enrichment.

7. Role of the solvent and methods of optimization in
the separation of diastereomers

Classical resolutions are based on the different solubility of
diasterecomers formed by interaction of the enantiomers with a
chiral agent. The proper choice of solvent is therefore essential for
an efficient separation. In this respect valuable information can
be gleaned from a recent comprehensive compilation of several
hundred resolutions (e.g. Table 8).3

When the enrichment is carried out by recrystallization, solvent
mixtures may be preferred to pure solvents. Sometimes saturating
water with an immiscible solvent may bring about significant
improvement. When e.g. mandelic acid was resolved with (.S)-2-
benzylaminobutanol in water, the ee of the R enantiomer increased
from 36 to 68%, when water saturated with ethyl acetate was used.
In ethyl acetate alone the ee of the product was only 16%.'*

A similar solvent dependence of yield, ee, and configuration
of the crystallizing enantiomer was observed in the resolution
of 1-phenylethylamine (PEA) with (R,R)-tartaric acid. In pure

Table 8 Correlation of solvent composition, yield and ee of the precip-
itated product in the resolution of N-methylamphetamine (NMA) with
(R,R)-DTTA in a two-phase system

CI(CH,),Cl: H,O : MeOH ee (%) Yield (%)
0:0:1 54.4 71.7
1:4:0 82.5 94.8
5:20:1 85.2 93.0
5:20:2 87.8 90.5
5:20:6.3 97.9 79.6
5:0:6.3 84.6 82.6

methanol the salt of (S)-PEA was obtained (ee: 72%, y: 33%),
while in water, acetonitrile and ethanol the salt of its antipode crys-
tallized in yields of 50-88% but in very poor optical purity (ee: 4—
12%).13¢ When in the resolution of (£)-threo-methylphenidate-HCI
(Ritalin®) a 1 : 1 methanol-water mixture was replaced by a 2 : 1
mixture, the ee of the product dramatically increased from 16.2 to
99.5%.1%7

It has to be noted that solvent mixtures may play a dual
role. Beside providing sufficient solubility difference of the com-
ponents, they may increase yield and enantiomeric purity by
being integrated into the crystal structure of the more stable
diastereomer and thereby facilitate crystal growth. Fig. 50 shows
the optimization of the resolution of (4)-trans chrysanthemic
acid with a resolving agent prepared from an intermediate of
chloramphenicol synthesis. 17 mixtures of miscible solvents were
tested (Fig. 50).1%8

NMe,
Me  Me Me  Me
4-ozN-Ph\‘/'\C o

Me. . + H2OH Me ‘

"COH OH > "COH
Me™ (+)-trans-CHRA (1R,2R)-DMAD Me™ (1R 3R)-CHRA

Solvent Yield ee (%)
(%)

MeOH 52.5 93.1

iPr,0—MeOH (6:1) 84.4 96.7

nBu,O-MeOH (6:1) 99.2 83.9

Et,O-MeOH (1:1) 86.5 99.3

Fig. 50 Resolution of trams-chrysanthemic acid (¢frans-CHRA) with
(1R,2R)-1-(4-nitrophenyl)-2-N,N-dimethylamino-1,3-propanediol
(DMAD) in miscible solvent mixtures (selected examples).

The predominant configuration of the substrate in the
salt of 7-aminocaprolactam (ACA) with N-4-toluenesulfonyl-L-
phenylalanine (PhATs) was found to be dependent on the dielectric
constant of the solvent: in the range of ¢ = 25-63 it was R, while
outside this range S, albeit with very poor ee values (Fig. 51).1%4

8. Non-linear effects

In recent years in connection with the application of enantios-
elective catalysts some reviews'?!'* have focused on reactions
involving partially resolved chiral auxiliaries. A surprising message
of these papers is that the ee values of product and catalyst often
do not show a linear correlation (non-linear effect, NLE) (Fig. 52).
E.g a catalyst of rather low (5-9%) ee may give rise to products
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A NHz  PhCHa_COH

+ NHTos

ACA (S)-PhATSs

0,
81 S/o:a?(’qz.1 EtOH iPrOH/H,0

(89:11)
[(S)-ACAH™(S)-PhATs (H,0) | =25

|(R)-ACAH*(S)-PhATs'|

Fig. 51 Influence of the dielectric constant of the solvent on the predom-
inant configuration of the substrate in the salt of 7-aminocaprolactam
(ACA) with N-4-toluenesulfonyl-L-phenylalanine (PhATS).

of unexpectedly high (43-50%) optical purity as shown in Fig. 52,
and Fig. 53.

eequx (%)
100 T

| €€prod (%)
100

Fig. 52 Linear (A), positive (B) and negative (C) correlation between the
chiral auxiliary and the product optical purity (ee,.. and eeyoq).

OZniPr

o -CTO x -
(Ij/ + m\lpr 1) Zn(iPr)s, PhMe, 0 °C
N NG T 2mo

0.2 ¢cq, e 8.9%

W

ee 43%

Fig. 53 (+)-NLE in the addition of diisopropylzinc to quinoline-
3-carbaldehyde.

The example in Fig. 53 was selected from a very large number
of examples for non-linear effects covered by the reviews quoted
abOVe. 142,143

Data for non-linear effects in resolutions are scarce, although in
the authors’ opinion it may be a more general phenomenon than
has been recognized.

Non-linear correlations were reported in resolutions by molecu-
lar complex formation,'"** and the distillation method.”” When e.g.
salts were formed from a series of achiral dicarboxylic acids (0.75
eq.) and PEA, marked non-linear correlation of ee, and the ee of
the distillate was observed. 146

Resolution of N-formylphenylalanine with (R)-phenylethyl-
amine of varying optical purity (8.3-100%) was associated with a
(—)-NLE: the de of the precipitating salt was always lower than
the ee value of the resolving agent.'*’

9. Selected examples of resolution on an industrial
scale!4®

An overwhelming majority of large scale resolutions serve the
drug industry, followed at considerable distance by the production
of insecticides, fragrances and food supplements. Procedures are
mostly disclosed by patents but information gleaned from patent
specifications have to be taken with a grain of salt. “Know-how”
plays an important role in such procedures and therefore patents
often fail in the second point of the oath formula: “the whole
truth”. The following examples are chosen rather arbitrarily and
may partly overlap with those described in preceding sections.

Chloramphenicol (antibiotic)

An aminoketone intermediate of the synthesis of chlorampheni-
col, (+)-AK, was resolved with one equivalent of an acid (S,S)-
PhtAD, prepared from the unwanted enantiomer of a later
intermediate. Owing to in situ racemization of (S)-AK, the salt
of (R)-AK was obtained in 95% yield (Fig. 54).'*

o OH
cHpon 007 Na®
4—02N-CsH4)%CHZOH 4-O,N- CGHA/\/
NHs'Cr NH—OC
(+)-AK (S,S)-PhtAD

2 (R)-AKH*(S,S)-PhtAD"
H,0, pH 6-8  yield: 95%, ee:>80%

20-50°C Leystats ]

Fig. 54 Resolution of a chloramphenical intermediate.

Resolution of the aminodiol intermediate (+)-AD was originally
performed with 0.5 eq. of O,0'-dibenzoyl-(R,R)-tartaric acid
semi-N,N-dimethylamide [(R,R)-DBTAHA] ammonium salt,™
but later a continuous process was invented using 0.5 eq. of the
same resolving agent as the calcium salt. The components were
fed to the bottom of a stirred column, while the effluent was a
suspension of the salt of the required enantiomer (Fig. 55).'!

OH OQCPh ,
CO, 0.5Ca**
CH,0H A2
4-0,N-CgHg 2 MezNOC
NHz*Cr OgCPh
(*)-AD (R,R)-DBTAHA 0.5Ca*
(0.5 eq., solid)

(R,R)-ADH"(R,R)-DBTAHA"
yield: 96%, ee: 97%

Fig. 55 Continuous resolution of the aminodiol inetrmediate (£)-AD of
chloramphenicol synthesis using a stirred column.

stirred column,

a-Methyl-DOPA (antihypertensive). 2-Amino-2-(3,4-dimeth-
oxyphenyl)-propionitrile, an intermediate of a-methyl-DOPA syn-
thesis, was resolved with one equivalent of (R,R)-tartaric acid in
water. In this case it was the salt of the unwanted R enantiomer
which crystallized (yield 80%, ee > 95%) while the S nitrile
was recovered from the mother liquor in similar yield and
purity.'s? Treating the R enantiomer under the conditions of the
Strecker synthesis (water, KCN, NH,OH, NH,CI) effected its
racemization.'s

2-Amino-2-(4-methoxyphenyl)acetonitrile (intermediate of a
semisynthetic penicilline). The racemic nitrile was resolved in a
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mixture of 1,2-dichloroethane and DMF at 50 °C with (R,R)-
tartaric acid (1 eq.). the salt of the R nitrile precipitated in 78%
yield (ee: 78%) accompanied by continuous racemization of the S
nitrile.’**

Phenylalanine (intermediate of the artificial sweetener aspar-
tame). This process is another example of using a derivative of
the unwanted enantiomer arising from a resolution. Phenylalanine
as the hydrochloride was treated with 0.5 eq. of N-benzoyl-(R)-
phenylalanine in aqueous methanol to give the salt of the pure S
enantiomer in 80% yield, while the hydrochloride of its antipode
remained in solution.

Levamisol (anthelmintic). The racemate, (+)-LEV was re-
solved as the hydrochloride with 0.5 eq. of the disodium salt of
(R,R)-DBTA.*>156

Naproxen (anti-inflammatory drug). Naproxen (NA) can be
resolved as the potassium salt with 0.5 eq. of cinchonidine.’”’
A much superior procedure seems to be the one using N-
methylglucamine (NMGA), an inexpensive resolving agent readily
available by reductive alkylation of glucose (Fig. 56).'%

Me
OH
COH HOCsz—l—l—FCHzNHMe
+
MeO OHOH OH
(+)-NA NMGA
(S)-NA"NMGAH"*
MeOH

y: 85%, ee:> 99%

Fig.56 Resolution of naproxen (NA) with N-methylglucamine (NMGA).
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Efficient synthesis of chiral [2 + 2] macrocyclic tetraimines
which display calixarene-like crystal structures has been
described, with short reaction times under microwave irra-
diation.

Macrocyclic compounds have been studied extensively for their
applications in molecular recognition, host-guest chemistry,
supramolecular structures, material chemistry and catalysis.! In
this regard, structural features of the macrocycles (such as
functionalities for the binding of guest molecules and tunable
central cavities) are particularly significant. The synthesis of most
of the macrocyclic compounds is challenging as it involves a
large number of steps.”> Among the many macrocycles that act
as efficient host compounds, macrocyclic Schiff-bases possess the
advantage that they can be obtained in different ring sizes and
can be further functionalized.® Chiral macrocyclic hexaimines
and tetraimines have been synthesized by Gawronski et al. (and
others) from chiral diamines and dialdehydes in moderate to good
yields by employing [3 + 3] and [2 + 2] Schiff-base condensation
strategy.* Chiral salen-based macrocyclic Schiff bases derived from
bis(hydroxyaldehydes) possess multi-metal binding N,O, sites
and exhibit excellent enantiorecognition properties and catalytic
activities.®* Although a few reports of the synthesis of such
macrocycles are known, not much is known about the crystal
structure of such systems. [3 + 3] Macrocycles derived from chiral
diamines and hydroxydialdehydes display vase-like structures®

“Department of Chemistry, Indian Institute of Technology Madras, Chennai,
600 036, India. E-mail: bynathan@chem.iitm.ac.in; Fax: +91 44 22578250,
Tel: +91 44 22578250

*Sophisticated Analytical Instrument Facility, Indian Institute of Technology
Madras, Chennai, 600 036, India
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(hence named calixsalens) resembling the cone conformation of
calixarene. The hydroxyl groups of these macrocycles point in
the direction of the lower rim whereas the upper rim is formed
by the alkyl-substituted benzene fragments. Similarly, [2 + 2]
macrocycles derived from bis(hydroxyaldehydes) adopt a 1,3-
dialternate conformation’ with a striking calixarene-like structure.
[2 4+ 2] macrocycles formed from different bis(hydroxyaldehydes)
can therefore display interesting macromolecular structures.

In this communication, we report the synthesis and crystal
structure of new [2 4 2] macrocyclic Schiff bases (3 and 5) formed
in a short reaction time from (1R,2R)-diammoniumcyclohexane
mono-(+)-tartrate 1 and achiral bis(hydroxyaldehydes) 2 and 4,
respectively. A facile synthesis of bisbinaphthyl macrocycle 7 from
1 and chiral bis(hydroxyaldehyde) (S)-6 is also described.

Microwave irradiation (5-15 min) of a mixture of bis-
(hydroxyaldehydes) and chiral diamines in the presence of potas-
sium carbonate afforded chiral [2 4+ 2] macrocyclic tetraimines
in moderate to good yields.*T The cyclocondensation does not
require any anhydrous or dilute reaction conditions for the
macrocycle synthesis. Moreover, salts of chiral diamines were
employed instead of widely-used enantiopure diamines. The cyclo-
condensation of (1R,2R)-1 and 5,5-sulfonyl-bis-salicylaldehyde 2
afforded the [2 + 2] macrocycle 3 in 47% isolated yield (Scheme 1).
Macrocycle 3 formed as the only macrocycle during condensation
was isolated in pure form by short path column chromatography.
This is in contrast to the template assisted synthesis of similar
macrocycles reported by Jablonski and co-workers where the
condensation resulted in a mixture of macrocycles.” The MALDI-
TOF mass spectrum of 3 exhibits the expected single molecular
ion at m/z 769 [M + H]*. The single crystal X-ray structure of
3 confirmed the macrocyclic structure (Fig. 1).f There are one
and half molecules in the crystallographic asymmetric unit with

OH

et

wOH "'-
—1--

K2CO3, EtOH-H,0,
MW, 5 min, 47 %

OH

Macrocyclic tetraimines derived from achiral bis(hydroxyaldehydes).
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Fig. 1 Molecular structure (from single crystal X-ray diffraction)
of macrocycle 3 (C,H,OsN,S,-0.66C,H;OH-1.33CH,Cl,-H,0). Ortep
drawing with thermal ellipsoids at 50% probability is shown. Hydrogen
atoms and solvent molecules are omitted for clarity. (a) View from the top
of the macrocycle 3. (b) Lateral view of macrocycle 3.

a C, space group and the two molecules are conformationally
different. In one of these molecules, the two-fold axis parallel
to the y-axis relates the two halves of the molecule by a two-
fold symmetry. The other molecule of the asymmetric unit
has no crystallographic symmetry element passing through it.
However it has approximate two-fold rotation symmetry (non-
crystallographic). The conformational difference can be seen by
the presence of different S—S distances in the two molecules. For the
ideally symmetric molecule, the dimensions of the cavity are 9.46 x
12.64 A whereas for the other molecule the dimensions are 8.79 x
13.11 A. Each hydroxyl group of the molecule points towards the
nitrogen of an imine indicating a strong intramolecular hydrogen
bond network.

Aromatic dialdehydes with bent structure, such as 2 possessing
a —SO,-spacer are expected to produce [2 + 2] cyclocondensation
products predominantly. Biaryl based dialdehydes lacking spacers
such as 5,5'-bis-salicylaldehyde 4 and 3,3’-diformyl-2,2'-dihydroxy-
1,1I’-binaphthyl® 6 are therefore examined for macrocycle syn-
thesis. Under microwave irradiation for 5 min, 4 underwent
cyclocondensation with (1R,2R)-1 to afford the tetraimine 5
in 36% yield. The structure of the [2 + 2] macrocycle 5 was
confirmed by both MALDI-TOF analysis (the molecular ion
peak at m/z 641 correspond to the [M + H]* ions of the [2 + 2]
cyclocondensation product) and single-crystal XRD§ (Fig. 2). The
X-ray crystallographic analysis of the unsolvated macrocycle 5
grown from a hexane—ethyl acetate solution confirmed the cyclic
nature of the structure. Strong intramolecular hydrogen bonding
was found between the hydroxyl groups and the nitrogen of the
imines. The molecule has an elongated structure with central cavity

Fig. 2 ORTEP drawing of [2 4+ 2] macrocycle 5. The displacement
ellipsoids are drawn at 50% probability level. Hydrogen atoms are omitted
for clarity. Macrocyle 5 viewed (a) down the @-axis and (b) down the c-axis.

dimensions of 4.71 x 13.04 A. In the case of macrocycle 5, the
imine bonds in the same diaryl group are anti oriented as found
for macrocycle 3 and other trianglimines. In the crystal structure,
the torsion angles around the C,,—C,, of the phenyl groups are
—26.4 and —36.6°, respectively.

Macrocycles 5 showed interesting crystal packing. The macro-
cycle stack in an eclipsed manner along the crystallographic a-axis,
giving rise to infinite columns with micropores.® The lateral view
of the macrocycle 3 appears to have a bowl-like structure (Fig. 1b)
whereas that of 5 has a vase-like structure (Fig. 2b) resembling
cyclodextrins and 1,3-alternate conformation’ of calixarenes.

Bisbinaphthyl macrocyclic Schiff bases derived from chiral
biaryl based dialdehydes exhibit excellent enantioselective flu-
orescent recognition and are used as chiral ligands in asym-
metric catalysis."! Bisbinaphthyl macrocyclic Schiff base 7
was synthesized under microwave irradiation by employing 3,
3'-diformyl-2,2'-dihydroxy-1,1’-binaphthyl* 6. Both racemic and
the enantiomers of 6 were used for cyclocondensation with
(1R,2R)-1. The synthesis of 7 reported in the literature involves
longer reaction time and anhydrous reaction conditions. However
under microwave irradiation in aqueous ethanol, the macrocycle
7 was formed in less than 15 min from (S)-6 and (1R,2R)-1 in
57% isolated yield (Scheme 2). The MALDI-TOF spectrum of the
crude product displayed predominant peaks due to macrocycle 7
(m/z 840 and m/z 863 correspond to the [M]* and [M + Na]* ions,
respectively).

The antipode (R)-6 exhibited a different reactivity with (1 R,2R)-
1. The condensation of (R)-6 with (1R,2R)-1 resulted in the
formation of linear polymers' as confirmed by MALDI-TOF
spectrum. While the macrocycle 7 is freely soluble in ethyl acetate,
the linear polymers are insoluble in ethyl acetate but are soluble in
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Fig.3 MALDI-TOF spectra of products from condensation of (1 R,2R)-1
with (a) (S)-6 and (b) racemic 6.

dichloromethane. The solubility difference among the products of
condensation together with the use of readily available (1R,2R)-
diammoniumcyclohexane mono-(+)-tartrate as a condensation
component can be applied as a method for easy synthesis of
optically pure macrocycle 7 from racemic 6 and (1R,2R)-1 and
can be further extended as a method for optical resolution of
racemic 6.'* Thus when racemic 6 was used for cyclocondensation

with (1R,2R)-1, the ethyl acetate soluble fraction was found to
contain [2 + 2] macrocycle 7 as the major product. However, the
MALDI-TOF spectrum showed the presence of minor amounts of
linear oligomers complicating the purification of the macrocycle 7.
The MALDI-TOF spectra of ethyl acetate fractions obtained from
condensation of (1R,2R)-1 with (S)-6 and racemic 6 are shown in
Fig. 3. Formation of linear oligomers in the case of racemic 6 is
a result of the stepwise nature of four-component condensation
with (1R,2R)-1.

In summary, we have described an efficient method for the
synthesis of chiral [2 4+ 2] macrocycles from chiral and achiral
bis(hydroxyaldehydes) and chiral diamines. The crystal structure
of the macrocycles resembles that of calixarenes and exhibits
columnar stacking in the solid state. In the case of binaphthyl-
based dialdehyde 6, the reactivity difference between the enan-
tiomeric and racemic dialdehyde with chiral diamine is used to
synthesize chiral macrocycle 7 from racemic 6.

Notes and references

+ Typical experimental procedure: to a solution of (1R,2R)-
diammoniumcyclohexane mono-(+)-tartrate 1 (104 mg, 0.392 mmol) and
K,CO; (108 mg, 0.784 mmol) in 3 mL of water was added a solution of 5,5'-
sulfonyl-bis-salicylaldehyde 2 (100 mg, 0.328 mmol) in 5 mL of ethanol.
This homogeneous mixture was irradiated in an unmodified domestic
microwave oven at low power setting for 5 min. The reaction mixture
was cooled to room temperature and the solid material formed was filtered
off. The solid material was dissolved in ethyl acetate and the undissolved
material was removed by filtration. The filtrate was dried over sodium
sulfate, concentrated under reduced pressure and the crude product was
purified by column chromatography over silica gel using 20% EtOAc—
hexane to afford pure yellow [2 4 2] macrocyclic tetraimine 3 (59 mg, 47%).
[aly¥ = —246 (¢ 0.17, THF); IR (KBr) : v 3440, 1632, 1376 cm™'. '"H NMR
(CDCl;): 0 1.43-1.49 (m, 1H), 1.69-1.71 (m, 1H), 1.88-1.91 (m, 2 H), 3.31-
3.33 (m, 1H), 6.88-6.90 (d, / = 8.8 Hz, 1H), 7.6 (d, / = 1.96 Hz, 1H), 7.87—
7.89(dd,J=2&8.8 Hz, 1H),8.18 (s, 1H), 13.97 (s, IH); *"CNMR (CDCl,):
023.9,33.0,72.9, 118.2, 118.6, 131.1, 131.6, 132.2, 163.4, 165.4. MALDI-
TOF MS: m/z 769 [M + HJ*, 792 [M + Na]*. Macrocyclic tetraimine 4.
Yield. 36%. [a]® = —570 (¢ 0.22, CHCL,); IR (KBr): v 3435, 1628 cm ™.
'H NMR (CDCl,): § 1.49-1.54 (m, 1H), 1.89-1.92 (m, 2H), 2.25-2.83
(m, 1H), 3.06-3.08 (m, 1H), 6.60-6.61 (d, J = 1.78 Hz, 1H), 6.88-6.90
(d, J = 8.47 Hz, 1H), 7.18-7.21 (dd, J = 1.88 Hz & 8.48 Hz, 1H),
7.73 (s, 1H), 12.78 (s, 1H); *C NMR (CDCL,): ¢ 24.1, 31.9, 71.3, 117.1,
117.8, 128.7, 130.0, 130.8, 160.1, 167.3. MALDI-TOF MS: m/z 641
[M + HJ]*. Macrocyclic tetraimine 7. Yield 57%. [a]® = —70 (¢ 0.50,
CHCL); IR (KBr): v 3425, 1631 cm™'. 'H NMR (CDCl;): 0 1.56-1.58
(m, 1H), 1.88-1.90 (m, 1H), 2.01-2.07 (m, 2H), 3.41-3.44 (m, 1H),
7.11-7.20 (m, 3H), 7.54-7.57 (d, J = 12.88 Hz, 1H), 7.60 (s, 1H), 8.56
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(s, 1H), 12.45 (s, 1H). *C NMR (CDCl): 6 24.7, 32.5, 70.2, 116.1, 121.2,
122.6,124.6,127.2,127.5,128.7,132.9, 135.1, 154.6, 164.6. MALDI-TOF
MS: m/z 840 [M]*, 863 [M + Na]*.

i Crystal data for 3. C,,;H5N,0,,S,, yellow crystal, monoclinic, space
group C2 (no.), a = 27.55 (2), b = 10.928 (8), ¢ = 23.154 (9) A, V =
6971 (8) A3, Z = 6, doyeg = 1.348 mg m~3, T = 293 (2) K, Enraf Nonius
CAD4 diffractometer, Mo Ka (4 = 0.71069 A), u = 0.328 mm™', collected
reflections 7159, unique 6480 (R, = 0.0169), 20,,, = 25.01°, Final R
indices [ > 20 (I)]: R, (observed) =0.0799, wR, =0.2078, R (all data): R, =
0.1417, wR, =0.2281, GOF (F?) = 1.020. CCDC reference number 296811.
For crystallographic data in CIF format see DOI: 10.1039/b604003a

§ Crystal data for 5. C,HyN,O,, yellow crystal, orthorhombic, space
group P212121 (no.), a = 10.0407 (13), b = 15.0369 (16), ¢ = 22.816
BG)VA, V=34447 (NA, Z=4dpye =126 mgm>, T = 293 (2)
K, Enraf Nonius CAD4 diffractometer, Mo Ka (4 = 0.71069 A), u =
0.642 mm~™', collected reflections 3516, unique 3516 (R;,, = 0.0000), 26,,., =
67.96°, Final R indices [I > 20 (I)]: R, (observed) = 0.0350, wR, = 0.0945,
R (all data): R, = 0.0433, wR, = 0.1006, GOF (F?) = 1.052. CCDC
reference number 296813. For crystallographic data in CIF format see
DOI: 10.1039/b604003a
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Sterically crowded azulene-based dication salts as novel guests: synthesis and
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The 1,4-bis(3-guaiazulenylmethylium)benzene 1 and
1,4-bis[1-(4,6,8-trimethylazulenylmethylium)]benzene 2 dication salts were synthesized via an
acid-catalyzed condensation/dehydration protocol with guaiazulene—terephthalaldehyde (2 : 1 ratio),
and 4,6,8-trimethylazulene—terephthalaldehyde (2 : 1 ratio) respectively in one-pot processes. A similar
condensation reaction with the parent azulene led to an insoluble oligomer that was shown by
MALDI-TOF-MS to contain 1,4-bis[(diazulenyl)methylium]benzene as a repeating unit. Dication salts
1 and 2 were fully characterized by 2D NMR and NOE techniques and by electrospray-MS (ES-MS)
and MALDI-TOF-MS. NMR studies confirm that the dications are best represented as bis-tropylium
species. A delicate balance of electronic (inductive stabilization) and steric influence of the alkyl groups
on the seven-membered ring seems to influence the chemo-/regioselectivity of the co-condensation
process. NMR titration and 7', measurements established that, despite its highly crowded structure,
dication 1 forms host-guest HG complexes with dibenzo-30-crown-10 (DB30C10) and
dibenzo-24-crown-8 (DB24C8) in solution, but fails to complex with the smaller dibenzo-18-crown-6
(DB18C6). The corresponding HG cation-molecule cluster ions were also detected in the gas phase by
ES-MS, showing the formation of both dication—crown 1 : 1 and 1 : 2 complexes. Similar complexation
of dication salt 2 with DB30C10 was observed via NMR titration and 7', measurements in solution and
by ES-MS in the gas phase. Although solution complexation studies (NMR titration) did not indicate

stable complex formation between 1 and p-zert-butyl-methoxycalix[8]arene, their [HG]** and [H,G]**
clusters were detectable by ES-MS. Solution decomplexation experiments (HG* — H + G**) were
performed on 1-crown complex by addition of DMSO, acetone, silver tosylate, and tropylium cation
salt. Complexation of 1 with DB30C10 was also studied by microcalorimetric titration.

Introduction

Onium salts have played a central role in host-guest (HG)
chemistry and in molecular recognition studies over the years.!
Ammonium,>"! pyridinium and bis-pyridinium salts have been
widely employed as cationic guests for crown ethers, cal-
ixarenes, and cyclophanes,”” and bipyridinium and 2,7-
dimethyldiazapyrenium dication salts have been utilized as build-
ing blocks of different catenanes, rotaxanes and molecular
shuttles.'®2° Complexation of arenediazonium salts with a variety
of synthetic receptors (crown ethers, lariat ethers, calixarenes,
spherands) has been demonstrated both in solution and in the gas
phase.?™ Among other classes of onium salts, R;S*—calixarene
molecular complexes have been detected in the gas phase.?
Complexation of NO,* and NO* salts to crown ethers studied
by IR provided a method for estimation and removal of NO* X~
impurities in the nitronium salt, and NO,* complexation to

Department of Chemistry, Kent State University, Kent, Ohio 44242, USA.
E-mail: klaali@kent.edu; Fax: +1-330-6723816, Tel: +1-330-6722988

T Electronic supplementary information (ESI) available: Additional mass
spectra, and a table of binding constants and thermodynamic parameters.
See DOI: 10.1039/b604924a
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§ NSF-REU Summer 2002 undergraduate student participant.

crown ethers provided a method to modify their reactivity and
regioselectivity in model aromatic nitration reactions.?33!

In comparison, much less is known concerning the complex-
ation of carbocation salts to host molecules and the scope and
limitations of this process. Development of this area is not
only useful in HG chemistry, but also in synthetic/preparative
aspects involving carbocation salts, where HG complexation
could lead to solubilization and to reactivity/selectivity tuning.
Complexation of PhCO* PF,~ to a macrocyclic crown bearing a
binaphthyl group was studied by Gokel and Cram many years
ago.2 '"H NMR monitoring indicated that a complex was formed,
but benzoylation of naphthalene rings accompanied complex-
ation. Interaction of C,H," BF,” (tropylium tetrafluoroborate)
with several benzo-crowns was studied in solution and in the
gas phase by Lamsd and collaborators, and formation of an
inclusion complex with dibenzo-24-crown-8 was demonstrated
by X-ray analysis.**** These studies pointed to the importance
of cation—r interactions. Finally, Bohmer and co-workers found
that C;H,* PF4~ functions as a suitable guest and template for
dimerization of C,,-symmetrical resorcaranes to generate 2 : 1
HG molecular capsules.*

In relation to our previous®® and ongoing studies on molecule—
cation HG complexes, and in connection to several recent projects
in our laboratory focusing on theoretical and stable ion studies

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 3077-3084 | 3077





of carbocations and dications derived from polynuclear aromatic
hydrocarbons containing the azulene moiety,’* we report on HG
complexation studies involving dication salts 1 and 2 (Fig. 1). This
work was inspired by the report of Takekuma et al.*! on synthesis
of 1. During our studies, the reported method was extended and
the previously reported NMR assignment for 1 was corrected.

Fig.1 Guaiazulene-based dication salts.

We reasoned that although the more reactive carbocations
may undergo nucleophilic attack by the host receptor leading to
covalent adducts, judicious combination of increased carbocation
stability (extensive charge delocalization) and appropriate steric
protection can provide the correct mix to prevent/minimize
covalent adduct formation.

Results and discussion

Synthesis of the dication salts

The guaiazulene-derived dication salt 1 (Fig. 1) was readily
obtained by reaction of terephthalaldehyde and guaiazulene in
HCI/HOACc followed by counterion exchange with HPFy (as
described in ref. 41). A similar reaction with 4,6,8-trimethylazulene

(¢] H
HCI, AcOH
A& T
H 6]
Scheme 1

furnished the dication salt 2. The dication salts were studied by
NMR and ES-MS, as detailed later.

By contrast, reaction of the parent azulene produced an
oligomer (a green powder), insoluble in regular organic solvents
(or water). It was therefore examined initially by solid state
NMR (CPMAS), showing aromatic resonances (between 110 and
130 ppm; unresolved) and a small envelope of aliphatic resonances
(centered at 35.1 ppm). Subsequent study by MALDI-TOF-MS
established regular losses of m/z 355 and m/z 127 fragments,
and m/z values as high as 1673 (Fig. S17), pointing to an
oligomeric structure of the type shown in Fig. 2. Formation of
1,4-bis[di(3-methyl-1-azulenyl)methyl]benzene by condensation of
I-methylazulene with terephthalaldehyde, and its dication salt by
hydride abstraction was reported some years ago by Asao and
co-workers.*

Fig. 2 Oligomer derived from parent azulene.

Whereas a conventional acid-catalyzed condensation process
(highlighted in Scheme 1) could rationalize the formation of the
dication salts, presence of a methyl group at C, and/or appropriate
stabilizing groups on the seven-membered ring, ensuring the
tropylium ion character, appear to be crucial in preventing further
condensation with azulene.

PFgH

-2 H,0

Suggested mechanism for the acid catalyzed condensation.
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NMR data on 1 and 2. Complete assignments of the proton
and carbon resonances were achieved by using 2D NMR and
NOE. The data are sketched in Fig. 3. NMR assignments for
1 are at variance with the earlier reported values in several
instances: reported proton assignments for proton Hy/Hs and
Hg/Hg (in the seven-membered ring) were switched; phenyl ring
protons (H,/H;/Hs/H,) and the vinyl protons were specifically
assigned (previously reported at the same chemical shifts as a
“broad singlet”); reported assignments of Hy/H,» and the vinyl
protons were also switched. In addition, the coupling constants
were refined. The following changes in the reported “C data were
made: Cy/Cs and Cy/Cy were interchanged and C, /C,» and the
olefinic CHs were interchanged.

3.00 7.76

Fig. 3 Specific NMR assignments for dication salts 1 (a) and 2 (b).

For comparison, the *C NMR data and changes in charges
(relative to the neutral precursor) for the guaiazulenium ion®
are shown in Fig. 4, illustrating the predominant tropylium ion
character in dications 1 and 2.

(0.9) 25.0

(14.4) 158.4 3 H H
(24.0) 148.9

(10.9) 145.5 148.5 (12.5)
(34.8)174.2 167X 145.1(10.1)
(-0.8)23.5 HC 1(285-)5(29‘0) CH,
(2.1) 404 CH4 13.2(0.2)

(-0.8) 235

Fig. 4 NMR data mode and charge delocalization mode in guaiazule-
nium cation.

Complexation studies with crown ethers

NMR titration experiments were performed employing dibenzo-
30-crown-10 (DB30C10), dibenzo-24-crown-8 (DB24CS8), and
dibenzo-18-crown-6 (DB18C6) in CD;CN solvent. Titrations
were followed by '"H NMR from zero to three equivalents of

crown, added directly into the NMR tube. Direct access to the
stoichiometry of complexation (by Job’s method or the mole ratio
method)* was not possible by NMR, since addition of few drops
of CD;CN was necessary after each DB30C10 addition to allow
induction of crown inside the NMR tube, and this led to a gradual
decrease in the concentration of the dication salt during titration.
No concentration dependency of the proton NMR chemical
shifts was, however, observed in control experiments in which
the concentration of the dication salt was varied in CD;CN,
thus confirming that addition of crown ether was responsible
for the observed changes in chemical shifts of the dication.
Complexation stoichiometry and binding constant were assessed
in complimentary studies by microcalorimetric titration (see later).
Fig. Sisastacked plot for the titration of dication 1 with DB30C10.
The largest changes are for the tropylium ring protons (Hy /Hy)
which gradually move upfield. The 1'-Me (methyl group in the
5-membered ring) also gradually becomes more shielded. Smaller
shielding effects were observed for Hy/H,, whereas the olefinic
singlet and the benzo-ring protons (H,/H;/H;s/Hy) exhibited a

deshielding trend.
DB30C10
equivalents
0eq.
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’JH " “ﬂ 0.4 eq.
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Fig. 5 NMR titration experiment (dication salt 1 with DB30C10).

The following additional change in the NMR spectra is also
noteworthy. Whereas in the dication salt, itself the H, proton has
the same chemical shift as the benzo-ring protons (H,/H,;/Hs/Hg),
upon addition of the crown ether these signals split up into two
groups (with H, ,» moving upfield and H, 55, moving downfield).

T, NMR relaxation times were measured for the exocyclic vinyl
proton and for Hy, Hy and Hy in the tropylium moiety in CD;CN
for the dication salt alone, and in the presence of 1.2 and 3.0
equivalents of DB30C10. Changes in T, values are summarized in
Table 1. Consistent with complexation, there is a gradual decrease
in proton relaxation times with increasing host equivalents.

Electrospray-MS served as an additional technique to examine
the HG cluster ions. Under the electrospray conditions, not only
the crown—dication (1 : 1) HG*" cluster ion (m/z 517), but also
a crown—dication (2 : 1) H,G** cluster (m/z 785) were observed.
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Table 1 T, measurement for 1-DB30C10 in CD;CN

Relaxation time, 7', /s

Entry Proton 0eq. 1.2eq. 3.0eq.

1 Cy,=CH 1.11 £0.02 1.00 £ 0.02 0.94 £0.02
2 Hy 1.18 £ 0.02 1.13£0.03 1.08 £0.03
3 Hy 1.28 £0.02 1.21 £0.03 1.17 £ 0.02
4 Hy 1.46 £ 0.03 1.32 £0.04 1.26 £ 0.04

Consistent with their constitutions, MS/MS on m/z 517 (Fig.
S2%) gave the doubly charged guest G** as the product ion (m/z
248), and the MS/MS of the m/z 785 ion (Fig. 6) produced
abundant m/z 516 (HG>) ion and a less intense m/z 248 (G**)
ion as products.
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Fig. 6 MS/MS of m/z 785 ion.

NMR titration experiments between dication salt 1 and
DB24C8 produced the same variation in trends but to a smaller
degree. Thus Hy and Hy exhibited the largest upfield shifts and
measurable upfield shift also occurred in the methyl group (on
the five-membered ring), but other protons either did not shift or
moved slightly downfield. Furthermore, the ring protons of the
benzo-moiety exhibited no measurable changes.

Proton relaxation data for complexation of 1 with DB24C8
are summarized in Table 2. It can be seen that overall T,
values decreased with increasing crown equivalents (except for
Hy in entry 2), but the effect was smaller for DB24C8 than for
DB30CI10.

Table 2 7', measurement for 1-DB24C8 in CD,CN

Relaxation time, T,/s

Entry Proton 0eq. 1.2eq. 3.0 eq.

1 C,=CH 1.11 £0.02 1.08 £ 0.02 1.03 £ 0.01
2 Hy 1.18 £0.02 — 1.19 £ 0.01
3 Hy 1.28 +0.02 1.22 +£0.02 1.11 £0.01
4 Hy 1.46 +0.03 1.42 £0.02 1.33£0.02

Influence of the crown cavity size/structure on the formation of
the HG complex was further revealed by titrating dication salt 1
with DB18C6. In this case, no measurable changes were observed
by NMR, but splitting of H,/H;/Hs/H, and H,’ protons into two
sets of signals still occurred.

Microcalorimetric study

In an effort to determine the stoichiometry of HG complex and
to get access to the binding constant(s) and the thermodynamic
parameters, complexation of dication salt 1 with DB30C10 was
studied by microcalorimetric titration (for details of the procedure
see the Experimental). The corresponding ITC plot is shown
in Fig. 7 (for an enlarged copy of this plot, see Fig S5). The
upper frame shows the raw data (with each peak corresponding
to one injection). The upside-down orientation of the peaks is
consistent with an exothermic process. The lower frame represents
the integrated area of these peaks after subtracting the heat of
dilution, and the solid line represents the best least-square fit for
the obtained data. On the basis of a two binding sites model (the
“one set of sites” model did not fit the data), microcalorimetric
experiment provided access to the thermodynamic parameters for
complexation between 1 and DB30C10 (Table S1t). Literature
microcalorimetric titration studies on HG complexation* are
mainly concerned with alkali-metal cations or neutral molecules
as guests, with crown ethers, calixarenes, hemicarcerands, or
cyclodextrins as typical hosts. Studies involving onium cations* as
guests are limited, and we have not found any data on carbocations,
for a direct comparison. Nevertheless, the value of log K (binding
constant) deduced herein is comparable to binding data reported
by Ungaro et al. for [PhCH,NMe;]* complexed to a calixarene
receptor.®
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Fig. 7 Microcalorimetric study (1-DB30C10 in MeCN).
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Complexation study with calixarenes

NMR titration experiments with p-tert-butyl-calix[n]arenes (n =
4, 6, 8) were thwarted due to solubility problems in CD;CN
which required the use of CS, as co-solvent. However, this
led to the formation of two separate layers. With p-tert-butyl-
methoxycalix[8]arene, it was possible to generate homogeneous so-
lutions by using CD;CN-CDCI; (1 : 1), but no measurable changes
in the NMR chemical shifts could be observed. By contrast, ES-
MS proved to be a suitable technique for detection of the cation—
molecule clusters. With p-tert-butyl-methoxycalix[8]arene, the 1 :
1 complex [GHJ** (m/z 953) and a less abundant 1 : 2 complex
[GH,)** (m/z 1658) were detected along with the uncomplexed
G* (m/z 247) and G* (m/z 494) (Fig. S371). Confirming their
constitution, MS/MS on [GHJ** produced G**, and MS/MS
on [GH,J** gave [GH]**, showing in both cases the loss of one
host molecule from the resulting complexes (Fig. 8 and Fig. 9,
respectively).
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Fig. 8 MS/MS on [GHJ** (dication salt 1 and p-fert-butylmethoxycalix-
[8]arene).

Decomplexation studies

Solvent effects on complexation—-decomplexation processes have
been exploited previously, notably by Stoddart’s group® to ex-
amine “slipping on” and “slipping off” processes in self-assembly
of rotaxanes. In the context of the present study, we sought to
gain more insight into the complexation of dication salt 1 with
DB30C10. Two types of approaches were considered, namely
addition of a different solvent to induce decomplexation (as in
eqn (1); see sections (a) and (b) below), and addition of a 2nd
cationic guest (as in eqn (2); see sections (c) and (d) below).

electron-rich solvent

[H,G]" ————= nH+G™

1)
[H G ——[H,G']+G* @
(a) Addition of DMSO to the HG complex. When DMSO-d,

was added to the CD;CN solution of 1 containing 3.0 equivalents
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Fig. 9 MS/MS on [GH,]** (dication salt 1 and p-fert-butylmethoxycalix-
[8]arene).

of DB30C10, the color of the solution changed from deep-
purple to deep-green (after 4 hours). NMR analysis of the sample
indicated that resonances due to the dication salt had disappeared
from the spectrum and only the signals of the crown ether
remained (with the dibenzo-protons of DB30C10 appearing as
two symmetrical multiplets). Small quantities of a white solid
precipitated in the NMR tube. This was isolated, and was found to
be DB30C10 based on its NMR spectrum. In a control experiment,
an NMR sample of 1 alone in CD;CN-DMSO-d, (2 : 1) gave
broad resonances, no longer consistent with the dication salt.
These experiments appear to suggest redox chemistry, induced by
DMSO, possibly generating the radical cation of 1, undetectable
by NMR. This process may have the potential to serve as a
complexation/decomplexation “switch”, but this aspect requires
further studies.

(b) Addition of acetone-ds to the HG complex. In a similar
approach as above, acetone-d, was used instead of DMSO-d,. '"H
NMR monitoring at various time intervals (up to 5 days) did
not indicate decomplexation. However, a small solvent-induced
downfield shift was measured for all protons of the guaiazulene
moiety (by 0.05 ppm), except for Hy, which was a little more
deshielded (by 0.07 ppm). This presumably reflects a change in the
nature of the solvation shell surrounding the HG complex, causing
larger changes in the guest protons that are more intimately
involved in complexation.

(c) Addition of silver salt. In an attempt to displace the
guaiazulene dication—crown complex by Ag*, 3.0 equivalents of
silver tosylate was added to the NMR sample of 1-DB24C8
(CD;CN solvent) in portions of one equivalent. Similar obser-
vations (as in DMSO-d, addition) were made, ie. the reaction
mixture turned deep-green and some white precipitate appeared.
'"H NMR monitoring of the sample after adding each portion of
AgOTs showed broadening of the dication salt resonances until
they eventually disappeared into the baseline. Examination of the
liquid phase by ES-MS did not indicate an Ag*—crown complex;
showing only an Na*—crown complex.
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(d) Addition of tropylium cationsalt. Complexation of tropy-
lium cation (Tr*) to DB24C8 has been studied, and its X-ray
structure revealed the presence of cation—m interactions.’ In the
context of the present study, [Tr*][PF,~] was selected to explore
its effect on the 1-DB30C10 HG complex in CD;CN solvent. The
'"H NMR spectrum of the tropylium salt alone in CD;CN is a
singlet at 9.24 ppm. Addition of 2.0 equivalents of [Tr*][PF¢~] to
the NMR sample containing 1 and 3.0 equivalents of DB30C10
resulted in an upfield shift in the Tr* signal (6 9.17 ppm), consistent
with complexation, but with no concomitant changes in the NMR
signals of the dication salt (still complexed). Addition of a third
equivalent of [Tr*][PF,~] salt did not cause any further changes
in the Tr* proton chemical shift. Considering the stoichiometries,
and assuming two separate complexation equilibria involving 1—
crown and Tr*-crown, one would expect that at that point of
the titration experiment there would be a deficiency of DB30C10
relative to 1, but nonetheless only the signals of the 1-crown HG
complex were present in the NMR (no uncomplexed 1). These
observations appear consistent with a cooperative complexation
forming 1-DB30C10-Tr* (a ménage a trois, as shown in Fig. 10).

PFg ¢
e 7% pr; nDB30C10 PRy

Fig. 10 Cooperative complexation involving two different carbocations.

In another experiment, a complex of Tr*-DB24C8 was first
prepared in CD;CN by adding 4.5 equivalents of crown to 1.0
equivalent of [Tr*][PF,~] (as in ref. 35), which gave a Tr* chemical
shift of 9.02 ppm. This solution was titrated with dication salt 1.

Thus, 7.0 equivalents of 1 were gradually added in a total of
10 addition steps. Further addition of 1 was not possible, since
solubility problems manifested beyond this point. NMR monitor-
ing showed that the Tr* resonance gradually became deshielded
(from 9.02 to 9.08 ppm), but despite the fact that at the end of
the titration the crown was in default relative to Tr*, the chemical
shift of Tr* did not reach the value expected for uncomplexed
tropylium (9.24 ppm). At the same time, throughout the titration,
the resonances belonging to the guaiazulene dication were those
of the complexed species, and no measurable changes occurred
throughout the titration. In another experiment, 1.0 equivalent of
[Tr*][PF,~] was added to 4.5 equivalents of DB30C10 in CD;CN
(Tr* signal at 9.13 ppm). The resulting complex was titrated with
1 (up to 5.0 equivalents). NMR monitoring produced essentially
the same trend as that observed in the above experiment (with the
smaller DB24CS8), whereby the Tr* signal was gradually deshielded
(9.13 — 9.17 ppm), without any indication for the formation of
the “free”, uncomplexed, guaiazulene dication.

Collectively, NMR titration experiments with DB30C10 and
DB24C8 as hosts support a more complex supramolecular model
involving both guaiazulene dication and Tr*, rather than one
crown molecule for each positive charge equivalent. Based on
the NMR titration data, it can be surmised that whereas 3.0
equivalents of the crown is adequate to reach full complexation
with guaiazaulene dication salt, 4.5 equivalents of crown is
required for full complexation with Tr*, indicating that despite

significant steric crowding, the dication—-crown complex may be
thermodynamically more stable!

Complexation study with dication salt 2. Focusing on the
relatively less crowded dication salt 2 derived from 4,6,8-
trimethylazulene (see earlier), NMR titration experiments were
performed with DB24C10 in a similar fashion as those described
for dication salt 1. The results indicated notable upfield shifts
for Hy (five-membered ring), for the tropylium Hy and Hy
protons, and for the 8-Me, while little or no changes were
observed for the other protons. Considering the mesomeric
carbocations/azulenium ion forms, and the fact that there is large
net positive charge at C-1', lack of sensitivity of Hy to titration by
crown seems surprising, but may be rationalized in a model where
the “azulenylic” CH is in close contact with the counter-ion [PF].
A noticeable difference between dications 1 and 2in NMR titration
with DB30C10 is gradual appearance of small new signals with
increasing crown concentration in the NMR sample. But these
signals remain small even after 4 days at room temperature. It is
conceivable that they belong to a higher order complex (possibly
2 : 1) in a minor equilibrium, but there is no clear evidence to
demonstrate this in solution, although a 2 : 1 complex is present in
the electrospray-MS study (vide infra). The ES-MS spectrum of 2—
DB30C10 exhibits the 1: 1 complex [GH]** (m/z489) and G** (m/z
220) (Fig. 11). A much less intense 2 : 1 complex [GH,|** (m/z 756)
was also detected (Fig. S47). Constitutions of the HG complexes
were verified by MS/MS on the m/z 489 ion, which resulted in the
formation of m/z 220, and by MS/MS on the [GH,]** complex,
which produced both [GH]** and G** along with other unknown
product ions.
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Fig. 11 ES-MS spectrum; 2-DB30C10.

Complexation of dication salt 2 with DB30C10 was further
examined by proton relaxation measurements in CD;CN solvent.
The T, values for Hy were measured for dication salt alone and
in the presence of 1.6 and 3.3 equivalents of crown (Table 3). As
expected, 7', decreases with increasing equivalents of DB30C10.
The AT, values are actually larger than those measured for 1-
DB30C10, which is consistent with a more favorable/stronger
complexation for the less sterically crowded dication.
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Table 3 T, measurement for 2-DB30C8 in CD;CN

Relaxation time, 7',/s

Proton 0eq. 1.6 eq. 3.3eq.

H, 1.5+£0.1 1.30 £ 0.06 1.02 £ 0.07

Comparative summary and conclusion

Dication salts 1,4-bis(3-guaiazulenylmethylium)benzene 1 and
1,4-bis[1-(4,6,8-trimethylazulenylmethylium)]benzene 2 are read-
ily prepared from guaiazaulene and 4,6,8-trimethylazulene, but a
similar procedure with parent azulene gave an oligomer whose
structure could be inferred from MADI-TOF-MS. Unambiguous
carbon and proton NMR assignments for 1 and 2 were made
with the help of 2D-NMR and by NOE studies. The dications are
best viewed as bis-tropylium cations, whose charge delocalization
modes are analogous to protonated azulenes (azulenium cations).

Focusing on the HG complexation aspect, NMR titration
experiments and 7', measurements demonstrated that, despite
rather severe steric crowding around the azulenium moieties,
both 1 and 2 form complexes with DB30C10 and DB24C8 in
solution. The resulting [GH]** and [GH,]** clusters were also
detected by ES-MS, and their constitutions were confirmed by
MS/MS measurements. Although attempts to observe stable HG
complexes of 1 or 2 with large calixarenes were unsuccessful,
these complexes were detected under electrospray conditions, and
studied in the gas phase by ES-MS.

Decomplexation process [GH,* — [2H] + [G]** and/or
[GH* — [H] + [G]** was probed by NMR by addition of
DMSO-d, and acetone-d,. Decomplexation via the “cationic
guest switching” approach, [GHJ** + G,* — G* + [G,H]*, was
also investigated by addition of AgOTs and [Tr*][PF,"] salts.
Results with DMSO-d,, acetone-dg, and AgOTs were inconclusive,
but indirect evidence was gathered suggesting a redox process
possibly forming radical cations. With the Tr* salt, the data could
best be explained by cooperative (ternary) complexation. Since
complexation stoichiometry was not accessible by NMR titration,
a microcalorimetric titration study was undertaken. Only a two-
binding-site model could provide the right fit.

Taken together, the data provide convincing evidence for the
formation of HG complexes, with the H-G**~H (crown—dication—
crown) 2 : 1 complex suggested to be the main species.

The present study illustrates the efficacy of utilizing stable
carbocations and dications as guest molecules in supramolecular
architecture. Progress in this area is clearly linked to preparative
carbocation chemistry.

Experimental
Starting materials

Guaiazulene (Acros Organics), 4,6,8-trimethylazulene (AccuS-
tandard), azulene (Acros Organics), terephthaldicarboxaldehyde
(Acros Organics), crown ethers (Aldrich), and tropylium hex-
afluorophosphate (Aldrich) all had high purity and were used
without further purification. The calixarenes used in this study
were available in our laboratory from earlier studies.

NMR spectra

These were recorded on 400 and 500 MHz instruments with
CD;CN as solvent.

T, measurements

The T, relaxation time measurements were performed on a
500 MHz instrument and are reported in seconds (s). They were
measured at the beginning, middle and end of titrations, on the
protons of the dication salts that produced the largest chemical
shift changes in NMR titration (each reported value is an average
of 3 measurements).

Electrospray-MS

Spectra were acquired by direct infusion method on nanomolar
concentrations of the salts in HPLC-grade acetonitrile solvent.

MALDI-TOF-MS

The method reported by Zenobi et al* for MALDI sample
preparation method from insoluble polymers was adopted. A fine
powder was obtained by grinding the oligomer with a mortar
and pestle. The matrix used was 2,5-dihydroxybenzoic acid.
Different matrix/sample mixing ratios were tested and the optimal
conditions were observed for 3: 1to 1 : I ratios (by weight). Finally,
the resulting finely ground mixture was pressed into a thin pellet
and placed on the MALDI probe tip with double-sided tape and
introduced into the instrument.

Microcalorimetric titration

An isothermal titration calorimeter (VP-ITC) was used for
microcalorimetric experiments. These were performed at atmo-
spheric pressure and 25 °C in HPLC-grade acetonitrile. Several
titrations involving 1 and DB30C10 were carried out to confirm the
reproducibility of the results. A 20.8 mM solution of DB30C10 in
a 0.250 mL syringe was sequentially injected with rapid stirring at
470 rpm into a 0.9 mM solution of 1 in the sample cell (1.4321 mL
volume). The titration experiment was composed of 23 successive
10 uL injections, with an injection time of 24 s, and with a 240 s
interval between injections. Data were analyzed by using the “Two
Sets of Sites” model in Origin Microcal software for the best curve
fitting.

Synthesis of dication salts 1 and 2

1,4-Bis(3-guaiazulenylmethylium)benzene  bis(hexafluorophos-
phate) (1) and 1,4-bis[1-(4,6,8-trimethylazulenylmethylium)]-
benzene bis(hexafluorophosphate) (2) were prepared according
to the following procedure: to a solution of guaiazulene (12 mg,
60 umol), or 4,6,8-trimethylazulene (10 mg, 60 umol), dissolved in
acetic acid (0.5 mL) was added a solution of terephthalaldehyde
(4 mg, 30 umol) in acetic acid (0.5 mL) and hydrochloric acid
(35% aqueous solution, 45 pL). The mixture was stirred at 25 °C
for 15 min under aerobic conditions. Subsequent addition of
hexafluorophosphoric acid (60% aqueous solution, 100 pL) to the
solution led to the precipitation of a maroon-brown solid, which
was centrifuged for a couple of minutes. The solid that separated
out from the crude reaction solution mixture was carefully
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washed twice with cold water. After drying under vacuum, it was
re-crystallized from acetone-hexane (1 : 4) to give pure compound
1 (13 mg, 53%), or 2 (19 mg, 87%).

Typical procedure for NMR titration experiments

NMR titrations were carried out directly in NMR tubes. To a
solution of dication salt (1 eq.) in acetonitrile-d; (0.4 mL), the
crown was added directly into the tube in small portions from
0.3 eq. up to 3-3.5 eq., until there was no further shift in the
signals of dication salt. Addition of ~2 drops of acetonitrile-d,
was necessary to enable the introduction of crown inside the NMR
tube. The NMR sample was thoroughly mixed (vortex) after each
addition and the '"H NMR spectrum was recorded within 15 min
after each addition.
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Glycoluril derivatives with a carboxylic acid side chain have been synthesized and shown to bind to
both avidin and streptavidin. Introduction of a valerate side chain in glycoluril led to an increased
binding to both proteins only when the valerate group was bound to a N atom and with the proper
stereochemistry [(+)-enantiomer]. On the other hand, introduction of the valerate side chain either on
the bridgehead carbon or on the N atom with the opposite stereochemistry [(—)-enantiomer] led to a
decrease in binding constant compared with unsubstituted glycoluril. Direct spectrophotometric
competitive titration of each protein with a racemic ligand allowed measurement of the
enantioselectivity of the ligand—protein complexation, together with the binding constant of the two
enantiomers. In the case of the N-substituted glycoluril, the extension of the side chain by one
methylene group, from valerate to caproate, led to an increase in the binding constant to both proteins.
Docking studies using AutoDock 3.05 have been performed in order to predict the binding modes of
these ligands to streptavidin. The effect of the stereochemistry and the position of the side chain on the

binding constant to streptavidin is discussed in view of the predicted binding modes.

Introduction

Avidin (Av) and streptavidin (Sav) are tetrameric proteins, with one
binding site per subunit, widely used in biochemical applications.!
The basis of this prevalent use is the high association constant of
the complexes that biotin (1) forms with both Av (K, ~ 10> M)
and Sav (K, ~ 2.5 x 10" M), which makes the binding process
considered to be almost irreversible.? This strong binding between
biotin (1) and Av or Sav has promoted the use of these systems in
the construction of different supramolecular structures.>°

Binding studies of biotin analogues to Av and Sav have
suggested a major contribution from the ureido group, with a lower
contribution from the valerate side chain and the thiolane ring.!***
X-Ray diffraction studies of both Av-1 and Sav-1 complexes
showed a similar network of hydrogen-bonding interactions
between the ureido group of biotin (1) and five protein residues,
whereas the carboxylate group of biotin formed hydrogen-bonding
interactions with five protein residues in the case of Av and
with only two protein residues in the case of Sav. This different
hydrogen-bonding network of the carboxylate, together with
differences in the hydrophobic interactions to aromatic residues, is
consistent with the stronger binding of biotin (1) to Av compared
with Sav.'6
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Av and Sav can also bind a large number of molecules with lower
affinity than for biotin. One of these compounds is glycoluril (2a),"”
which was shown to bind Sav with an association constant of 4 x
10° M~'."8 X-Ray diffraction studies of the complex Sav—glycoluril
showed hydrogen-bonding interactions between one of the ureido
groups of glycoluril (2a) and the same five protein residues involved
in the binding of biotin (1). The oxygen atom of the second ureido
group of glycoluril also contributes to the binding with a hydrogen-
bonding interaction to the same protein residue that binds to the
sulfur atom of biotin. Considering the similar hydrogen-bonding
pattern in both Sav-biotin and Sav—glycoluril complexes, it was
concluded that the differences in binding constant between both
complexes predominantly reflected the missing interactions due to
the absence of the valerate side chain in glycoluril (2a).

The objective of the present work was to quantify the contri-
bution to the AG® of the binding of a carboxylic acid side chain
that is covalently linked to either a bridgehead carbon atom or
to a nitrogen atom of glycoluril. For that reason we synthesized
5-(3,7-dioxo-2,4,6,8-tetraazabicyclo[3.3.0]oct-1-yl)pentanoic acid
(2b), 5-(3,7-diox0-2,4,6,8-tetraazabicyclo[3.3.0]oct-2-yl)pentanoic
acid (2¢),” and 6-(3,7-dioxo-2,4,6,8-tetraazabicyclo[3.3.0]oct-2-
yl)hexanoic acid (2d).
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Scheme 1  Reagents and conditions: (i) SOCL,; (ii) CH,N,, hexane-Et,O (1 : 1), rt,1 h; (iii) dimethyldioxirane, acetone, 0 °C; (iv) H,NCONH,, H,O-EtOH
2:1),pH=3,4°C,3d;(v)pH=1,4°C, 5d; (vi) KOH-H,O, rt, 24 h; (vii) pH = 1-2.

Results and discussion

Compound 2b was obtained from 5-ethoxycarbonylpentanoic acid
by reacting the corresponding acyl chloride with diazomethane to
give the diazoketone 3 in 75% yield (Scheme 1). The diazoketone
3 was subsequently oxidized with dimethyldioxirane in acetone to
yield glyoxal 4, together with the corresponding hydrate.

Attempts to condense compound 4 to urea in standard
conditions for the synthesis of glycolurils (toluene or benzene,
with a catalytic amount of TFA and azeotropic removal of
water) didn’t afford glycoluril 5 due to competing side reactions
involving glyoxal 4 (Table 1). These side reactions of glyoxal
4 could be minimized by reacting urea and glyoxal 4 at low
temperature. However, in spite of water being formed in the
condensation of urea and glyoxals, this type of reaction can
proceed in aqueous or hydroalcoholic media with moderate to
good yields.*** Depending on the acidity of the aqueous medium
the condensation of urea and glyoxal affords either glycoluril,
when pH = 1-2, or the intermediate 4,5-dihydroxyimidazolidin-
2-one, when pH = 3-4. The best result, 28% yield, was obtained
when urea and glyoxal 4 were allowed to react in EtOH-H,O
(1 :2)at 4 °C in two stages: first at pH = 3 in order to
form the corresponding 4,5-dihydroxyimidazolidin-2-one, and
then at pH = 1 in order to form glycoluril 5 (Table 1). Finally,
saponification of the ester group of 5 afforded ligand 2b in almost
quantitative yield.

Compounds 2¢® and 2d were obtained from m-aminoacids
which, by reaction with potassium cyanate in aqueous medium, af-
forded the corresponding w-ureidocarboxylic acids. Condensation
of these w-ureidocarboxylic acids to 4,5-dihydroxyimidazolidin-
2-one*" afforded the ligands 2¢ and 2d in 45 and 50% yield

Table 1 Optimization of the synthesis of 5

respectively. Unlike compound 2b, which is achiral, compounds 2¢
and 2d are chiral. Since the two enantiomers of a racemic ligand
are expected to have different binding constants to a given protein,
a small amount of racemic 2¢ was resolved into its enantiomers by
RP-HPLC using a chiral stationary phase.?®

In order to prove that these ligands bind to Av and Sav we used
the dye 2-(4-hydroxyphenylazo)benzoic acid (HABA), which has
been shown to bind to both Av and Sav at the same binding site as
biotin. This dye, in its unbound form, has an absorption maximum
at 348 nm, which shifts to 500 nm when bound to Av or Sav.*
Addition of any of these ligands to an aqueous solution of HABA
and either Av or Sav resulted in a decrease in the absorption
at 500 nm and the corresponding increase in the absorption at
348 nm, proving that all of them bind to the same binding sites as
HABA and biotin. Since the binding constants of HABA to Av
and Sav were already known (K, = 1.7 x 10° and 7.3 x 10* M™!
respectively),”"* the binding constants of the new ligands to Av and
Sav should also be measurable in spectrophotometric competition
experiments with HABA. For every ligand, the plot of absorbance
at 500 nm (Asq) vs. the ratio [ligand]/[subunits] was fitted toa 1 : 1
binding model assuming that each subunit of the protein behaves
as an independent binding site, without cooperative effects.?*
The reasonably good fits obtained (shown in Fig. 1-3 and in the
ESIt) between the experimental and calculated curves support our
assumption of independent behaviour between the binding sites.

In order to compare binding constants of different compounds it
is preferable that all of them are measured with the same technique
and under the same experimental conditions. For that reason we
measured the binding constant of glycoluril (2a) to Sav by the
spectrophotometric competitive titration method, yielding a value
which was circa one order of magnitude lower than the value

Entry Solvent Catalyst Temperature/°C Time Yield (%)
1 Benzene TFA Reflux 16 h ca. 1
2 H,0-EtOH (2: 1) HCI (pH = 1) 50 16h ca. 1
3 H,0-EtOH (2: 1) HCl (pH = 1) 25 24h
4 H,0-EtOH (2: 1) (i) HCl (pH = 3) 4 3d 28
(ii) HCI (pH = 1) 4 5d
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Table 2 Binding constants of glycoluril and its derivates to avidin and streptavidin®

Avidin Streptavidin
Ligand K,/ M™! AG/kJ mol™! S K,/ M™! AG/kJ mol™! S
2a 2.2(+0.6) x 10° -36.2+0.7 4.7(£0.5) x 10* —26.5+0.3
2b 8.5 (£ 1.0) x 10° —224+03 76 £ 10 —10.7£0.3
(+)-2¢ 2.6 (£ 1.0) x 107 —-423+1.0 217 1.8 (£ 0.8) x 10° —357+12 164
3.5(£2.0) x 107° —43.0 £ 1.6° 2.8 (£ 1.0) x 10°° —36.8+0.9°
(—)-2¢ 1.2(£0.3) x 10° —29.0 £ 0.6 1.1(£0.2) x 10* —23.1+£0.5
2.6 (£2.0) x 10°° —30.9 £2.5° 7.0 (£ 2.0) x 10°*® —-21.9+£0.7*
(£)-2d 4.1(£2.0) x 107° —43.4 +1.3° 103 4.5 (+£2.0) x 10°° —38.0+1.7° 265
.0(£2.0) x —32.0+ 1. T (£ 1.0) x —24.1 + 1.
4.0 (£2.0) x 10°* 320+ 1.4° 1 1.0) x 10** 241 +£1.2°

“ Determined by spectrophotometric competition with HABA, in 0.1 M phosphate buffer at pH = 7.0. ® Obtained from the competitive tritation of the

protein-HABA complex with the racemic ligand.

obtained by surface plasmon resonance using other experimental
conditions'® (Table 2). On the other hand, owing to the lack of a
carboxylic acid side chain in glycoluril (2a), it was expected that
a similar binding constant to both Av and Sav would be found.
However, the binding constant to Av resulted in being almost
two orders of magnitude higher than to Sav, as also happens in
the complexes of biotin and other ligands."***** In the case of
glycoluril this difference in the binding constants to both proteins
can only be ascribed to differences in the hydrophobic and van
der Waals interactions of the bicyclic system, and to differences
in the hydrogen-bonding interactions involving the ureido groups.
Analogously, in the case of biotin, apart from the well established
difference of interactions of the valerate side chain towards Av
and Sav,' the interactions involving the bicyclic system of biotin
could also make an important contribution to the difference of its
binding constant to both proteins.

The glycoluril derivatives with a valerate side chain bound to a
bridgehead carbon atom (2b) or to a nitrogen atom [(+)-2¢ and
(—)-2c] also have a higher binding affinity to Av than to Sav (Fig. 1
and Table 2). However, the difference in the AG of binding (AAG)
for a given ligand to Av and Sav is about two times smaller in the N-
substituted glycolurils (+)-2¢ and (—)-2c¢ than in the C-substituted
glycoluril 2b (6.6, 5.9 and 11.7 kJ mol™" respectively).

—~ 10
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0.0 T
10 20 30

[2b)/[Av Subunits]

Absorbance (A.U

40 50

Fig. 1 Absorption change at 500 nm in the titration of Av 9.2 uM
(tetramer) and HABA 34.7 uM with ligand 2b in phosphate buffer 0.1 M,
pH = 7.0. The solid line represents the fit of the data to the (1 : 1) binding
model.

For the chiral compounds 2¢ the (+)-enantiomer was found to
bind to both Av and Sav about 13 kJ mol~' stronger than the
(—)-enantiomer (Fig. 2 and Table 2), which is an indication of
the better fit of the (+)-enantiomer inside the binding pocket of
both proteins. The position and stereochemistry of the bicyclic
system where the valerate side chain is bound has an important
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Fig. 2 Absorption change at 500 nm in the titrations of the complex
Sav—-HABA with ligands 2¢ in phosphate buffer 0.1 M at pH = 7.0. A:
Sav 11.8 uM (tetramer) and HABA 59.7 uM with ligand (—)-2¢. B: Sav
11.9 uM (tetramer) and HABA 59.7 uM with ligand (+)-2¢. C: Sav 12.1 uM
(tetramer) and HABA 67.6 uM with ligand (£)-2c. The solid line represents
the fit of the data to the (1 : 1) binding model, and to the model considering
different binding constants for each enantiomer in titration C.

influence on the free energy of binding of the resulting ligand to
Av and Sav. The binding is weakest when the valerate side chain is
bound to a glycoluril bridgehead carbon (2b). On the other side,
the strongest binding is obtained when the valerate side chain is
bound to a glycoluril nitrogen atom with the proper configuration
in the stereogenic centers [(+)-2c¢]. The decrease in the free energy
of binding on going from 2b to (+)-2¢ is of 19.9 kJ mol™! for
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Av and of 25.0 kJ mol™ for Sav. Smaller decreases in the free
energy of binding are obtained on going from 2b to (—)-2¢, being
6.6 kJ mol™' for Av and of 12.4 kJ mol™' for Sav. It is clear from
these results that introduction of a valerate side chain in glycoluril
will lead to an increase in the binding constant to Av and Sav only
when the side chain is bound to a nitrogen atom and with the
proper stereochemistry [(+)-enantiomer]. This increase in binding
afinitty could be due to new hydrogen-bonding interactions of the
carboxylate group together with van der Waals interactions of the
valerate side chain.?*?® In other cases, either with the valerate side
chain bound to the bridgehead carbon or to the nitrogen atom
with the wrong stereochemistry [(—)-enantiomer], there will be a
decrease in binding constant compared to unsubstituted glycoluril
(2a).

Although the side chain in 2b and 2¢ — valerate — is the same as
in biotin (1), the constitution and stereochemistry at the linkage
point between the bicyclic system and the side chain is different
for these compounds. Owing to these differences, the valerate
side chain might not be the most appropriate one for substituted
glycolurils in order to make hydrogen-bonding interactions to
specific residues of Av and Sav. In the case of biotin it has been
found that shortening or extending the carboxylic acid side chain
by a single methylene group leads to a markedly different network
of hydrogen-bonding interactions with Av and Sav.' For that
reason we were interested in finding out whether an extension of
the carboxylic acid side chain of N-substituted glycolurils would
lead to an increase in the binding constant to Av or to Sav. Ligand
2d, which has five methylene groups in the side chain, was obtained
as a racemate. We were interested to know, without having to
ressolve the racemic 2d, whether any one of its enantiomers would
bind to Av or to Sav stronger than the enantiomers of 2¢, and also
the enantioselectivity of the binding to each protein.

There are many examples in the literature on the simultaneous
determination of two binding constants in a single titration of
an enantiomerically pure host with a racemic guest, or vice versa
an enantiomerically pure guest with a racemic host, when the
two diastereomeric complexes show separate signals. This is the
case in '"H NMR spectroscopy of some host-guest complexes®
and affinity capillary electrophoresis of some diastereomeric ion-
pairs.*** "H NMR titration of a racemic host with a racemic
guest leading to an averaged chemical shift can also give the two
binding constants of the diastereomeric complexes, but only when
the ratio between both binding constants can be obtained from
a separate experiment.’? However, it is very common to have
a racemic ligand that binds to an enantiomerically pure chiral
receptor (e.g. a protein) leading to a single averaged response for
the two diastereomeric complexes. In this case it is also possible to
simultaneously obtain the binding constants of both enantiomeric
ligands by means of a single titration of the enantiomerically pure
receptor with the racemic ligand.*® Obviously this methodology
does not tell us to which enantiomer of the ligand each binding
constant corresponds. But it has the great advantage of giving
us the binding constant of both enantiomeric ligands, as well
as the enantioselectivity, in a single titration of the receptor
with the racemic ligand, without having to separate the two
enantiomers. The application of this methodology should allow
the fast screening of racemic ligands. Only those racemic ligands
showing the appropriate binding constants (or activities) and
enantioselectivity would proceed to the next, time- and resources-

consuming, stage of racemic resolution. Finally, titration with the
enantiomerically pure optimal ligands would allow confirmation
of the previously found binding constants as well as to their
assignment to the corresponding enantiomer of the ligand.

We have applied this methodology to the competitive spec-
trophotometric determination of binding constants, although its
general character makes it also applicable to other methods,
either direct or competitive. In order to check this methodology
we first used racemic 2¢, because it had already been resolved
and the binding constants of both enantiomers to Av and Sav
had been independently measured. Competitive titration of the
complex Sav-HABA with racemic 2¢ afforded an experimental
curve (Fig. 2C) that was fitted to a 1 : 1 binding model. But this
time the binding model included two different binding constants —
one for each enantiomer of the ligand. Non-linear fitting of the
calculated absorbance to the experimental absorbance at 500 nm
led to the binding constants of 2.8 x 10° and 7.0 x 10° M~! for
the two enantiomers, which agree reasonably well with the values
obtained in the titrations with the pure enantiomers (Table 2).
In order to further check this method with another protein, the
complex Av-HABA was titrated with racemic 2c¢. Non-linear
fitting of the experimental curve (see ESIT) to the same 1 : 1 binding
model led to the binding constants of 3.5 x 107 and 2.6 x 10° M
for the two enantiomers (Table 2). The reasonably good agreement
between the binding constants obtained by titration with each
enantiomerically pure ligand and by a single titration with the
corresponding racemate, with two different proteins, supports the
validity of this methodology.

When this methodology was applied to the competitive titration
of Av-HABA with racemic 2d, a K, of 4.1 x 10" M™" and a
Koinor of 4.0 x 10° M~' were obtained. In the most likely case
where the K, corresponded to the 2d-enantiomer with the
same stereochemistry as (+)-2¢, the extension of the side chain
by one methylene group would lead to an increase in the binding
constant of both enantiomers to Av. The increase in stability
(AAG) of the Av complexes would be higher for the weak-binding
enantiomer (3.0 kJ mol™") than for the strong-binding enantiomer
(1.1 kI mol™).

In an analogous competitive titration of Sav—-HABA with
racemic 2d (Fig. 3), a Ko 0f 4.5 x 10° M and a K 0f 1.7 x
10* M~" were obtained. Assuming that the K, corresponded to
the 2d-enantiomer with the same stereochemistry than (+)-2¢, the
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0.2

Absorbance (A

0.0
0 1 2 3 4 5 6

[(+)2d}[SAvV Subunits]

Fig. 3 Absorption change at 500 nm in the titration of Sav 10.6 uM
(tetramer) and HABA 52.7 uM with ligand (£)-2d in phosphate buffer
0.1 M, pH = 7.0. The solid line represents the fit of the data to the
(1 : 1) binding model considering different binding constants for each
enantiomer.
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extension of the side chain by one methylene group would also
lead to an increase in the binding constant of both enantiomers to
Sav. But now the increase in stability (AAG) of the Sav complexes
would be higher for the strong-binding enantiomer (2.3 kJ mol™")
than for the weak-binding enantiomer (1.0 kJ mol™").

Apart from this increase in the binding constant to both Av
and Sav, the extension of the side chain by one methylene group
leads also to changes in the enantioselectivity S (defined as the
ratio of the binding constants of both enantiomers to a given
receptor). While in the case of Av, the extension of the side chain
by one methylene group leads to decrease in the enantioselectivity,
in the case of Sav it has the opposite effect (Table 2). This different
behaviour is consistent with the markedly different effect of the
extension of the side chain of biotin on the network of hydrogen-
bonding interactions to Av, compared to Sav.'®

We were interested in predicting the binding mode of ligands 2a—
dto Sav, in order to explain the major effects of the stereochemistry
and the position of the side chain on the binding constant.
Docking programs have been used to predict the binding site
and bound conformation of flexible ligands to macromolecules
of known structure, which are maintained rigid. Among these
programs, AutoDock*¢ (Lamarckian genetic algorithm) has
been successfully used in reproducing the experimental binding
conformation of a wide range of ligand—protein complexes.*”
In this sense, AutoDock has been shown to reproduce the
experimentally observed binding conformation of biotin (1) to
Sav with a rmsd of 0.66 A.3* Since the binding of biotin (1) to Sav
leads to an ordering of a surface protein loop,'>* we assumed that
the protein conformation in the Sav-2 complexes would be more
similar to that in the biotin complex (Sav-1) than to that in the
uncomplexed Sav. Consequently, we proceeded to dock ligands
2a-d to the complexed Sav conformation.

In the first place, biotin (1) and glycoluril (2a) were docked to
Sav in order to test the reliability of the docking formalism and of
the assumed protein conformation. The predicted binding mode
of biotin (1) and glycoluril (2a) reproduced their crystallographic
complex coordinates™®® with rmsd values of 0.37 and 1.29 A
respectively. When 2b was docked to Sav, the best scored binding
mode had the bicyclic system rotated approximately 107° about the
bridge bond, compared with the bicyclic systems of bound biotin
(1) and bound glycoluril (2a). In this binding mode (Fig. 4A) only
one of the urea groups in 2b was almost superimposable to that
in biotin (1) or in glycoluril (2a), with the possibility of forming
similar hydrogen-bonding interactions. Besides, the valerate side
chain, although following a similar direction to that in biotin, in 2a

might not be long enough to form hydrogen-bonding interactions
with Asn49 and Ser 88. On the other hand, the most populated
cluster of docked 2b, which did not contain the lowest energy
conformation, had binding modes in which the bicyclic system of
2b was slightly tilted in relation to that of biotin (Fig. 4B). The
lower stability of this binding mode might come from less effective
hydrogen bonding and van der Waals interactions.

When (1R,5S)-2¢ and (1R,55)-2d, the ligands with a stereo-
chemistry more similar to that of biotin (1), were docked to Sav,
the predicted binding mode showed for both ligands an orientation
within the binding site similar to that of crystallographic biotin
(1) (Fig. 4C). For these ligands the best scored conformation
corresponded to the most populated cluster.

In the case of (1S,5R)-2¢, maintaining the valerate side chain
in a position similar to that of bound biotin would imply that
its bicyclic system could not be superimposable to that of its
enantiomer, or to that of bound biotin. Instead, the docking
results predicted that the bicyclic system of (1.5,5R)-2¢ would be
almost superimposable to that of its enantiomer (Fig. 4D), while
the valerate side chain would lie in a different position to that of
its enantiomer, or to that of biotin. In this binding mode, appart
from potentially less favourable van der Waals interactions, one
hydrogen-bonding interaction might be lost because of the valerate
side chain substitution on the N atom close to Ser 45.

The results obtained by docking studies could explain the major
differences in binding affinities, although it is difficult to extract
conclusions about the predicted absolute binding free energies and
hydrogen-bonding distances because the structure of the protein
was maintained rigid. More detailed studies based on molecular
dynamic methods are in progress.

Conclusion

In this paper we describe the synthesis of glycoluril derivatives with
a carboxylic acid side chain, showing that they bind to both avidin
and streptavidin at the same binding site as biotin. Glycoluril
derivatives with a valerate side chain bound either to a bridgehead
carbon atom or to a nitrogen atom have a higher binding affinity
to Av than to Sav. Moreover, the position and stereochemistry
of the bicyclic system where the valerate side chain is bound has
an important influence on the binding affinity of the resulting
ligand. Introduction of a valerate side chain in glycoluril led to an
increased binding to both proteins only when the valerate group
was bound to a N atom and with the proper stereochemistry [(+)-
enantiomer]. On the other hand, introduction of the valerate side

Fig. 4 Superimposition of binding modes of ligands 2b-d with Sav as found by AutoDock. A: lowest energy binding mode of 2b (yellow) and
crystallographic biotin (green); B: most populated cluster of 2b (yellow) and crystallographic biotin (green); C: lowest energy binding mode of (1R,55)-2d
(red) and crystallographic biotin (green); D: lowest energy binding modes of (1R,5S)-2¢ (blue) and (1S,5R)-2¢ (orange).
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chain either on the bridgehead carbon or on the N atom with
the opposite stereochemistry [(—)-enantiomer] led to a decrease in
binding constant compared to the unsubstituted glycoluril. Direct
spectrophotometric competitive titration of each protein with a
racemic ligand allowed measurement of the enantioselectivity
of the ligand—protein complexation, together with the binding
constant of the two enantiomers. In the case of the N-substituted
glycoluril, the extension of the side chain by one methylene group,
from valerate to caproate, led to an increase in the binding constant
to both proteins. The effect of the stereochemistry and the position
of the side chain on the binding constant to streptavidin could be
explained in view of the binding modes predicted from docking
studies using AutoDock 3.05.

Experimental
General

"H NMR spectra were recorded on a Varian Gemini (200 MHz) or
Varian Mercury spectrometer (400 MHz) in the indicated solvent.
Chemical shifts were reported in parts per million (ppm) relative
to tetramethylsilane (0.0 ppm), CDCl; (7.26 ppm), or DMSO-
ds (2.50 ppm) as an internal standard. *C NMR spectra were
recorded on a Varian Gemini (50 MHz) or Varian Mercury
spectrometer (100 MHz). Chemical shifts were given in partsl
per million (ppm) relative to DMSO-d, (39.5 ppm) as an internal
standard. Infrared spectra were recorded on a Perkin-Elmer 681
instrument. UV-Vis spectra were recorded on a Varian CARY
500 Scan spectrometer. Mass spectra were recorded on a Waters
Micromass ZQ spectrometer for ESI spectra. Analytical thin layer
chromatography was performed on Merck Silica Gel 60 F254
plates and visualized with UV light and developed by exposure to
Cl, (gas) prior to soaking in a solution of 4,4'-methylenebis(N,N-
dimethylaniline). Reverse phase HPLC was performed on a Cjg
Kromasil silica-based column. Melting points were determined in
a variable temperature optical microscope and are uncorrected.
Optical rotation was measured on a Perkin Elmer 241 MC
polarimeter.

Materials

Avidin (affinity purified, Sigma), streptavidin (affinity purified,
Sigma), 5-ethoxycarbonylpentanoic acid (Aldrich) and glycoluril
(Acros) were used as received. 4,5-Dihydroxyimidazolidin-2-one,*!
6-ureidohexanoic acid, dimethyldioxirane* and 5-(3,7-dioxo-
2.,4,6,8-tetraazabicyclo[3.3.0]oct-2-yl)pentanoic acid (2¢)* were
prepared acording to literature procedures.

(+)- and (—)-5-(3,7-Dioxo0-2,4,6,8-tetraazabicyclo-
[3.3.0]oct-2-yl)pentanoic acid (2¢)

Racemic resolution of 5-(3,7-dioxo-2,4,6,8-tetraazabicyclo-
[3.3.0Joct-2-yl)pentanoic acid at milligram scale was achieved by
HPLC using as chiral stationary phase a Chirobiotic® T (ASTEC
Inc, USA) column.® (+)-2¢: [a]F = +50.5 (¢ = 0.12, MeOH);
(—)-2c: [a]? = —48.5 (¢ = 0.09, MeOH).

6-(3,7-Dioxo-2,4,6,8-tetraazabicyclo[3.3.0]oct-2-yl)hexanoic acid
(2d)

6-Ureidohexanoic acid (1.74 g, 10 mmol) was dissolved in 60 ml of
water at 90 °C. The pH of the solution was adjusted to 1 with conc.
HCI and 4,5-dihydroxyimidazolidin-2-one (903 mg, 10.5 mmol)
was added. The resulting mixture was heated to reflux for 1 h and
was then cooled to 4 °C and the precipitate collected after 24 h and
recrystallized from water. Yield: 50%; mp: 179-183 °C. 'H NMR
(200 MHz, DMSO-d¢): 7.40 (s, IH, NH); 7.23 (s, 2H, NH); 5.20
(m, 2H, -CH-CH-); 3.19-3.05 (m, 1H, N-CHH); 2.97-2.83 (m,
1H, N-CHH); 2.17 (t, T = 7 Hz, 2H, CH,—~COOH); 1.44 (m, 4H,
CH,); 1.18 (m, 2H, CH,). IR (KBr): v,,,,/cm~': 3290, 1740, 1708,
1682, 1509. ESI-MS: 279.10 ([M + Na]*). Elemental analysis (%)
cale. for C,H,,N,0,-0.6H,0: C 44.97, H 6.49, N 20.98, O 27.56;
found: 44.98, H 6.51, N 20.69, O 27.82.

Ethyl-7-diazo-6-oxoheptanoate (3)

Ethyl 5-(chloroformyl)pentanoate (1.203 g, 6.25 mmol) was dis-
solved in 30 ml of anhydrous hexane under a nitrogen atmosphere
and added dropwise to a solution of diazomethane in Et,O
(80 ml, 15.1 mmol). The reaction mixture was stirred for 1 h
at room temperature and then the excess diazomethane and the
solvent were removed under reduced pressure to yield 1.199 g
of a yellow oil. The crude diazoketone was purified by column
chromatography (gradient from hexane-AcOEt3:1to1:1)to
yield 0.912 g of a yellow oil (75%). IR (film) v,,,/cm™": 3094, 2981,
2940, 2871, 2104, 1731, 1641. "H NMR (200 MHz, CDCl;): 5.26 (s
broad, 1H, -CH=N,), 4.13 (q, 2H, -CH,—0-CO-), 2.32 (m, 4H,
CH,-COOEt and CH,-CO-CH=N,), 1.66 (m, 4H, CH,~CH,).
1.25 (t, 3H, CH;—CH,-0).

Ethyl-5-(3,7-dioxo0-2,4,6,8-tetraazabicyclo[3.3.0]oct-1-
yl)pentanoate (5)

Ethyl 7-diazo-6-oxoheptanoate (42 mg, 0.21 mmol) was dissolved
in S ml of acetone, and cooled with an ice bath. Dimethyldioxirane
solution (1.5 equiv.) was added and evolution of nitrogen was
observed. The reaction mixture was allowed to warm to room
temperature and react for 30 min. The solvent was removed under
reduced pressure and the desired glyoxal 4 was obtained as an oil,
pure enough for the next reaction. The glyoxal 4 was dissolved
in a H,O-EtOH mixture (2 : 1) and cooled on an ice bath. Urea
(61.4 mg, 1.02 mmol) was added and the pH of the solution was
adjusted to 3 with 0.05 M HCI. The reaction mixture was allowed
to react for 3 d at 4 °C. Then the pH of the solution was adjusted
to 1 with 0.1 M HCI, and the reaction was kept at 4 °C for a
further 5 d. The solvents were removed under reduced pressure
and the solid obtained was loaded (as a solid dispersion in silica)
into a chromatography column and eluted with an AcOEt-MeOH
gradient. The product was then further purified by RP-HPLC
(40% MeOH in H,O isocratic) to yield 16 mg of a white solid
(28%); mp: 255-258 °C. ESI-MS: 293.1 ((M + NaJ*). IR (KBr):
Va/cm™': 3225, 2941, 1730, 1681, 1507. '"H NMR (200 MHz,
DMSO-d¢): 7.16 (s, 2H, NH); 7.06 (s, 2H, NH); 4.85 (s, 1H, NH-
CH-NH); 4.03 (q, / = 7.2 Hz, 2 H, -CH,—0-CO), 2.26 (t, J =
7Hz,2H,-CH,-COOEt); 1.62 (m, 2H,-CH,~CH,-COOEt); 1.48
(t,J =7Hz,2H,-C-CH,-CH,); 1.26 (m, 2H, C-CH,—CH,-CH,);
1.16 (t, J = 7.2 Hz, 3H, O-CH,-CH,).
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5-(3,7-Dioxo-2,4,6,8-tetraazabicyclo[3.3.0]oct-1-yl)pentanoic acid
(2b)

Ethyl-5-(3,7-dioxo-2,4,6,8-tetraazabicyclo[3.3.0]oct- 1 -yl)penta-
noate (24 mg, 0.088 mmol) was dissolved in 8 ml of an aqueous
solution of KOH (0.012 M, 0.096 mmol). The reaction mixture
was stirred overnight at room temperature. Then, 0.3 ml of a KOH
solution (0.098 M, 0.029 mmol) were added and the reaction was
stirred for a further 6 h. The reaction mixture was then acidified
to pH 2 with 0.1 M HCI and evaporated in vacuo. The solid
residue was redissolved in the minimum quantity of water (about
8 ml) and loaded onto a column packed with MCI Gel CHP20P
resin, washed with 50 ml of water and then the product eluted
with water—-MeOH (2 : 1, v/v), yielding 22 mg of a white solid
(quantitative); mp: 243-245 °C. ESI-MS: 265.0 [M + Na*]. IR
(KBr): v /cm™': 3220, 2948, 1745, 1683, 1558, 1508. '"H NMR
(400 MHz, DMSO-d¢): 7.16 (s, 2H, NH); 7.06 (s, 2H, N H); 4.85 (s,
1H, NH-CH-NH); 2.18 (t, J = 7 Hz, 2H, CH,—~COOH); 1.62 (m,
2H, CH,—CH,-COOH); 1.48 (t, / = 7 Hz, 2H, -C-CH,—CH,);
1.26 (m, 2H, -C-CH,-CH,-CH,). “C (100 MHz, DMSO-d,):
175.8, 161.9, 77.1, 69.3, 39.4, 35.1, 25.9, 23.6. Elemental analysis
(%) calc. for C,H;,N,0,-0.5H,0: C 43.03, H 6.02, N 22.30, O
28.66; found: 43.54, H 5.64, N 22.05, O 28.77.

General procedure for the spectrophotometric competitive titrations

Spectrophotometric competitive titrations were performed on a
1.5 mL cell of 1 cm pathlength. Aliquots of a 0.1-3.0 mM solution
of the ligand (either single or racemic) in phosphate buffer (0.1 M,
pH = 7.0) were added to a 5-15 uM solution of the protein and
30-70 uM of HABA in phosphate buffer (0.1 M, pH = 7.0). UV-
Vis absorption spectra were recorded from 700 to 200 nm, 5 min
after each addition, in order to monitor the changes in absorbance
at 500 and 348 nm (due to the displacement of the protein-bound
dye by the ligand).

(a) Binding model for a competitive titration with an enan-
tiomerically pure ligand (or a single ligand). This binding model
assumes that the four identical subunits of each protein (Av
or Sav) behave independently, without cooperative effects. This
assumption allows us to consider the competition of the indicator
(I) and the ligand (L) for the tetrameric protein as equivalent to a
competition of I and L for the monomeric protein subunits (S).

Since Av and Sav have only one binding site per subunit, the
equations of the 1 : 1 binding model*?¢ can be used (see Scheme 2
and ESIY).

M -

S

S: Protein subunit
I: Indicator (HABA)

o= @ + o
il L: Monovalent ligand (2)

S-L |

Scheme 2

Least-squares fitting of the calculated absorbance (A4.) [eqn.
(1)] to the experimental absorbance (4.,,) led to the optimal value
for the binding constant between S and L. The reasonably good
fit between the experimental and calculated curves supports our
assumption of independent behaviour between the binding sites.

Aeare = exson[1] + &sas00[S-1] ()

(b) Binding model for a competitive titration with a racemic
ligand (or a mixture of two ligands). This binding model also
assumes that the four identical subunits of each protein (Av or Sav)
behave independently, so that the equations of the 1 : 1 binding
model*? can also be used. But now there are two ligands (L,
and L,) that compete with the indicator (I) for the protein subunits
(S) (Scheme 3). It was assumed that there was no interaction
between the two ligands L, and L,, and that they would bind
the same protein with different binding constants (Ky,s and K s
respectively, see ESIT).

S-1 + L, S-L; + 1

—
pe————
—_—
————

S-1 + L, S-L, + 1

Scheme 3

In order to simultaneously measure the binding constant of
both enantiomeric ligands to a given protein by means of a
single titration with the racemic ligand, the general procedure
for spectrophotometric competitive titrations was also followed.

Least-squares fitting of the calculated absorbance (A.,.) [eqn.
(1)] to the experimental absorbance (A4.,,) afforded in a single
experiment the binding constant of each enantiomeric ligand.
This method can also be applied to non-racemic mixtures of two
ligands, as long as their molar ratio is known. The reasonably good
fit between the experimental and calculated curves supports our
assumption of independent behaviour between the binding sites.

Docking studies

AutoDock 3.05*7¢ was used in the docking studies. The X-ray
structure of the dimeric streptavidin—biotin complex was retrieved
from the Protein Data Bank* (entry code: 1SWE?), water
molecules were removed and the resulting pdb file was converted
to the tetrameric form by symmetry operations using the Swiss-
PdbViewer.** Polar hydrogens were added and Kollman charges
were assigned to the macromolecule using the AutoDockTools
program.* One of the four biotin molecules was removed from its
binding site and affinity grids of 80 x 80 x 80 points, separated
0.375 A and centered in the empty binding site, were constructed
using the Autogrid program. Charges and active torsions were
added to the ligands using the AutoDockTools program and non-
polar hydrogens were merged with the carbons. The Lamarckian
genetic algorithm (LGA) was used in order to perform the
conformational search. For each ligand, 50 independent docking
runs of 100 individuals and 10000 generations were performed
using the default values for the AutoDock parameters. Results
were clustered and ranked according native AutoDock scoring
function.
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The development of digital molecular devices arises through
the appropriate geometric positioning of a molecular assay.
A detailed evaluation of the digital media reveals the critical
aspects of geometric positioning in terms of developing
an analytically-robust system for molecular analysis. This
study reveals an explicit digital compact disc based assay for
molecular affinity events.

The development of digital systems for molecular diagnostics
has invoked the conceptualization of molecular-based digital
machines. The realization of such machines has been accomplished
by adaptation of digital media, such as the compact disc (CD), for
use in biomolecular analyses.! The remarkable engineering of the
CD player offers a multidimensional system for the molecular
scientist, as it promises a cost-effective solution for microfluidic
devices,> molecular diagnostics,>” and cell processing.? In terms
of diagnostic use, the standard disc player (CD or DVD player)
has been shown to provide a viable analytical device for screening
a number of protein and DNA based analyses.'>* This article
evaluates the features critical for the development of a true digital
molecular assay system.

To date, three different architectures, as given by types IA, IB
and II (Fig. 1), have been developed for CD-based molecular anal-
yses. In principle, a molecular analyte can be used to create (type
IA), process (type IB), or modulate (type II) a string of digits. The
substantial differences between these approaches, in terms of their
engineering, data collection, and data management, necessitate a
thorough comparison to guide the future development of digital
molecular devices. To demonstrate, we examined application of
types I-1I to digital molecular analysis. Based upon their suitability
for digital architectures, conclusions can be drawn as to the basic
structure best fit for contemporary digital machines with their
benefits to advance data manipulation and information flow. In
this study, we evaluate the performance of type I and II systems
on both a theoretical and experimental level.

A digital molecular assay must be able to perform two tasks:
detect a molecular change and relay this detection via digital code
to other digital machines. This digital code may arise by either
the generation of new digital information or the alteration of
existing digital code. It is the source of this digital information that
delineates the major types of digital molecular devices explored to
date. All type I devices use the generation of a digital signal for the
creation of raw analytical data. This format may be seen in two
examples. The first, type IA, uses reflected light from a pattern of
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Fig. 1 Schematic representation of the three digital architectures of
molecular analysis. Each system, types IA, IB, and II, is represented with
two spheres connected by a conduit. The digital signal is created in the
left sphere and transmitted through the conduit to a second sphere on
the right, where it is processed. A set of six bytes, B1-B6, are presented
wherein B1, B3 and BS5 are bytes created by the system and bytes B2, B4
and B6 are bytes that have been processed. Grey-shaded regions within
the representations denote the regions in molecular analysis interacts with
the digital system. Coloring within each byte indicates 0 in white, 1 in light
grey, and modified bits in dark grey.

analytes to report a positive biomolecular signal through binding
of a reporter, resulting in the creation of light intensity.* In this
system, the affinity event creates the digital signal, as given by its
geometric positioning into byte structures. The second, type IB,
uses constructive interference to alter the wave-based reflection of
light to generate a digital signature.® In this model, the processing
of light (reflection) is displayed in a geometric arrangement to
generate byte-like patterns. The difference between type IA and
IB lies in the function by which the optical event is translated into
a digital signal. Both type I systems begin with a theoretically
blank digital structure (background, Fig. 2), and the generation
of signal occurs when positive biomolecular events take place. To
make such a system digital, reporter molecules must be deposited
in an array whereby the return of positive binding events creates
an interpretable digital code. Type II devices, on the other hand,
work upon a pre-existing digital template. As shown in Fig. 1,
it is the modification of bits within the returned signal during
transmission that acts as the analytical event through creation of
calculable error.?

Conventional wisdom may suggest that the generation of a
signal (type IA/B) would be optimal for ascertaining a molecular
entity, much like traditional spectroscopy. Because type I devices
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Fig. 2 Operation of a type I device. (a) Theoretically-expected outcome.
(b) A background reading. (c) An exemplary experimental outcome. The
symbol * denotes null bits, which can be assigned neither 0 nor 1. Circles
represent regions of the assay where positive affinity events occur.

serve to create an information stream, the nature of information
coded within a given set of assays is regulated by the geometric
assembly of each assay. A major limitation of geometric arrays
within digital systems is treatment of error when a given assay fails
to execute properly. The creation of error for such a digital device
is represented by bits that are erroneous, or null bits, which can be
assigned neither 0 nor 1. For instance, byte B17 (Fig. 2) contains
five null bits when compared to the theoretical equivalent, byte
B7. When the position of such errors is stochastic, they cannot
be included in a digital architecture, as stochastic events are not
addressed by digital machines.” As a digit is determined by either
a 0 or 1, there is no room to address intermediate states (i.e., 1/2
or 0.75). Therefore, for type I systems the precision of geometric
deposition upon the assay surface is critical to its function as a
digital machine.

For molecular analysis, the generation of error in reading or
writing events poses the same particular problems of data loss.
The engineering of type I molecular digital devices must create
repeated arrays in order to compensate for positional error. To
achieve such a self-correcting system, expansion in the size of the
data set is required, whereby a single assay is represented within a
track of redundant analyses. For traditional analog processes, this
problem is identical to the need for precision, wherein a dynamic
range in error is approached by repetitive analysis. In terms of a
digital machine, however, the comparison is not absolute.

The ability to determine precision in a digital device can become
exceedingly complex. This issue is addressed by type IB molecular
digital devices, where signal creation occurs at the processing
side of an assay. Here a molecular event, either reaction or
association, causes a signal to be recognized by the creation
of fractional wavelengths for interferometric analysis.® Like the
type IA system, processor-created data requires the installation of
complex algorithms to correct for positional error.

Type II assays provide a distinct departure from type I systems,
as error generation is intrinsic within the creation of digital data.
As illustrated in Fig. 3, data delivered through a type II assay is
present in the background, thus providing a direct mimic of the
theoretical experiment. A biomolecular event creates error during
the analysis, thereby altering the transmitted digital information.
For digital sequences, the byte change is developed in terms of

background
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Fig.3 Operation of a type II device. (a) Theoretically-expected outcome.
(b) A background reading. (c) An exemplary experimental outcome.
The symbols + and — denote basic and redundant error, respectively.
Redundant error depicts the return of the same bit (i.e., 0 to O or 1 to 1),
while basic error is given by a change of 0 to 1 or 1 to 0. Circles represent
regions were positive affinity events occur.

two possibilities, as given by redundant or basic error (Fig. 3).
Comparison of the background or theoretical to experimental
bytes identifies error. This is the key component through which
type II systems gain function. The experimentally observed byte
B32 can be compared with byte B22 (Fig. 3). Rather than
generating null bytes, both basic and redundant error are returned
as functioning digital code.

In effect, the utility of type I molecular digital devices relies
on the geometric fidelity of particle placement, whereas type
IT systems can incorporate algorithms to manage geometric
inaccuracies within their operating system.* The question arises,
then, whether geometrical arrangement of particles on a surface
may be arrayed with sufficient precision for adoption of type
I systems to a digital architecture. To probe this question, we
developed the two formats into CD-based prototypes.

Fig. 4 illustrates a type I system, where a biotin moiety was
distributed to match a repeated pattern on a gold surface. This
surface was addressed through an alkylthiol tether via templated
deposition, as given by the rows of theoretical bytes in Fig. 4.1
After binding of strepatvidin-linked gold beads, the device was
imaged via electron microscopy to reveal a variety of observed
patterns. Fig. 4c-d are indicative of positional error that results
from such arrays, in which the difference between the theoretical
and observed bytes results in bit patterns that may not be quantized
digitally. The statistical deviation of this system was analyzed by
examining 10° repeated bytes from Fig. 4. By compiling the fidelity
of experimental results with the theoretically expected readout,
less than 25% of all bits were returned correctly (Fig. 5). Fig. 6
depicts the number of correct bits obtained for each byte of data.
As shown, less than 1% of the bytes were returned with the correct
theoretical sequence (i.e. 8 correct bits per byte.)

A type II system was developed using a recently described
protocol (Fig. 7).> A biotin moiety was evenly distributed across
an assay surface of a polycarbonate CD. Biotin was tethered
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Fig.4 Design of a model type I device. (a) Biotinylated ligand 1 is applied
to a gold-coated glass slide through microcontact printing that depicts
the byte pattern repeated in this manuscript (B1). Streptavidin-linked
gold beads are exposed to the patterned surface. (b) An exemplary
background byte, where no pattern was deposited. Top row shows an
electron microscopy (EM) image of the track. Observed and theoretical
rows are used to calculate the difference byte below. (c—d) Two examples
of experimental bytes imaged by EM. Note that the difference between (c)
and (d) can not be modelled algebraically.
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Fig. 5 Number of bytes obtained correctly at a given bit. A total of
500000 bytes were examined. Data for the type I and II systems were
collected using the prototypes provided in Fig. 4 and 7, respectively.
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Fig. 6 Number correct bits obtained per byte. A total of 500000 bytes
were examined. Data for the type I and II systems were collected using the
prototypes provided in Fig. 4 and 7, respectively.

via 2, which was doped into to the polycarbonate surface via
a polycarbonate tail, as depicted in Fig. 7b. A streptavidin
solution was exposed to the doped surface in an assay region,
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Fig.7 Prototype of a type Il device. This device is similar to that published
previously.? (a) Affinity-polycarbonate doping label 2, consisting of biotin
tethered to a polyethyleglycol-polycarbonate tail. (b) A projection view
of the composite. A data CD is engineered to contain the repeated
byte used in this manuscript (Bl) within its digital layer. Affinity
doping label 2 is applied to a CD surface as a thin film. Streptavidin
is exposed to the disc in an assay region, which serves to modify
the reading of the internal digital structure. (c) An EM image of the
aluminium digital layer, prior to polycarbonate molding. (d) An exemplary
background byte, where no streptavidin was deposited. Observed and
theoretical rows are used to calculate the difference byte below. (e—f)
Two exemplary experimental bytes. Observed and theoretical rows are
used to calculate the difference byte. Difference signal indicates molecular
interaction.

and the digital information was read off of the CD as previously
described.® As seen in Fig. 5, greater than 60% of the bits returned
correctly. However, the number of correct bits per byte (Fig. 6)
was comparable to the type I system, returning a distribution
that contained a modest improvement in the number of correct
bytes.

The difference between the type I (Fig. 4) and type II (Fig. 7)
systems arises not from the distribution of error, but from its
interpretation. Because type I systems are generating new digital
code, errors in the data are disallowed, whereas in type II systems,
where digital code is modified, error in the data is interpreted as
a positive binding event. The distribution of error seen in type
IT systems arises through a data structure that autonomously
detects a molecular binding event.* Here, the fidelity (as given by
correct bits per byte) provides an analytical readout that is directly
correlated to the affinity event. In contrast, all incorrect bits in
type I systems are returned as null bits, which are inadmissible for
digital computation. This phenomenon precludes the use of type
I systems as digital molecular devices without the inclusion of
massive redundancy. As a result, most type I systems to date have
employed secondary devices to convert an analog signal to digital
code.** While not inherently superior for molecular diagnostics,
digital readout offers the advantage of data collection and
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dissemination and networking structures available to contempo-
rary computation.

The development of digital molecular media provides unique
advantages for biomolecular science, several of which arise
through the adaptation of intelligent software design to directly
process digital readout. Here, we illustrate that one of the key
features to the development of digital molecular machines, as
suggested herein, arises from geometric concerns. In conclusion,
we find that type II systems provide a superior platform to
develop digital molecular devices to develop facile interfaces
between the machines that conduct molecular analyses and digital
communications.

Experimental
Type I system (as depicted in Fig. 4)

A 1 x 3 cm gold-coated glass slide was stamped with biotinylated
linker 1 using an established microcontact printing (m-CP)
technique with a pattern representing the byte 10101100."* A dilute
solution of 1 (0.1 mM in ethanol) was applied to the gold surface
by dipping, and the excess was removed by flushing with N,. The
thiol-exposed stamp was then transferred onto the gold surface by
physical contact for 2 s. This patterned substrate was then exposed
to a freshly prepared diazomethane solution (ca. 1 M in ether)
and washed with ethanol (3 x 5 mL). Diazomethane treatment
enhanced the removal of non-covalently linked mercaptans. The
surface was treated with streptavidin-labelled 0.5 micron OD gold
microspheres for 30 min in 20 mM phosphate buffered saline
(PBS, 150 mM NacCl) at pH 7.4. The slide was removed and
washed with PBS (3 x 5 mL) and examined using electron micro-

scopy.

Type II system (as depicted in Fig. 7)

An aluminium CD was created from a glass master with a
repeating data byte of 10101100 packaged between the appropriate
tracker and header information using the standard stamper-
injection molding process.’* The surface of this disc was coated
with biotinylated receptor 2 by spraying with a thin film of 2
(10 mM in ethanol) followed by incubation at 35 °C for 2 h. The
resulting disc was washed with ethanol (3 x 5 mL) and dried
with a cotton cloth. Once dry, the surface of the disc was treated
with 100 nM streptavidin in 20 mM PBS with 150 mM NacCl
at pH 7.4. The disc was removed and washed with PBS (3 x 5
mL) and examined on a compact disc player using established
raw data collection routines.® Electron microscopic images were
collected on the raw electroplated surface prior to molding with
polycarbonate.
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Intramolecular 1,3-dipolar cycloadditions of dihydroimidazolium ylides:
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N-Alkylation of 4,5-dihydroimidazoles with alkene-containing bromomethyl ketones and treatment of
the so-formed 4,5-dihydroimidazolium ions with DBU gives rise to an intramolecular 1,3-dipolar
cycloaddition reaction that affords (via a reaction cascade involving eliminative ring-opening,
recyclisation and prototropic tautomerism) unexpected hexahydropyrrolo[1,2,3-de]quinoxaline
products. Steric bulk in both the dihydroimidazole and the dipolarophile allows isolation of an
imidazo[1,2-alindole, the initial product of cycloaddition. When the bromomethyl ketone contains no
other functionality, or when cycloaddition is inhibited due to steric constraints, the dihydroimidazolium
ion undergoes ring-opening hydrolysis followed by recyclization of the exposed amino ketone to afford
either 3-alkyl-1-formylpiperazine-2-ones or 3-aryl-1-formyl-1,4,5,6-tetrahydropyrazines.

Introduction

4,5-Dihydroimidazolium ylides 2, formed in situ from dihy-
droimidazoles 1 and an appropriate alkylating agent, undergo
intermolecular 1,3-dipolar cycloaddition reactions,! and we have
described the elaboration of the so-formed cycloadducts as part of
the synthesis of optically active pyrrolidines (Scheme 1) and thence
of pyrrolizidines and indolizidines.>* As part of this on-going
programme, we have additionally established an inframolecular
cycloaddition that makes use of an o-haloester that contains a
suitable dipolarophile in the ester alkyl group; this latter reaction
affords the tricyclic adducts 3.* In these sequences three of the
bonds in the newly-formed pyrrolidine are made during the
alkylation—deprotonation—cycloaddition cascade. Related studies
of asymmetric induction in azomethine ylide cycloaddition by an
auxiliary rotationally constrained at nitrogen have been disclosed
by others.>®

Aware that the octahydroindole skeleton forms an integral part
of several natural products, such as the aeruginosins that have
protease inhibitor activity’ and the stenine sub-set of the Stemona
alkaloids used in Chinese medicine for respiratory disorders,' we
reasoned that this system ought to be accessible via the corre-
sponding intramolecular cycloaddition of a dihydroimidazolium
ylide derived from an a-haloketone (Scheme 2).

Herein we report our efforts to realise this cycloaddition
strategy. While the primary imidazo[1,2-a]indole cycloadduct can
be isolated through the use of bulky substituents in both the
dihydroimidazole and the dipolarophile, in general the formation
of hexahydropyrrolo[1,2,3-de]quinoxalines is favoured. This latter
ring system has been reported only sporadically,™* and is
mentioned in the pharmaceutical patent literature,”* some of
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Scheme 1 Dipolar cycloaddition of 4,5-dihydroimidazolium ylides de-
rived from a chiral imidazoline ((S)-enantiomer illustrated). Reagents: (i)
XCH,Br, RCH=CHY, DBU; (ii) NaBH;CN, H*; (iii) Pd(OH),, H,; (iv)
E-BrCH,CO,(CH),CH=CHCO,Et, DBU; X = Y = ester functionalities.

its derivatives possessing affinity for the NMDA (N-methyl-D-
aspartate) glycine binding site.® Since previous syntheses of
these tricyclic ring systems have involved annulation of a pre-
formed bicyclic aromatic system (quinoxaline or indole), the
approach we describe here is new and describes the pyrrolo[1,2,3-
de]quinoxalines in a rarely reported partial saturation pattern. We
also describe the formation of tetra- and hexahydropyrazines that
arise from competitive hydrolysis and rearrangement of the N-(2'-
oxoalkyl)dihydroimidazolium ion precursors of the ylides required
for cycloaddition. Some of the results have been communicated
previously.?
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Scheme 2 A retrosynthetic analysis of the octahydroindole core.

Results and discussion

Dihydroimidazoles 4a, 4b and the enantiopure (R)-4-phenyl
compound 4¢ were available from our previous work" ¥ while
4b is commercially available. Thus, our attention focused on the
synthesis of the suitably functionalized bromomethyl ketones 8
(Scheme 3). Synthesis of the ketone precursors 7a—e was achieved,
as outlined in Scheme 3, via 5-oxohexanal 6a, itself obtained in 32
per cent yield in three steps from commercial 2-(2-bromoethyl)-
1,3-dioxolane 5.% Chain extension of 6a using standard Wittig
olefination methodology afforded the methyl ketones 7a—e in 32—
90% yield. In the case of 7a-b, the alkenes were produced as a
separable mixture (8 : 1) of the E- and Z-isomers. Subsequent
regiospecific bromination of the methyl ketones was achieved
via reaction of their silyl enol ethers with N-bromosuccinimide,
affording the dipolarophiles 8a—e in 40-45% yield.
CH,Ph
N 4aR'=RZ=H
2 4b;R'=H,R?=Ph
R1*'[N/>7R 4c; R'=Ph,RZ=H

In the case of 8f, an approach involving compound 9, itself
readily available from fert-butyl acetoacetate and but-1-en-3-one,*
was adopted; acid catalysed ester cleavage and decarboxylation of
9 using excess trifluoroacetic acid at room temperature for 30 min
led to 2,6-heptanedione 6b in 98% yield. Wadsworth-Emmons
mono-olefination of diketone 6b with trimethyl phosphonoacetate
afforded an inseparable 1 : 1 mixture (by 'H NMR analysis) of
methyl E- and Z-3-methyl-7-oxooct-2-enoate 7f in 40% yield.
Subsequent bromination of this isomeric mixture proceeded
normally to afford, in 30% yield, methyl E-8-bromo-3-methyl-
7-oxooct-2-enoate (8f) as the only isolable stereoisomer.

Synthesis of the shorter chain bromoketone 8g started with
commercial 5-hydroxypentan-2-one (10). Oxidation of 10 with
PCC afforded 4-oxopentanal (6¢). Subsequent conversion of 6¢
into 7g was accomplished through standard Wittig olefination
methodology. In the case of the longer chain bromoketone 8h,
we were fortunate to have access to the ethyl ester, 7h, of the
honeybee pheromone E-9-oxodec-2-enoic acid.** Regioselective
bromination of 7g and 7h proceeded uneventfully to give the
corresponding bromoketones 8g and 8h in yields of 36 and 34%,
respectively.

With the desired bromoketones in hand, we examined the
proposed alkylation—cycloaddition strategy. Thus, compound 8a
was heated with the dihydroimidazole 4a in THF at reflux, with
dropwise addition of DBU over 4 h. We found that, in contrast
to our previous studies,*? it was essential to heat the solution
containing the dihydroimidazole and bromoketone at reflux for at

)J\/\/\ il >
OH

6a;n=2,R'=H
6b;n=2 R'=Me
6c;n=1,R"=H

E

o] R? 0 R?
B AY]
r
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n R n R
8 7

n R RZ R® EZ
a 2 H H Me E
b 2 H H Me Z
c 2 H H Et E
d 2 H H Bu E
e 2 H Me Et E
f 2 Me H Me E/Z(7); E (8)
g 1 H H Me E
h 4 H H Et E

Scheme 3 Synthesis of the o-keto dienophiles 8a-g. Reagents: (i)
CH;COCH,COOEt-NaH, THF, reflux; (ii) 5% aq. NaOH, reflux; (iii)
IM aq.HC], 50 °C; (iv) Ph,PCR*COOR? or (EtO),POCH,COOEt-NaH;
(v) LDA, THF, —78 °C, TMSC]; (vi) NBS, NaHCO;, THF -78 °C —
80 °C; (vii) TFA; (viii) PCC.

least 2 h prior to the addition of DBU, presumably to enable
the intermediate N-alkyldihydroimidazolium bromide to form;
addition of DBU before 2 h invariably led to the recovery of both
starting materials. However, the product of this reaction was not
the expected cycloadduct 11, but the hexahydro-1H-pyrrolo[1,2,3-
de]quinoxaline 14a, which was isolated in 31% yield (Scheme 4).
Evidence for the structure 14a comes from the following: (i) the
mass spectrum contains a protonated molecular ion at m/z 311
rather than the expected m/z 329, indicating the loss of H,O; (ii)
the '"H NMR spectrum exhibits a one proton singlet at § 7.12,
consistent with the presence of an isolated aromatic hydrogen
atom; (iii) the “C NMR spectrum did not display the ketone
signal expected for 11 but did contain four signals at J 113.8,
117.0, 124.3, and 130.2 that are consistent with the presence of
a pyrrole aromatic ring (that at 0 124.3 bears the hydrogen atom
that gives rise to the d 7.12 signal in the '"H NMR spectrum); and
(iv) the DEPT "*C NMR spectra revealed only two CH carbon
atoms at 6 59.7 and 6 124.3.

The formation of 14a is rationalised by the pathway shown
in Scheme 4. We anticipate the initial cycloadduct 11 to have
the relative stereochemistries shown, based on the transition state
model we have previously proposed for such reactions.* Such
a model (Fig. 1) predicts addition involving an anti dipole to
a dipolarophile that approaches in an endo orientation. The
cycloadduct 11 can undergo eliminative ring-opening to 12,
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Scheme 4 Formation of cycloadducts 11 and pyrroloquinazolines 14 from dihydroimidazoles 4. Reagents: (i) DBU, THF, reflux.

Fig. 1 Transition state proposed for the intramolecular cycloaddition of
a dihydroimidazolium ylide with a dipolarophile (S-series illustrated for
convenience; Y = CO,R?).

followed by ring closure of the secondary amino group onto the
ketone giving the enamine 13 (or its regioisomer), and finally a
prototropic shift to form 14a.

As expected, since the stereochemistry of the ester substituent
in 11 is lost upon eliminative ring-opening, use of the diastere-
omeric Z-dipolarophile 8b also afforded the pyrroloquinoxaline
14a (albeit in a somewhat lower yield of 20%). The elimina-
tive ring opening shown in Scheme 4 is potentially a base-
catalysed process; we therefore performed the alkylation/dipole
formation/cycloaddition sequence using 0.7 equiv. of DBU but
nonetheless 14a was still isolated. Presumably the basic nature of
the intermediates is sufficient to promote elimination.

In an exploration of its scope, seven further examples of this
dipolar cycloaddition-ring-opening-recyclisation cascade were
observed by employing alternative dihydroimidazoles and alter-
native ester dipolarophiles. Use of 4a and the ethyl ester 8c led to
the corresponding hexahydropyrroloquinoxaline 14b in 30% yield,
while 4a and fert-butyl ester 8d afforded 14c¢ in 33% yield. When
reacted separately with the three a-bromoketone variants (8a,
8c and 8d) 1-benzyl-2-phenyl-4,5-dihydroimidazole 4b similarly
gave the corresponding 5-phenyl substituted heterocycles 14d—f in
33, 31 and 34% yields, respectively. Reaction of the chiral (R)-1-
benzyl-4-phenyl-4,5-dihydroimidazole 4¢ with bromoketones 8a
and 8c led to the isolation of the optically active tricyclic adducts
14g and 14h in 30% yield in both cases.

Given the unexpected nature of the products 14, we obtained
X-ray crystal structure determinations for 14b, 14d and 14g. Those

for 14d and 14g are shown in Fig. 2 (a similar structure was
obtained for 14b; it differs from 14d only in the ester moiety),
and these confirm the presence of the pyrroloquinoxaline ring
system and the relative stereochemistry illustrated.

A noteworthy feature of the structure of 14g is the relative
stereochemical relationship between the 3-phenyl group and the
9a-H atom, which have a cis disposition. This can be understood
in terms of the transition state model illustrated by Fig. 1. The
dipolarophile would be expected to approach the dipole from the
face anti to the 4-phenyl group in the dihydroimidazole moiety.
This initially places the phenyl group and the alkene B-H atom,
which becomes the 8a-H atom in the cycloadduct 11, on opposite
faces of the ring system (as shown in Scheme 4). However, ring
opening followed by rotation and recyclisation results in the
same two groups having a cis relationship in 13. A suprafacial
[1,3]-hydrogen shift would transform 13 into 14, although we
cannot exclude a protonation-deprotonation sequence under
thermodynamic control.

The sequence leading to compounds 14 (Scheme 4) involves at
least three hydrogen atom migrations. We reasoned, therefore, that
the incorporation of non-migrating methyl groups at strategic sites
in the bromoketone precursors ought to prevent rearrangement of
the desired adduct 11. In the first instance, the presence of a methyl
group o- to the methoxycarbonyl functionality, as in 8e, should
block the eliminative ring-opening of the primary cycloadduct,
i.e. the step 11 to 12. Alternatively, incorporation of a f-methyl
group, as in 8f, should block the aromatisation step that converts
13 into 14.

Thus, we investigated the respective reactions of bromoketones
8e and 8f with dihydroimidazole 4a. In the case of 8e, we isolated
a compound that was neither the imidazoindole 11 nor the
pyrroloquinoxaline 14. This new compound was characterised by
the following: two carbonyl stretching frequencies at 1693 and
1715 cm™', respectively, in the IR spectrum; an M*-28 peak (loss
of CO) in the EIMS; and in the '"H NMR spectrum, separate
resonances for two diastereotopic protons of the N-benzyl group
(implying that there is a chiral centre present in the molecule), an
alkene resonance at J 6.73 (implying the alkene group originating
from 8e remains intact), and a one-proton resonance at J 9.47
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Fig. 2 X-Ray crystal structures of (a) 14d and (b) 14g: ORTEP plots, thermal ellipsoids at 50% probability level.

(which we assign to a formyl proton). The overall spectroscopic
data are consistent with the 1-formylpiperazin-2-one structure
15a (Scheme 5). The isolated yield of this compound was 34%.
Compounds of this general structure are known, and are reported
to have characteristic infrared absorptions in the region of 1695
and 1725 cm™'.3%%

The formylpiperazine skeleton of 15a implies that, for 8e,
cycloaddition did not occur, and is such that similar structures
should be formed from any o-haloketone. Two further reactions
confirmed this: compound 4a was reacted separately with 1-
bromoheptan-2-one 16a and chloroacetone 16b under the stan-
dard conditions for the 1,3-dipolar cycloaddition reactions; the
piperazin-2-one products 15b and 15¢ were afforded in 56 and
47%, respectively (Scheme 5). In contrast, reaction of 4a with
commercial 2-bromo-4'-nitroacetophenone 16¢ gave the related
tetrahydropyrazine 17 in 87% yield. The presence of more than

two signals for several of the resonances in the '"H and *C NMR
spectra of 17 clearly reveal this compound to be a mixture of syn
and anti rotamers of the formamide functionality.

We presume compounds 15a—c and 17 arise through hydrolysis,
due to the presence of adventitious moisture, of the initially formed
N-alkyldihydroimidazolium ion (or the corresponding ylide) that
results from alkylation of 4a by the a-haloketones (Scheme 5). We
do not observe either type of piperazine product in those reactions
where cycloaddition takes place, so conclude that hydrolysis must
be slow compared to intramolecular cycloaddition and therefore
that the presence of the a-methyl group in 8e inhibits the cycload-
dition reaction. Hydrolytic ring opening will lead to the formation
of an aminoketone in which the secondary amino group can
attack the ketone carbonyl to afford the intermediate piperazine
18. Loss of water then leads to the 3-aryltetrahydropyrazine
17. If compounds 15 are formed by a similar pathway, then
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Scheme 5 Formation of 1,4-piperazin-2-ones 15 and 17 from dihydroimidazoles 4 and a-haloketones 8 or 16.

the corresponding 3-alkyltetrahydropyrazine would require either
addition of water (in the opposite sense to its elimination from 18)
followed by oxidation of the so-formed carbinolamine (or possibly
disproportionation, though we did not observe any saturated
piperazine co-product), or an enamine-type oxidation of the core
tetrahydropyrazine ring system present in 17. Indeed, the oxidation
of enamine systems by means of molecular oxygen has been
reported in the literature.’* Presumably, the presence of adven-
titious molecular oxygen, perhaps originating from undegassed
solvents, is the cause of this oxidation process. The reason for
different outcomes for the alkyl and aryl bromoketones is unclear
but may be due to stabilisation of 17 through conjugation of the
double bond with the 3-aryl system.

When reaction of 4a was attempted with 8f, as predicted
no product of cycloaddition or subsequent transformation was
observed. The only isolated species was 7f, presumably via
hydrodehalogenation of the substrate.

We next attempted to block decomposition of the primary
cycloadduct 11 by incorporating steric bulk into both the dihy-
droimidazole and the dipolarophile group of the bromoketone.
When the dihydroimidazole 4¢ and the fert-butyl ester 8d were
subjected to the usual cycloaddition conditions, the primary
cycloadduct 11 (R' = Ph, R? = H, R* = Bu') was isolated in 31%
yield as a single enantiomer. The isolation of 11 in this reaction
supports the suggested sequence outlined in Scheme 4. It would
appear that the combination of the (4R)-phenyl group in the dipole
and the fert-butyl ester in the dipolarophile inhibits the eliminative
ring-opening process. The relative stereochemistry of cycloadduct
11, as determined by X-ray crystallography, is illustrated in Fig. 3.
Again, this relative stereochemistry is that predicted from the
transition state shown in Fig. 1 if the dipolarophile approaches
the dipole from the face anti to the phenyl group at C-4 of the
dihydroimidazole ring.

Having achieved the synthesis of the imidazoindole skeleton,
we explored the reactions of systems that involved shorter, as
well as longer, chains linking the ketone and alkene function-
alities, i.e. 8g and 8h. In principle, this would allow access
to smaller and larger carbocyclic analogues, respectively, either
of the pyrroloquinoxalines 14a-h or of the adduct 11. Upon
attempted reaction of 4a with 8g, however, the major isolated
materials were the starting compounds. In contrast, reaction of

> A
L N\
Nos
Fig.3 X-Ray crystal structure of 11 (R' =Ph, R*=H, R? = Bu'): ORTEP

plot, thermal ellipsoids at 50% probability level.

8h with 4a afforded the formylpiperazin-2-one 15d rather than the
anticipated cycloadducts or transformation products. Presumably,
unfavourable interactions in the transition state that would lead to
the larger ring preclude formation of the tricyclic adduct 11; the
reaction then follows the pathway described in Scheme 5.

In conclusion, we have demonstrated that intramolec-
ular 1,3-dipolar cycloaddition reactions of ylides derived
from 4,5-dihydroimidazoles and appropriately substituted a-
haloketones can afford the decahydroimidazo[l,2-aJindole or
hexahydropyrrolo[1,2,3-de]quinoxaline ring systems. The reaction
appears to be limited to those dipolarophiles that are able to form
a six-membered carbocyclic ring system.

Experimental

General methods

NMR spectra were recorded in CDCI; using either JEOL EX400
(400 MHz for 'H and 100 MHz for "*C, respectively) or JEOL
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LA300 spectrometers (300 MHz 'H and 75 MHz "*C, respectively).
Chemical shifts are reported in parts per million (ppm) from
tetramethylsilane (TMS) as the internal standard and coupling
constants (J) are expressed in Hz. Multiplicities are: s-singlet, d-
doublet, t-triplet, g-quartet, quin-quintet, sex-sextet, m-multiplet,
br-broad signal. IR spectra were recorded using a Perkin-Elmer
1710 Fourier transform infrared spectrophotometer. Low reso-
lution mass spectra were recorded using a VG Micromass VG-
20-250 mass spectrometer by electron impact (EI), chemical
ionisation (CI) or fast atom bombardment (FAB) methods, the
latter employing a thioglycerol matrix in both positive and negative
ion modes. Accurate mass measurements were performed by the
EPSRC National Mass Spectrometry Service (University of Wales,
Swansea). Elemental analyses were performed by MEDAC Ltd,
Brunel Science Centre, Surrey, TW20 0JZ, UK. X-Ray crystal-
lography was performed by the EPSRC X-Ray Crystallographic
Service (University of Southampton). Optical rotations were
measured on a JASCO DIP-1000 digital polarimeter. Melting
points were measured on a Kofler hot-stage apparatus and are un-
corrected. Column chromatography was carried out using Fluka
Silica Gel 60 (220-440 mesh) (Brockmann 2-3). TLC analysis was
carried out using Machery-Nagel Polygram SIL G/UV,s, plates
on a plastic backing and visualised by ultraviolet light or aqueous
potassium permanganate spray (KMnO,—K,CO;—water, 6 : 1 :
100, w/w/v).

All chemicals were purified by distillation or recrystallisation
where appropriate. THF, THP, diethyl ether, toluene, ethanol
and glyme were dried over sodium or potassium and distilled.
DCM and DMSO were dried over sodium or calcium hydride and
distilled. Anhydrous reactions were carried out using flamed dried
glassware with all transfers performed using oven-dried syringes
and needles.

The following were purchased from commercial sources:
2-(2-bromoethyl)dioxolane (5), chloroacetone (8j), 2-bromo-4'-
nitroacetophenone (8k), 5-hydroxypentan-2-one (10).

Wittig salts and phosphoranes were synthesised from the
appropriate alkyl bromoacetate by a literature method.* Other
compounds that were prepared by known literature methods,
and that had spectral characteristics identical to those al-
ready published, are as follows: 1-benzyl-4,5-dihydroimidazole
(4a),' 2-phenyl-1-benzylimidazole (4b),” (R)-1-benzyl-4-phenyl-
4,5-dihydroimidazole (4c),”® 5-oxohexanal (6a),” 4-oxopentanal
(6¢),* methyl E-7-oxooct-2-enoate and methyl Z-7-oxooct-2-
enoate (7a and 7b),” 1-bromoheptan-2-one (8i),! tert-butyl 2-
acetyl-5-oxohexanoate (9).%

2,6-Heptanedione (6b). rert-Butyl 2-acetyl-5-oxohexanoate (9,
0.66 g; 2.89 mmol) was treated with trifluoroacetic acid (30 ml)
and the resulting red solution was stirred for 30 min at room tem-
perature. The excess acid was removed under reduced pressure and
the residue distilled to afford the title compound as a colourless
oil (0.35 g; 98%): b.p. 92 °C/10 mmHg (lit.,** 94 °C/12 mmHg);
Vmax (film)/cm~" 2942, 1714, 1428, 1360, 1171; 6y 1.86 (quin, 2H,
J=17.1,CH,CH,CH,), 2.14 (s, 6H, 2 x CH;CO), 2.46 (t,4H, J =
7.1, 2 x COCH,); 6. 17.6 (CH,CH,CH,), 29.9 (CH;CO), 42.4
(COCH,), 209.1 (CO).

Ethyl E-7-o0xooct-2-enoate (7c). Prepared by the method used
for 7a,” using 5-oxohexanal (6a, 6.65 g; 58.3 mmol) and ethyl
(triphenylphosphoranylidene)acetate (22.31 g; 64.1 mmol). The

crude product was purified by silica gel column chromatography
using ethyl acetate—hexane (8 : 92 v/v) as eluant to afford the title
compound as a colourless 0il (6.40 g; 59%): V. (film)/cm~"' 2982,
1718, 1655, 1447, 1368, 1270, 1191, 1045, 985; o, 1.28 (t, 3H,
J=17.1,0CH,CH,), 1.75 (quin, 2H, J = 7.3, CH,CH,CH=CH)),
2.14 (s, 3H, CH,;CO), 2.20 (m, 2H, CH,CH=CHCO,EY),
2.46 (t, 2H, J = 7.3, CH,COCH,), 4.19 (g, 2H, J = 7.1,
OCH,CH,), 5.82 (dt, 1H, J = 1.6, 15.5, CH=CHCO,Et), 6.92
(dt, 1H, J = 6.9, 15.5, CH=CHCO,Et); 6. 14.2 (CO,CH,CH,),
21.8 (CH,CH,CH=CH), 29.9 (CH,CO), 31.2 (CH,CH=CH),
42.5 (COCH,), 60.2 (OCH,CH;), 122.0 (CHCO,Et), 147.9
(CH=CHCO,Et), 166.4 (CO,), 208.1 (CH;CO); m/z (CI) 202
(MNH, 100%), 185 (10%), 158 (12%); (EI) 185 (MH*, 10%), 139
(44%), 138 (70%), 127 (23%), 114 (42%), 110 (28%), 99 (93%), 95
(71%), 86 (38%), 81 (75%), 68 (53%), 58 (49%), 43 (100%). HRMS:
(CI) MNH; 202.1443, C,,H ;505 requires MNH; 202.1443.

tert-Butyl E-7-oxooct-2-enoate (7d). Prepared as for 7¢ using
5-oxohexanal (6a, 4.83 g; 42.0 mmol) and tert-butyl (triph-
enylphosphoranylidene)acetate (17.54 g; 46.6 mmol). The crude
product was purified by silica gel column chromatography using
ethyl acetate-hexane (8 : 92 v/v) as eluant to afford the title
compound as a colourless oil (5.2 g; 58%): V. (film)/cm="' 2979,
1713, 1654, 1478, 1393, 1368, 1317, 1293, 1257, 1223, 1162, 984;
ou 1.48 (s, 9H, (CH»),), 1.73 (quin, 2H, J = 7.3, CH,CH,CH,),
2.14 (s, 3H, CH,CO), 2.20 (m, 2H, CH,CH=CH), 2.45 (t,2H, J =
7.3, COCH,), 5.74 (dt, 1H, J = 1.5, 15.5, CHCO,'Bu), 6.80 (dt,
1H,J =17.0, 15.5, CH=CHCO,'Bu); d. 21.9 (CH,CH,CH,), 28.1
((CH;)5),29.9(CH,CH=CH), 31.1 (CH;CO), 42.6 (COCH,), 80.2
(OC(CH,),), 123.7 (CHCO,'Bu), 146.7 (CH=CHCO,'Bu), 167.1
(CO,), 206.4 (CH,CO); m/z (CI) 230 (MNH;, 68%), 174 (100%);
(EI) 156 (8%), 139 (8%0), 138 (22%), 120 (3%, 111 (11%), 95 (16%),
84 (7%), 81 (18%), 68 (18%), 57 (80%), 43 (100%). HRMS: (CI)
MNH; 230.1752; C,,H,0; requires MNH; 230.1756.

Ethyl E-2-methyl-7-oxooct-2-enoate (7¢). Prepared as for 7a
using 5-oxohexanal (6a, 5.07 g; 43.8 mmol) and ethyl 2-
(triphenylphosphoranylidene)propionate. The crude product was
purified by silica gel column chromatography using ethyl acetate—
hexane (1 : 9 v/v) as eluant to afford the title compound as a
colourless 0il (2.8 g; 32%): Ve (film)/cm~! 2983, 1713, 1650, 1446,
1389, 1261, 1163, 1123, 1088; J, (300 MHz) 1.29 (t, 3H, J = 7.1,
OCH,CH;), 1.73 (quin, 2H, J = 7.3, CH,CH,CH,), 1.82 (br s,
3H, C(CH,;)CO,CHs), 2.14 (s, 3H, CH,CO), 2.20 (q, 2H, J = 7.3,
CH,CH=C), 2.45 (t,2H, J = 7.3, COCH,), 4.18 (q,2H, J = 7.1,
OCH,CH,), 6.71 (t, IH, J = 7.5, CH=C(CH;)CO,CH;); . 12.4
(OCH,CH,), 14.3 (C(CH;)CO,CH;), 22.5 (CH,CH,CH,), 27.8
(CH,CO), 29.9 (CH,CH=C), 42.8 (COCH,), 60.5 (OCH,CH,),
129.2 (C(CH;)CO,CH,), 140.9 (CH=C), 167.1 (CO,CH,;), 206.2
(CH;CO); m/z (EI) 199 (MH", 13%), 172 (16%), 152 (51%),
125(15%), 109 (42%), 95 (41%), 84 (71%), 67 (25%), 51 (38%).
HRMS: (EI) MH* 199.1330; C,,H50; requires MH* 199.1334.

Methyl E- and Z-3-methyl-7-oxooct-2-enoate (7f). A solution
of commercial trimethyl phosphonoacetate (3.70 ml; 23 mmol) in
dry THF (10 ml) was added dropwise with cooling (ice-water bath)
to a suspension of NaH (0.60 g; 25 mmol) in dry THF (30 ml)
under nitrogen. The water bath was removed and the mixture
stirred at room temperature for a further 30 min. A solution of
2,6-heptanedione (6b) (2.6 g; 20.9 mmol) in dry THF (10 ml) was
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then added dropwise, and the reaction stirred at room temperature
for a further 10 h. The solvent was removed under reduced pressure
and the residue purified by silica gel column chromatography
using ethyl acetate-hexane (7.5 : 92.5 v/v) as eluant to afford
the title compound as a yellow oil (1.55 g; 40%), that was an
inseparable mixture (50 : 50, by '"H NMR) of E- and Z-iSomers: v,y
(film)/cm~" 2951, 1718, 1651, 1436, 1363, 1227, 1151, 1085, 1028,
921, 866,06, 1.77 (m, 2H, CH,CH,CH,CH), 1.89(d, 1.5H, J = 1.3,
C(CH,)=C for Z-isomer), 2.14 (s, 3H, CH,CO for both Z- and E-
isomers), 2.16 (d, 1.5H, J = 1.3, C(CH;)=CH for E-isomer), 2.20
(t,1H,J =17.5, CH,C(CH,)=C for E-isomer), 2.44 (t, 1H,J =7.1,
CH;COCH, for E- or Z-isomer), 2.49 (t, 1H,J =7.1, CH;COCH,
for E- or Z-isomer), 2.62 (t, 1H, J = 7.5, CH,C(CH,;)=C for
Z-isomer), 3.67 (s, 1.5H, OCH; for Z-isomer), 3.69 (s, 1.5H,
OCH, for E-isomer), 5.66 (sext, 0.5H, J = 1.3, C=CHCO,CH;,
for Z-isomer), 5.68 (br m, 0.5H, C=CHCO,CH; for E-isomer);
oc 21.1, 21.9 (CH,CH,CH, for E- and Z-isomers), 24.9, 27.9
(C(CH;)=CH for E- and Z-isomers), 29.9, 30.0 (CH,CO for E-
and Z-isomers), 32.4 (CH;COCH, for E- and Z-isomers), 42.5,
43.1 (CH,C(CH;)=C for E- and Z-isomers), 50.8, 50.9 (OCH; for
E- and Z-isomers), 115.7, 116.2 (C=CHCO,CH; for E- and Z-
isomers), 159.2, 160.0 (C(CH;)=C for E- and Z-isomers), 166.7,
167.1 (CO,CH; for E- and Z-isomers), 208.2, 208.7 (CH; COCH,
for E- and Z-isomers); m/z (CI) 202 (MNH}, 100%), 185 (11%),
172 (13%), 152 (18%), 127 (14%), 109 (38%), 95 (53%), 82 (24%),
79 (7%), 67 (32%), 59 (8%), 55 (20%), 49 (39%)), 43 (100%). HRMS:
(CI) MNHj 202.1489; C,,H,50; requires MNH] 202.1443.

Methyl E-6-oxohept-2-enoate (7g). Prepared as for 7a using
4-oxopentanal (6¢, 0.36 g; 3.56 mmol) and methyl (triphenylphos-
phoranylidene)acetate (1.31 g; 3.90 mmol).

Colourless oil (0.40 g; 72%): vpay (film)/cm™" 2847, 1723, 1713,
1659, 1462, 1368, 1318, 1276, 1203, 1161, 1097, 1041, 924, 849, 719;
on 2.14 (s, 3H, CH;CO), 2.45 (m, 2H, CH,CH=CH), 2.58 (t, 2H,
J=16.8,COCH,), 3.69 (s, 3H, OCH;), 5.80 (dt, 1H, J = 1.6, 15.6,
C=CHCO,Me), 6.90 (dt, 1H, J = 6.8, 15.6, CH=CHCO,Me);
dc 259 (CH,CH=C), 29.9 (CH;CO), 41.4 (COCH,), 514
(OCH,), 121.6 (C=CHCO,Me), 147.4 (CH=CHCO,Me), 166.8
(CO,CHy3), 206.6 (CH;CO); m/z (EI) 156 (M*, 98%)), 149 (78%),
141 (79%), 135 (34%)), 133 (49%), 113 (21%), 81 (39%), 43 (100%).
HRMS: (ET) MH"* 157.0863; C;H,,0; requires MH* 157.0864.

General method for the synthesis of a-bromoketones 8a—h

All glassware was flame dried and all reagents freshly distilled.
A solution of the ketoester 7 (9.58 mmol) in dry THF (10 ml)
at —78 °C was added dropwise to a freshly prepared solution of
LDA (1.2 eq; 11.5 mmol), prepared from n-BuLi (2.5M solution
in hexanes; 4.60 ml; 11.5 mmol) and diisopropylamine (1.74 ml;
12.4 mmol), in dry THF (10 ml) at —78 °C. The resulting mixture
was allowed to stir at —78 °C for 20 min before a solution of
chlorotrimethylsilane (6.07 ml; 47.9 mmol) in dry THF (5 ml),
also at —78 °C, was added. After stirring for 5 min, triethylamine
(6.67 ml; 4.84 g) was added and the mixture allowed to warm to
room temperature. Saturated sodium hydrogen carbonate (3 ml)
was added and the mixture extracted with diethyl ether (3 x 30 ml).
The organic phase was dried (MgSO,) and the solvent removed
under reduced pressure to afford the crude silyl enol ether, which
was used directly without further purification.

A solution of the silyl enol ether (7.60 mmol) in dry THF
(10 ml) at —78 °C was treated with solid NaHCO, (1.12 g;
13.41 mmol), and the mixture allowed to stir at that temperature
for 10 min. N-Bromosuccinimide (2.21 g; 12.45 mmol) was then
added portionwise and the resulting mixture stirred for 4 h at
—78 °C. The mixture was warmed to room temperature and
subsequently heated at 80 °C for 2 h. Upon cooling, the solvent
was evaporated under reduced pressure and the residue purified by
column chromatography using ethyl acetate—hexane (15 : 85 v/v)
as eluant to afford the desired compound as a dark liquid.
Synthesised in this way were:

Methyl E-8-bromo-7-oxooct-2-enoate (8a). (0.85 g; 45%): Viux
(film)/cm=" 2951, 1719, 1646, 1439, 1408, 1369, 1174, 1092,
1039; 6y 1.80 (quin, 2H, J = 7.1, CH,CH,CH,), 2.23 (m, 2H,
CH,CH=CH), 2.67 (t,2H, J =7.1, COCH,), 3.79 (s, 3H, OCH),
3.91 (s, 2H, BrCH,), 5.82 (dt, I1H, J = 1.6, 15.6, CHCO,), 6.87
(dt, 1H, J = 6.9, 15.6, CH=CHCO,Me); . 21.9 (CH,CH,CH,),
31.1 (CH,CH=CH), 34.1 (BrCH,), 38.7 (COCH,), 51.5 (OCH,),
121.8 (CHCO,Me), 147.9 (CH=CHCO,Me), 166.8 (CO,CHs;),
201.4 (BrCH,CO); m/z (CI) 266 (MNH;), 100%), 258 (14%)), 244
(23%), 214 (8%), 202 (9%), 188 (93%), 171 (5%). HRMS: (CI*)
MNH; 266.0392; CyH,;BrO; requires MNH] 266.0392.

Methyl Z-8-bromo-7-oxooct-2-enoate (8b). (0.60 g; 45%): Vyux
(film)/cm™"' 2954, 1717, 1643, 1434, 1410, 1370, 1171, 1092, 1039;
oy 1.76 (quin, 2H, J = 7.3, CH,CH,CH,), 2.23 (s, 3H, CH,CO),
2.66 (dq, 2H, J = 1.6, 7.5, CH,CH=CH), 2.72 (t, 2H, J = 7.3,
COCH,), 3.70 (s, 3H, OCH,), 3.75 (s, 2H, BrCH,), 5.84 (dt,
IH, J = 1.6, 11.5, CHCO,Me), 6.23 (dt, 1H, J = 7.7, 11.5,
CH=CHCO,Me); o 22.8 (CH,CH,CH,), 27.9 (CH,CH=CH),
34.3 (BrCH,COCH,), 38.9 (CH;COCH,), 51.1 (CO,CH,), 120.4
(CH=CHCO,Me), 148.9 (CH=CHCO,Me), 167.2 (CO,CH,),
202.3 (CH;COCH,). HRMS: (CI*) MNH; 266.0392; CyH,;BrO;
requires MNH; 266.0392.

Ethyl E-8-bromo-7-oxooct-2-enoate (8c). (2.30 g; 41%): Vi
(film)/cm~"' 2980, 1714, 1655, 1394, 1271, 1186, 1096, 1042, 981,
843; oy 1.19 (t, 3H, J = 7.1, CH,CH,;), 1.70 (quin, 2H, J =
7.2, CH,CH,CH=CH), 2.23 (m, 2H, CH,CH=CH), 2.54 (t,
2H, J = 7.3, COCH,), 3.76 (s, 2H, BrCH,), 4.08 (q, 2H, J =
7.1, CO,CH,), 5.73 (dt, 1H, J = 1.6, 15.6, CHCO,Et), 6.80
(dt, 1H, J = 6.9, 15.6,CH=CHCO,Et); . 14.5 (CO,CH,CH,),
22.1 (CH,CH,CH,), 31.5 (CH,CH,CH=CH), 34.2 (BrCH,CO);
38.9 (COCH,CH,), 60.5 (CO,CH,CH,), 122.5 (CH=CHCO,EY),
148.2 (CH=CHCO,E), 166.6 (CO,CH,CH,), 201.6 (BrCH,CO);
m/z (CI) 280 (MNH}, 100%), 266 (23%), 254 (31%), 242 (18%),
240 (32%), 237 (26%), 204 (19%), 202 (100%), 158 (28%); (EI)
263 (MH*, 12%), 191 (7%), 169 (5%), 137 (38%), 123 (24%),
109 (18%), 99 (31%), 95 (55%), 85 (46%), 68 (33%), 55 (61%),
43 (100%). HRMS: (CI) MNH; 280.0550; C,,H,sBrO; requires
MNH; 280.0548.

tert-Butyl E-8-bromo-7-oxooct-2-enoate (8d). (2.20 g; 40%):
Vi (film)/cm™" 2978, 1713, 1654, 1477, 1393, 1368, 1318, 1295,
1155, 982, 890; oy 1.48 (s, 9H, (CH;);), 1.79 (quin, 2H, J =
7.3, CH,CH,CH,), 2.21 (m, 2H, CH,CH=CH), 2.68 (t, 2H,
J =173, COCH,), 3.71 (BrCH,), 5.76 (dt, 1H, J = 1.6, 15.5,
CHCO,'Bu), 6.80 (dt, 1H, J = 6.7, 15.5, CH=CHCO,'Bu); d¢
22.0 (CH,CH,CH,), 28.1 ((CH;);), 30.9 (CH,CH=CH), 34.1
(BrCH,), 38.7 (COCH,), 80.3 (C(CHs;),), 123.9 (CHCO,'Bu),

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 3155-3165 | 3161





146.2 (CH=CHCO,'Bu), 165.8 (CO,'Bu), 201.4 (CH,COCH,);
m/z (CI) 308 (MNH;], 7%), 230 (49%), 175 (10%), 174 (100%),
158 (13%), 52 (21%); (EI) 137 (6%), 95 (7%), 81 (8%), 68 (19%),
57 (100%), 41 (67%). HRMS: (CI) MNH; 308.0856; C,,H,,BrO;
requires MNH; 308.0861.

Ethyl E-8-bromo-2-methyl-7-oxooct-2-enoate (8¢). (1.16 g;
44%): Ve (ilm)/cm™" 2982, 1713, 1650, 1446, 1393, 1368, 1262,
1184, 1124, 1088; 6, 1.29 (t, 3H, J = 7.1, OCH,CH;), 1.78
(quin, 2H, J = 7.2, CH,CH,CH,); 1.83 (d, 3H, J = 1.3,
C(CH;)CO,Et), 2.21 (q, 2H, J = 7.5, CH,CH=C), 2.60 (t,
2H, J = 7.1, COCH,), 3.87 (s, 2H, BrCH,), 4.19 (q, 2H, J =
7.1, OCH,CH,), 6.70 (tq, 1H, J = 1.3, 6.1, CH=C); J. 12.4
(CO,CH,CH,), 14.3 (C(CH;)CO,Et), 22.6 (CH,CH,CH,), 27.6
(CH,CH=C); 34.1 (BrCH,), 38.9 (COCH,), 60.5 (OCH,CHj;),
128.9 (C(CH;)CO,Et), 140.4 (CH=C), 160.3 (CO,CH,CHj;),
201.6 (CH,COCH,); m/z (CI) 294 (MNH;], 100%), 277 (5%),
254 (12%), 216 (98%); (EI) 203 (28%), 197 (22%), 169 (62%),
151 (27%), 123 (31%), 112 (30%), 95 (62%), 83 (4%), 82 (27%),
81 (39%), 79 (24%), 67 (33%), 43 (100%). HRMS: (CI) MNH}
294.0705; C,,H,,BrO; requires MNH} 294.0705.

Methyl E-8-bromo-3-methyl-7-oxooct-2-enoate (8f). (0.30 g;
30%): Vi (film)/cm™" 2950, 1713, 1651, 1436, 1379, 1228, 1155,
1087, 921, 857; oy 1.70 (quin, 2H, J = 7.6, CH,CH,CH,),
1.78 (d, 3H, J = 1.4, C(CH;)=CH), 2.49 (br t, 2H, J = 6.6,
CH,C(CH;)=C), 2.59 (t, 2H, J = 7.3, COCH,), 3.56 (s, 3H,
OCH,), 3.79 (s, 2H, BrCH,), 5.59 (br s, 1H, C=CHCO,Me); ¢
22.1 (CH,CH,CH,), 25.1 (C(CH;)=CH), 32.3 (CH,CH=C), 34.4
(BrCH,), 39.3 (COCH,), 51.1 (OCH,;), 116.7 (C=CHCO,Me),
159.7 (C=CHCO,Me), 166.9 (CO,CHj;), 202.0 (CH,COCH,);
m/z (CI) 280 (MNH}, 100%), 263 (11%), 258 (13%), 232 (14%),
216 (11%), 203 (12%), 202 (100%), 200 (5%), 185 (16%), 172
(11%); (EI) 151 (42%), 109 (57%), 95 (100%), 82 (44%), 81 (63%),
79 (40%), 67 (68%), 43 (100%). HRMS: (CI) MNH; 280.0551;
C,oH,sBrO; requires MNH] 280.0548.

Methyl E-7-bromo-6-oxohept-2-enoate (8g). (0.18 g; 34%): Vinax
(film)/cm~" 2840, 1721, 1716, 1665, 1457, 1369, 1312, 1276, 1164,
1091, 1040, 923, 844, 716; oy 2.38 (m, 2H, CH,CH=C), 2.70
(t, 2H, J = 7.3, COCH,), 3.56 (s, 3H, OCH;), 3.74 (s, 2H,
BrCH,), 5.71 (dt, 1H, J = 1.5, 15.6, C=CHCO,Me), 6.77 (dt,
1H, J = 6.8, 15.6, CH=CHCO,Me); é. 25.6 (CH,CH=CH), 32.9
(BrCH,), 37.6 (COCH,), 51.4 (OCH;), 121.9 (C=CHCO,Me),
146.5 (CH=CHCO,Me), 166.6 (CO,CH;), 200.3 (BrCH,CO);
m/z (CI) 174 (MH*-Br, 100%), (EI) 156 (100%), 149 (75%), 141
(75%), 133 (48%), 81 (34%), 43 (100%). HRMS: (CI) MNH;
252.0232; CgH,,BrO; requires MNH] 252.0235).

Ethyl E-10-bromo-9-oxodec-2-enoate (8h). (2.0 g; 36%): Vi
(film)/cm~" 2981, 2937, 1713, 1655, 1463, 1393, 1368, 1310,
1269, 1184, 1044, 983; 64 1.28 (t, 3H, J = 7.1, OCH,CH,),
1.34 (quin, 2H, J = 7.2, CH,CH,CH,CH=C), 1.48 (quin,
2H, J = 7.2, CH,CH,CH=C), 1.62 (quin, 2H, J = 74,
COCH,CH,), 2.20 (m, 2H, CH,CH=CH), 2.66 (t, 2H, J =
7.3, COCH,), 3.87 (s, 2H, BrCH,), 4.18 (q, 2H, J = 7.1,
OCH,CH,), 5.81 (dt, 1H, J = 1.6, 15.5, C=CHCO,Et), 6.94
(dt, 1H, J = 6.9, 15.5, CH=CHCO,Et); . 14.3 (OCH,CH,),
23.5 (CH,CH,CH,CH=C), 27.7 (CH,CH,CH=CH), 284
(COCH,CH,), 31.9 (CH,CH=C), 34.2 (BrCH,), 39.6 (COCH,),
60.2 (OCH,CH,;), 121.5 (C=CHCO,Et), 148.8 (CH=CHCO,El),

166.7 (OCH,CHs;), 202.0 (CH,COCH,); m/z (CI) 308 (MNH],
100%), 213 (10%), 202 (8%); (EI) 244 (100%), 217 (21%), 197
(43%), 165 (10%), 137 (17%), 123 (23%), 95 (50%), 81 (54%),
67 (23%), 55 (61%), 43 (100%). HRMS: (CI) MNH; 308.0858;
C,H,4BrO; requires MNH; 308.0861.

tert-Butyl (3R,4aR,8aS,9S5,9aR)-1-benzyl-5-o0x0-3-phenyldeca-
hydro-1H-imidazo[1,2-alindole-9-carboxylate (11, R' = Ph, R? =
H, R* = Bu'). To a solution of (R)-1-benzyl-4-phenyl-4,5-
dihydroimidazole (4¢c, 0.26 g; 1.12 mmol) in dry THF (15 ml) under
an atmosphere of nitrogen was added a solution of tert-butyl E-
8-bromo-7-oxooct-2-enoate (8d, 0.36 g; 1.23 mmol) in dry THF
(5 ml). The resulting solution was refluxed for 2 h. DBU (0.20 ml;
1.35 mmol) was added dropwise over 4 h and the reaction kept
at reflux for a further 4 h. The reaction was cooled, the solvent
was removed under reduced pressure and the residue purified by
silica gel column chromatography using ethyl acetate-hexane (1 :
9 v/v) as eluant to afford the title compound as a white solid
(0.15 g; 31%). Recrystallisation from methanol-hexane gave white
needles for X-ray crystallographic analysis: m.p. 169-171 °C; [a]¥
+14.25; (¢ 2; DCM); v (nujol)/cm=" 2926, 2855, 1715, 1490,
1379, 1219, 1147; 4 1.45 (s, 9H, (CH;);), 1.80-1.82 (m, 2H, 8-
CHH and 7-CHH), 1.90-1.92 (m, 2H, 8-CHH and 7-CHH), 2.14
(m, 1H, 6-CHH), 2.32 (dd, 1H, J = 9.2, 10.0, 2-CHH), 2.50 (m,
1H, 6-CHH), 2.83 (t, I1H, J = 6.9, 9-CH), 3.17 (m, 1H, 8a-CH),
3.22 (d, 1H, J = 12.9, CHHPh), 3.25 (dd, 1H, J = 5.5, 9.2, 2-
CHH), 3.62 (d, 1H, J = 6.6, 4a-CH), 4.09 (dd, 1H, J = 5.5, 10.0,
3-CH), 4.11 (d, 1H, J = 12.9, CHHPh), 4.58 (d, 1H, J = 6.9,
9a-CH), 7.28-7.32 (m, 10H, Ar-H); . 24.2 (C-8), 26.2 (C-7),.
28.3 (CH;)3), 39.3 (C-6), 45.5 (C-8a), 53.5 (C-9), 58.6 (CH,Ph),
63.0 (C-2), 68.1 (C-3), 73.0 (C-4a), 81.2 (C(CH,);), 86.7 (C-9a),
126.6, 126.9, 127.2, 128.1, 128.2, 128.9 (6 x Ar—CH), 138.1 and
141.2 2 x Ar-C), 170.3 (CO,), 210.3 (C-5); m/z (EI) 447 (MH*,
28%), 389 (90%), 373 (63%), 369 (22%), 345 (38%), 299 (61%)),
291 (100%), 250 (46%), 249 (52%), 91 (100%), 57 (70%), 43 (16%),
41 (33%). HRMS: (EI) MH* 447.2646; C,sH3,N,O; requires MH*
447.2647).

General method for the synthesis of compounds 14

To a solution of the dihydroimidazole 4a—c (1 mmol) in dry THF
(15 ml) under an atmosphere of nitrogen was added a solution
of the bromoketone 8a—d (1.08 mmol) in dry THF (5 ml). The
resulting solution was refluxed for 2 h following which DBU
(1.1 mmol) was added dropwise over 4 h. The reaction was kept at
reflux for a further 4 h, cooled and the solvent evaporated under
reduced pressure. The residue was purified by silica gel column
chromatography using ethyl acetate—hexane (3 : 7 v/v) as eluant
to afford the pyrrolo[1,2,3-de]quinoxalines 16. Synthesised in this
way were the following compounds.

Methyl 1-benzyl-2,3,7,8,9,9a-hexahydro-1H-pyrrolo[1,2,3-de]-
quinoxaline-6-carboxylate (14a). White solid (0.095 g; 31%); m.p.
120-123 °C; vy (nujol)/cm~"' 2881, 2944, 1735, 1697, 1524, 1463,
1390, 1248, 1172, 1098, 1051, 916, 732; 5, 1.45 (dtd, 1H, J = 2.5,
11.6, 13.5, 9-CHH), 1.76 (dddt, 1H, J = 2.1, 6.0, 11.6, 13.7, 8-
CHH), 2.12 (m, 1H, 8-CHH), 2.29 (m, 1H, 9-CHH), 2.49 (ddd,
1H, J = 7.5, 10.0, 12.5, 2-CHH), 2.66 (dddd, 1H, J = 2.1, 5.8,
11.2, 16.8, 7-CHH), 2.85 (dd, 1H, J = 6.4, 16.8, 7-CHH), 3.02
(ddd, 1H, J = 2.3, 3.9, 12.5, 2-CHH), 3.13 (d, 1H, J = 13.2,
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PhCH,), 3.28 (br d, 1H, J = 10.6, 9a-CH), 3.76 (s, 3H, OCH,),
3.85 (m, 2H, 3-CH,), 4.25(d, IH, J = 13.2, PhCH,), 7.12 (s, 1H,
5-CH), 7.23-7.37 (m, SH, Ar—H); dc 22.4, 22.5 (C-8 and C-7),
27.9 (C-9), 44.9 (C-2), 49.7 (C-3), 50.6 (OCH,), 57.3 (PhCH,),
59.7 (C-9a), 113.8 (C-6a), 117.0 (C-6), 124.3 (C-5), 127.2, 128 .4,
129.0 (3 x Ar—CH), 130.2 (C-9b), 138.4 (Ar-C), 165.9 (CO,CHy;);
m/z (EI) 311 (MH*, 10%), 283 (10%), 282 (41%), 191 (39%), 161
(6%), 91 (100%), 49 (21%), 43 (17%). HRMS: (EI) MH* 311.1763;
CyH,N,0, requires MH* 311.1759.

Ethyl 1-benzyl-2,3,7,8,9,9a-hexahydro-1 H-pyrrolo[1,2,3-de]-
quinoxaline-6-carboxylate (14b). White solid (0.10 g; 30%). Re-
crystallisation from methanol-hexane gave white needles for X-
ray crystallographic analysis: m.p. 122-123 °C; v,,,, (nujol)/cm™"
2942, 2880, 1730, 1698, 1530, 1662, 1175, 1098, 1054, 918, 730;
oy 1.19 (t, 3H, J = 7.1, OCH,CH,), 1.35 (dtd, 1H, J = 2.5, 11.6,
13.5,9-CHH), 1.65 (dddt, 1H, J = 2.1, 6.0, 11.6, 13.7, 8-CHH),
2.02 (m, 1H, 8-CHH), 2.17 (m, 1H, 9-CHH), 2.36 (ddd, 1H, J =
7.5,10.0, 12.5, 2-CHH), 2.54 (dddd, 1H, J = 2.1, 5.8, 11.2, 16.8,
7-CHH), 2.75 (dd, 1H, J = 6.4, 16.8, 7-CHH), 2.90 (ddd, 1H,
J=23,39,12.5,2-CHH), 3.01 (d, IH, J = 13.2, PhCHH), 3.16
(br d, 1H, J = 10.6, 9a-CH), 3.72 (m, 2H, 3-CH,), 4.12 (m, 3H,
OCH,CH; and PhCHH), 7.02 (s, 1H, 5-CH), 7.18-7.25 (m, 5H,
Ar-H); dc 14.6 (OCH,CH,), 22.5, 22.6 (C-8 and C-7), 27.9 (C-9),
45.0 (C-2), 49.8 (C-3), 57.3 (PhCH,), 59.2 (OCH,CH,), 59.7
(C-9a), 114.2 (C-6a), 117.0 (C-6), 124.3 (C-5), 127.3, 128.4, 129.0
(3 x Ar—CH), 129.3 (C-9b), 138.5 (Ar-C), 165.6 (CO,CH,CH,);
m/z (EI) 325 (MH*, 100%), 235 (15%), 233 (12%), 106 (7%),
91 (100%), 65 (18%), 52 (38%). HRMS: (EI) MH* 325.1921;
CyHyN,O, requires MH* 325.1916. Found: C, 73.18; H, 7.35;
N, 8.18%; C,yH,,N,0,-0.25 MeOH requires C, 73.16; H, 7.58; N,
8.43%;

tert-Butyl 1-benzyl-2,3,7,8,9,9a-hexahydro-1 H-pyrrolo[1,2,3-de]-
quinoxaline-6-carboxylate (14c). Yellow oil (0.14 g; 33%): Vi
(film)/cm™" 2983, 1736, 1698, 1524, 1466, 1374, 1246, 1174, 1096,
1048,914, 735; 0y 1.47 (dtd, 1H, J =2.5,11.6,13.5,9-CHH), 1.52
(s, 9H, (CH»);), 1.74 (dddt, 1H, J = 2.1, 6.0, 11.6, 13.7, 8-CHH),
2.08 (m, 1H, 8-CHH), 2.27 (m, 1H, 9-CHH), 2.47 (ddd, 1H, J =
7.5, 10.0, 12.5, 2-CHH), 2.63 (dddd, 1H, J = 2.1, 5.8, 11.2, 16.8,
7-CHH), 2.85(dd, 1H, J =6.4,16.8, 7-CHH), 3.00 (ddd, 1H, J =
2.3,3.9,12.5,2-CHH), 3.12(d, 1H, J = 13.2, PhCH,), 3.27 (br d,
1H,J =10.6,9a-CH), 3.82 (m, 2H, 3-CH,), 4.22(d, 1H, J =13.2,
PhCH,),7.07 (s, 1H, 5-CH), 7.28-7.32 (m, 5H, Ar-H); 6. 22.0,22.6
(C-8 and C-7), 27.8 (C-9), 28.3 ((CH;);), 44.9 (C-2), 49.7 (C-3),
57.1 (PhCH,), 59.6 (C-9a), 79.1 (OC(CHs;);), 115.7 (C-6a), 116.6
(C-6),124.1 (C-5),128.1,128.3,128.9 (3 x Ar-CH), 130.5 (C-9Db),
138.5(Ar-C), 165.0 (CO,C(CH,);); m/z (E1) 353 (MH*, 28%)), 324
(21%), 268 (38%), 177 (32%), 91 (100%), 65 (15%), 57 (50%), 41
(33%). HRMS: (EI) MH* 353.2228; C,,HxN,O, requires MH*
353.2229.

Methyl 1-benzyl-5-phenyl-2,3,7,8,9,9a-hexahydro-1H-pyrrolo-
[1,2,3-de]quinoxaline-6-carboxylate (14d). White solid (0.13 g;
33%). Recrystallisation from methanol-hexane gave white nee-
dles for X-ray crystallographic analysis: m.p. 148-150 °C; v
(nujol)/cm™" 2932, 2857, 1694, 1489, 1466, 1382, 1348, 1264, 1193,
1170, 1086, 911, 736, 701; &, 1.55 (dtd, 1H, J = 2.5, 11.6, 13.5,
9-CHH), 1.80 (dddt, 1H, J = 2.1, 6.0, 11.6, 13.7, 8-CHH), 2.14
(m, 1H, 8-CHH), 2.33 (m, 1H, 9-CHH), 2.45 (ddd, 1H, J = 7.5,

10.0, 12.5, 2-CHH), 2.72 (dddd, 1H, J = 2.1, 5.8, 11.2, 16.8, 7-
CHH), 2.94 (m, 2H, 7-CHH and 2-CHH), 3.12 (d, 1H, J = 13.3,
PhCH.,), 3.34 (br d, 1H, J = 10.6, 9a-CH), 3.52 (m, 2H, 3-CH.),
3.60 (s, 3H, OCH,), 4.26 (d, 1H, J = 13.3, PhCH,), 7.26-7.32
(m, 10H, Ar—H); 5 22.5, 23.0 (C-8 and C-7), 28.0 (C-9), 44.2
(C-2),49.9 (C-3), 50.4 (OCH,), 57.3 (PhCH,), 59.7 (C-9a), 111.2
(C-6a), 117.5 (C-6), 127.1, 127.8, 127.9, 128.3, 128.5, 128.9 (6 x
Ar-CH), 130.4 (C-9b), 132.0(C-5), 136.7, 138.3 (2 x Ar-C), 165.9
(CO,CHL,); m/z (EI) 387 (MH", 21%), 359 (26%), 358 (98%), 267
(54%), 237 (22%), 207 (11%), 180 (12%), 167 (8%), 91 (100%), 65
(8%), 49 (4%). HRMS: (EI): MH* 387.2077; C>sHasN, O, requires
MH" 387.2072.

Ethyl  1-benzyl-5-phenyl-2,3,7,8,9,9a-hexahydro-1H -pyrrolo-
[1,2,3-de]quinoxaline-6-carboxylate (14e). White solid (0.11 g;
31%): m.p. 124-125 °C; vy, (nujol)/cm™" 2932, 2857, 1694, 1489,
1414, 1382, 1348, 1264, 1170, 1148, 1067, 773, 736; 6y 1.08 (t, 3H,
J =17.1,0CH,CH,;), 1.50 (dtd, 1H, J = 2.5, 11.6, 13.5, 9-CHH),
1.78 (dddt, 1H, J = 2.1, 6.0, 11.6, 13.7, 8-CHH), 2.17 (m, 1H,
8-CHH),2.32 (m, 1H,9-CHH), 2.45 (ddd, 1H, J =7.5,10.0, 12.5,
2-CHH), 2.73 (dddd, 1H, J = 2.1, 5.8, 11.2, 16.8, 7-CHH), 2.94
(m, 2H, 7-CHH and 2-CHH), 3.12 (d, 1H, J = 13.3, PhCH,),
3.34 (br d, 1H, J = 10.6, 9a-CH), 3.53 (ddd, 1H, J = 7.5, 10.0,
12.5,3-CHH), 3.63 (ddd, 1H, J = 2.3, 3.9, 12.5, 3-CHH), 4.07 (q,
2H,J =1.29,7.1, CO,CH,CH;), 4.26 (d, 1H, J = 13.3, PhCH,),
7.28-7.31 (m, 10H, Ar-H); . 14.1 (OCH,CH;), 22.5, 22.9 (C-8
and C-7), 28.0 (C-9), 44.2 (C-2), 49.9 (C-3), 57.3 (PhCH,), 58.9
(OCH,CH,), 59.7 (C-9a), 112.8 (C-6a), 117.5 (C-6), 127.1, 127.7,
17.8,128.3, 128.5, 128.9 (6 x Ar—CH), 130.5 (C-9b), 132.1 (C-5),
138.4 (2 x Ar-C), 165.4 (CO,CH,CH,;); m/z (EI) 401 (MH*,
25%), 373 (22%), 372 (100%), 299 (23%), 281 (23%), 253 (34%)),
237 (31%), 207 (31%), 178 (28%), 91 (100%), 55 (35%), 43 (68%).
HRMS: (EI) MH* 401.2234; C,sHxN,O, requires MH* 401.2229.

tert-Butyl  1-benzyl-5-phenyl-2,3,7,8,9,9a-hexahydro-1H-pyr-
rolo[1,2,3-de]quinoxaline-6-carboxylate ~ (14f). White  solid
(0.14 g; 34%): m.p. 52-54 °C; vy, (nujol)/cm™" 2927, 2855, 1687,
1460, 1377, 1164, 1148; oy 1.27 (s, 9H, (CH;);), 1.51 (dtd, 1H,
J =25,11.6,13.5,9-CHH), 1.81 (dddt, 1H, J = 2.1, 6.0, 11.6,
13.7, 8-CHH), 2.15 (m, 1H, 8-CHH), 2.30 (m, 1H, 9-CHH), 2.42
(ddd, 1H, J = 7.5, 10.0, 12.5, 2-CHH), 2.74 (dddd, 1H, J = 2.1,
5.8,11.2,16.8, 7-CHH), 2.93 (m, 2H, 7-CHH and 2-CHH), 3.09
(d, 1H, J = 13.4, PhCH,), 3.32 (br d, 1H, J = 10.6, 9a-CH),
3.46 (ddd, 1H, J = 7.5, 10.0, 12.5, 3-CHH), 3.57 (ddd, 1H, J =
2.3,3.9,12.5,3-CHH), 4.23 (d, 1H, J = 13.4, PhCH,), 7.26-7.30
(m, 10H, Ar-H); dc 22.5, 22.8 (C-8 and C-7), 27.9 (C-9), 28.1
((CHa)s), 44.0 (C-2), 49.9 (C-3), 57.1 (PhCH,), 59.6 (C-9a), 78.7
(OC(CH;),), 112.9 (C-6a), 117.3 (C-6), 126.9, 127.6, 127.7, 128.2,
128.3, 128.8 (6 x Ar—CH), 130.4 (C-9b), 132.4 (C-5), 136.8, 138.4
(2 x Ar-0), 164.5 (CO,C(CH,);); m/z (EI) 429 (MH*, 12%), 401
(21%), 400 (77%), 371 (9%), 355 (7%), 345 (13%), 344 (100%), 253
(8%), 91 (100%), 65 (8%), 57 (43%). HRMS: (EI) MH* 429.2546;
CyxH;3;,N,O, requires MH* 429.2542. Found: C, 77.70; H, 7.48;
N, 6.32%; C,xH;,N,0,-0.25 MeOH requires C, 77.72; H, 7.62; N,
6.42%.

Methyl (3R,9S5)-1-benzyl-3-phenyl-2,3,7,8,9,9a-hexahydro-1H-
pyrrolo[1,2,3-de]quinoxaline-6-carboxylate (14g). White solid
(0.10 g; 30%). Recrystallisation from methanol-hexane gave white
needles for X-ray crystallographic analysis: m.p. 176-176 °C; [a]2
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+32.01 (¢ 0.345; DCM); v,,,, (nujol)/cm~! 2945, 1704, 1631, 1518,
1495, 1454, 1358, 1334, 1243, 1208, 1092, 892, 737, 701; 64 1.53
(dtd, 1H,J =2.5,11.6,13.5,9-CHH), 1.82 (dddt, 1H, J = 2.1, 6.0,
11.6,13.7, 8-CHH), 2.15 (m, 1H, 8-CHH), 2.35 (m, 1H, 9-CHH),
2.40(dd, 1H,J =4.9,12.4,2-CHH), 2.71 (dddd, 1H, J =2.1, 5.8,
11.2,16.8,7-CHH), 2.92(dd, 1H, J =6.4,16.8, 7-CHH), 3.08 (dd,
1H,J =49, 12.4,2-CHH), 3.12 (d, 1H, J = 13.3, PhCH,), 3.45
(brd, 1H, J =10.6,9a-CH), 3.72 (s, 3H, OCH,), 4.24 (d, 1H, J =
13.3, PhCH,), 4.90 (dd, 1H, J = 4.9, 12.4, 3-CH), 6.86 (s, 1H, 5-
CH),7.28-7.31 (m, 10H, Ar-H); . 22.3,22.6 (C-8 and C-7), 28.1
(C-9), 50.6 (OCH,), 57.1 (PhCH,), 59.1 (C-2), 59.5 (C-9a), 60.3
(C-3), 114.1 (C-6a), 117.1 (C-6), 124.3 (C-5), 127.2, 127.7, 128.4,
128.5, 128.7, 128.9 (6 x Ar—CH), 130.2 (C-9b), 138.2, 138.6 (2 x
Ar-C), 165.8 (CO,CHs;); m/z (EI) 387 (MH*, 20%), 359 (27%),
358 (92%), 268 (20%), 267 (100%), 238 (7%), 206 (8%), 91 (100%),
65 (6%). HRMS: (EI) MH* 387.2069; C,sH,N,O, requires MH*
387.2072. Found: C, 76.87; H, 6.66; N, 7.00%; C,sH,xN,0,-0.25
MeOH requires C, 76.88; H, 6.90; N, 7.10%.

Ethyl  (3R,9S5)-1-benzyl-3-phenyl-2,3,7,8,9,9a-hexahydro-1H-
pyrrolo[1,2,3-de]quinoxaline-6-carboxylate  (14h). Yellow oil
(0.10 g; 30%): [a]y +47.12 (¢ 2; DCM); vy, (film)/cm™" 2858,
2362, 2341, 1716, 1699, 1577, 1419, 1359, 1334, 1244, 1197, 1186,
1094, 1064, 853, 701; 6,41.26 (t, 3H, J = 7.0, OCH,CH,), 1.49
(dtd, 1H, J = 2.5, 11.6, 13.5, 9-CHH), 1.82 (dddt, 1H, J = 2.1,
6.0, 11.6, 13.7, 8-CHH), 2.13 (m, 1H, 8-CHH), 2.37 (m, 1H,
9-CHH), 2.42 (dd, 1H, J = 4.9, 12.4, 2-CHH), 2.72 (dddd, 1H,
J =21,58,11.2, 16.8, 7-CHH), 2.94 (dd, 1H, J = 6.4, 16.8,
7-CHH), 3.09 (dd, 1H, J = 4.9, 12.4, 2-CHH), 3.16 (d, 1H, J =
13.2, PhACHH), 3.45 (br d, 1H, J 10.6, 9a-CH), 4.21 (q, 2H, J =
7.0, OCH,CH, and d, 1H, J = 13.2, PhCHH), 4.88 (dd, 1H,
J =409, 124, 3-CH), 6.87 (s, 1H, 5-CH), 7.31-7.35 (m, 10H,
Ar-H); 0c 14.5 (OCH,CH,;), 22.3,22.5 (C-8 and C-7),29.5 (C-9),
52.7 (C-2), 57.0 (PhCH,), 59.2 (OCH,CH;), 59.5 (C-9a), 60.3
(C-3), 114.7 (C-6a), 117.2 (C-6), 124.2 (C-5), 127.1, 127.6, 128.3,
128.4, 128.7, 128.9 (6 x Ar—CH), 130.6 (C-9b), 138.2, 128.62
(2 x Ar-Q), 168.5 (CO,CH,CH,); m/z (EI) 401 (MH", 23%), 372
(88%), 300 (41%), 281 (100%), 252 (60%), 208 (36%), 206 (44%),
180 (34%), 149 (53%), 91 (100%), 55 (30%), 43 (59%). HRMS:
(EI) MH* 401.2229; C,sHxN,O, requires MH* 401.2229.

Ethyl  6-(1-benzyl-4-formyl-3-oxopiperazin-2-yl)hex-2-enoate
(15a). Ethyl E-8-bromo-2-methyl-7-oxooct-2-enoate (8e, 0.78 g;
2.83 mmol) in dry THF (5 ml) was added to a solution of
1-benzyl-4,5-dihydroimidazole (4a, 0.38 g; 2.36 mmol) in dry
THF (15 ml). The solution was refluxed for 2 h and DBU (0.42 ml;
2.83 mmol) was then added dropwise over 4 h. The mixture was
refluxed for a further 4 h, the reaction flask cooled, the solvent
removed under reduced pressure and the residue subjected to
silica gel column chromatography using ethyl acetate—hexane (10 :
9 v/v) to yield the title compound as an oil (0.30 g; 34%): Vi
(film)/cm™" 2979, 1715, 1693, 1455, 1365, 1335, 1262, 1218, 1161,
1116; oy 1.29 (t, 3H, J = 7.3, CO,CH,CH;), 1.52 (m, 1H), 1.76
(m, 1H), 1.82 (s, 3H, CH=C(CH,)), 1.91 (m, 1H), 2.03 (m, 1H),
2.12 (m, 2H), 2.54 (m, 1H), 3.10 (m, 1H), 3.29 (t, 1H, J = 5.0),
3.42 (m, 1H), 3.45 (d, IH, J = 13.4, PhCHH), 3.76 (m, 1H), 3.96
(d, 1H, J = 13.4, PhCHH), 4.18 (q, 2H, J = 7.3, CO,CH,CH,),
6.73 (tq, 1H, J = 1.3, 6.1, CH=C(CH,)), 7.26 (m, SH, Ar-H),
9.47 (s, 1H); o¢ 12.4, 14.3, 24.0, 28.4, 29.9, 39.8, 44.9, 58.1, 60.5,
65.4, (128.3, 128.6, 128.7 (3 x Ar—CH)), 137.2 (Ar-C), 141.2,

162.4,168.1, 173.3; m/z (EI) 345 (MH*—CO, 100%). HRMS: (CI)
MH* 373.2127; C, HxN,O, requires MH* 373.2126.

1-Benzyl-4-formyl-3-pentylpiperazine-2-one  (15b). Prepared
as for 15a using 4a (0.30 g; 1.89 mmol) and 1-bromoheptan-2-one
(16a, 0.40 g; 2.08 mmol) and DBU (0.33 ml; 2.26 mmol).

(0.29 g; 56%): vy (film)/cm™" 1725, 1695, 1228, 1174; dy 0.81
(t,3H,J =6.8), 1.22 (m, 6H), 1.81 (m, 1H), 1.94 (m, 1H), 2.40 (m,
1H), 2.98 (m, 1H), 3.21 (t, 1H, J = 5.0), 3.32 (m, 2H), 3.69 (d, 1H,
J=13.3,PhCHH), 3.88 (d, 1H, J =13.3, Ph\CHH), 7.23-7.28 (m,
5H, Ar-H), 9.40 (s, 1H); 6 (75 MHz) 14.0, 22.5, 24.7, 30.2, 31.7,
39.87, 44.9, 58.0, 65.6, (127.56, 128.5, 128.7 (3 x Ar—-CH)), 137.4
(Ar-C), 162.5, 173.6; m/z (CI) 289 (MH", 87%), 261 (MH*-CO,
96%), 106 (100%).

1-Benzyl-4-formyl-3-methylpiperazine-2-one (15c¢). Prepared
as for 15a using 4a (0.66 g; 4.12 mmol) and chloroacetone 16b
(0.40 ml; 4.95 mmol).

Orange oil (0.45 g; 47%): vy (film)/cm™ 1725, 1695, 1455,
1470, 1250; oy 1.52 (d, 3H, J = 4.8 Hz, NCHCH,), 2.5 (m, 1H,
5-CH,), 3.0 (m, 1H, 5-CH,), 3.35(q, |H, J =4.8 Hz, 3-CH), 3.38
(d, 1H, J = 10.6 Hz, CH,Ph), 3.42 (m, 1H, 6-CH,), 3.67 (m, 1H,
6-CH,),3.94 (d, 1H, J = 10.6 Hz, PhCH,), 7.28-7.32 (m, SH, Ar—
H), 9.44 (s, 1H, NCHO); 6. 15.3 (PhNCHCH,), 40.7 (C-5), 44.9
(CH,Ph), 57.9 (C-6), 61.1 (C-3),127.6, 128.4,128.7 (3 x Ar-CH),
137.1 (Ar-C), 162.6 (NCHO), 173.7 NCOCHN); m/z (CI) 233
(MH*, 100%), 205 (MH*-CO, 100%). HRMS: (EI) M* 232.1212;
C;H (N, O, requires M* 232.1211.

Ethyl 8-(1-benzyl-4-formyl-3-oxopiperazin-2-yl)oct-2-enoate
(15d). Prepared as for 15a using 4a (0.22 g; 1.36 mmol) and
ethyl E-10-bromo-9-oxodec-2-enoate (8h, 0.43 g; 1.50 mmol).

(0.12 g; 23%): Ve (film)/cm ' 2935, 1720, 1689, 1266, 1217,
909, 733; oy 1.28 (t, 3H, J = 7.3, OCH,CH,;), 1.46 (t, 2H, J =
7.3), 1.58 (m, 2H), 1.89 (m, 1H), 2.03 (m, 1H), 2.17 (m, 2H), 2.47
(m, 1H), 3.05 (m, 1H), 3.27 (t, 1H, J = 5.0), 3.36 (m, 1H), 3.40
(d, 1H, J = 13.4, PhCHH), 3.76 (m, 1H), 3.94 (d, 1H, J = 13.4,
PhCHH), 4.18 (q, 2H, J = 7.3, OCH,CH5;), 5.80 (dt, 1H, J = 1.6,
15.6, CHCO,Et),6.94 (dt, 1H,J =6.9,15.6, CH=C), 7.32 (m, 5H,
Ar-H),9.47 (s, 1H); 014.3, 24.8, 27.8, 28.9, 30.0, 32.0, 39.8, 44.9,
58.1, 60.1, 65.4, 121.4, (127.6, 128.6, 128.7 (3 x Ar—CH)), 137.3
(Ar-C), 149.0, 162.4, 166.7, 173.5; m/z (CI) 387 (MH*, 100%),
359 (MH*-CO, 90%). HRMS: (CI) MH"* 387.2287; C,,H;N,O,
requires MH™* 387.2284.

1-Benzyl-4-formyl-2-(4-nitrophenyl)-1,4,5,6-tetrahydropyrazine
(17). Prepared as for 15a using 4a (0.40 g; 2.50 mmol) and 2-
bromo-4'-nitroacetophenone (16¢, 0.67 g; 2.75 mmol).

Orange oil (0.70 g; 87%): Vmax (film)/cm™" 2349, 1683, 1628,
1589, 1515, 1415, 1395, 1343, 1191; 6y (mixture of rotamers) 3.06
(m, 2H, 6-CH, syn rotamer), 3.15 (m, 2H, 6-CH, anti rotamer),
3.30 (m, 2H, 5-CH, anti), 3.42 (m, 2H, 5-CH, of syn), 3.81 (s, 2H,
PhCH, syn or anti), 3.84 (s, 2H, PhCH, anti or syn), 6.48 (s, 1H,
3-CH syn), 6.98 (s, 1H, 3-CH anti), 7.21-7.32 (m, 9H, Ar-H), 7.66
(m, 2H, ArNO,—H syn or anti), 7.90 (s, |H, N=COH anti), 8.17
(m, 2H, ArNO,—H anti or syn), 8.27 (s,1H, N=COH syn); 5 35.2
and 45.2 (C-5), 40.2 and 46.2 (C-6), 56.3 and 56.6 (PhCH,), 108.6
and 112.2 (C-3 anti and syn), 124.0 (ArNO,-CH), 124.1 (ArNO,-
CH), 126.7 (ArNO,—CH), 127.1 (ArNO,—CH), 127.7,127.9, 128.8
(3 x Ar-CH)), 137.1 (Ar-C), 142.2 (ArNO,-C), 143.1 and 147.3
(C-2 anti and syn rotamer), 147.5 (ArNO,-C), 159.3 and 159.9
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(N=CHO of anti and syn rotamer); m/z (EI) 324 (MH"*, 6%), 293
(8%), 174 (8%), 118 (12%), 91 (100%), 65 (28%), 51 (9%). HRMS:
(EI) M* 323.1268; C3H;N;0; requires M* 323.1270.

X-Ray crystallography

Data were collected on a Nonius KappaCCD area detector
situated at the window of a rotating anode [4 (Mo Ka) = 0.71073
A].+ The structure was solved by direct methods, SHELXS-97,
and refined using SHELXL-97.% Hydrogen atoms were included
in the refinement, but thermal parameters and geometry were
constrained to ride on the atom to which they are bonded. The
data were corrected for absorption effects using SORTAV.*

Crystal data for 11 (R' = Ph, R2 = H, R* = Bu'). C,;H;,N,0;,
M = 446.57, monoclinic, a = 5.8566(4), b = 22.8548(18), ¢
9.1424(7) A, 92.913(6)°, U = 1222.14(16) A*, T = 150(2) K,
space group P2,, Z =2, u(Mo Ka) 0.079 mm™"', 6900 reflections
measured, 3346 unique (R, = 0.0585), R = 0.0500. The final
wR(F?) was 0.0842 (all data).

Crystal data for 14b. C, H,,N,0,, M = 32441, triclinic, a =
5.3447(11), b = 10.854(2), ¢ 14.722(3) A, a = 81.91(3), 87.82(3),
88.80(3)°, U = 844.8(3) A, T = 1502) K, space group P-1,Z =2,
#(Mo Ka) 0.083 mm~', 12313 reflections measured, 3729 unique
(R =0.1814), R=0.0566. The final wR(F?) was 0.1507 (all data).

Crystal data for 14d. C,;H,N,O,, M = 386.48, triclinic, a =
11.448(2), b = 11.905(2), ¢ 15.067(3) A, a = 86.50(3), 87.96(3),
77.45(3)°, U =2000.1(7) A3, T = 150(2) K, space group P-1, Z =
4, u(Mo Ka)0.082 mm~', 17728 reflections measured, 7744 unique
(R =0.1722), R=0.0682. The final wR(F?) was 0.2781 (all data).

Crystal data for 14g. C,;H,N,O,, M = 386.48, monoclinic,
a = 10.559(2), b = 9.6567(19), ¢ 11.052(2) A, p = 112.47(3)°,
U =1041.5(4) A3, T = 150(2) K, space group P2,, Z = 2, u(Mo
Ka) 0.078 mm~', 12212 reflections measured, 4640 unique (R;,, =
0.0362), R = 0.0373. The final wR(F?*) was 0.0507 (all data).
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Novel propranolol analogues have been designed and synthesised and their enantioselective binding to
the cellulose degrading enzyme, Cel7A, has been evaluated. Affinity and enantioselectivity have been
determined by capillary electrophoresis experiments. Ligands with significantly improved affinity and
selectivity have been obtained and an analysis of the results has led to insights concerning the relation
between the changes in ligand structure and selectivity as well as affinity to the protein.

Introduction

Propranolol (1) is a chiral, adrenergic B-blocker that binds
enantioselectively to the active site of cellobiohydrolase Cel7A®
produced by the cellulose degrading fungus Trichoderma ree-
sei. The enzyme Cel7A hydrolyses the B-1,4-glycosidic linkage
of cellulose from the reducing end.? Several three-dimensional
crystallographic structure determinations are available for Cel7A,
including mutants without catalytic capacity."** The enzyme is
characterized by the presence of a 50 A long tunnel, which binds
7 glucosyl units before the catalytically active site and an exit
opening for its hydrolytic product cellobiose (Fig. 1).! The active
site has been localized through structural studies of complexes
with stable ligands and the importance and function of the
catalytic amino acid residues have been determined through point
mutations at Glu212, Asp214 and Glu217.¢

-7 -6 -5 -4 —?3 -2 -1 +1+2 Gle subsite

Fig. 1 Cel7A with cellulose (pink) placed in the entrance tunnel,
propranolol (1) (green) at the active site, catalytic amino acids (orange)
and cellobiose (blue). Reprinted from ref. 1 with permission from Elsevier.
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The use of Cel7A as a chiral stationary phase for enantiomer
separation of various chiral drugs is well established.”® The (S)-
enantiomer of propranolol, the active B-adrenoceptor blocking
enantiomer,” binds more strongly to the active site in Cel7A
than the (R)-enantiomer." The side chain of propranolol carrying
the stereogenic atom binds to the catalytic amino acids. This
interaction has been shown to be responsible for the chiral
discrimination.'”*? The X-ray crystallographic study of Cel7A with
bound (S)-propranolol opens for rational design of analogues with
higher binding abilities and stereoselectivities. These compounds
will be used to provide a better understanding of the chiral
recognition mechanism of Cel7A, which is the objective of this
study.

Design of analogues

The binding site of (S)-propranolol (1) was explored by prelim-
inary molecular mechanics computations using the AMBER*
force field in Macromodel version 6.5. The analysis reveals
several possible molecular modifications to affect the binding as
shown in Fig. 2: The isopropyl group resides in a comparatively
hydrophilic but constrained region built up by the polar or
ionized residues Asp173 and Tyr145 as well as the catalytic amino
acid residues Glu212, Asp214 and Glu217. The introduction of
small polar groups on the ligand isopropyl side chain may give
further electrostatic interactions, including hydrogen bonding to
these amino acid residues (1). Thus, an analogue substituted
at the methyl groups by hydroxyl groups was subjected to a
conformational search using the Monte Carlo multiple minimum
(MCMM) method. The protein was stripped of water molecules
and free movement with respect to all degrees of freedom was
allowed for the ligand. A shell of protein residues at a distance of
6 A from the ligand was subjected to restricted flexibility using the
default force constant (100 kJ A-"), whereas the rest of the protein
was kept fixed. In the resulting low energy conformation both
methyl bound hydroxyl groups were hydrogen bonded to Asp173
and Asp214, respectively (Fig. 3). The hydroxyl group calculated
to be hydrogen bonded to Asp214 is also close to Glu217 (O—
O distance being 2.71 and 2.83 A, respectively). The position of
the remaining part of the molecule was only slightly modified.
In the crystal structure the naphthalene ring is positioned in the
tunnel and stacks with the indole ring of Trp376. Additional
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Fig. 2 The binding site of propranolol in Cel7A from the X-ray diffraction structure. Hydrogen bonding to the oxygen atoms and nitrogen atom of
propranolol are indicated. The three positions on propranolol identified for structural modifications are indicated by (1-3).

Fig. 3 Minimized structure of the dihydroxyl analogue 2 showing hydrogen bonds to the amino acid residues Asp173 and Asp214. For computational

details see the text.

binding to other amino acid residues in the tunnel could be
envisioned from modifications of the aromatic ring system (2)
or by adding suitable substituents (3). Preliminary modelling
studies suggest that anthracene or phenanthrene ring systems
could be accommodated in this position and enhance stacking
and hydrophobic effects. Exploring further effect of substitution
in region (3) will be described in later work.

Fig. 4 shows a superposition of propranolol and its phenan-
threne analogue minimized as described above in the pro-
tein complex. The results of this computational modelling di-
rected us to synthesise a series of novel propranolol analogues
(Scheme 1).

Results
Synthesis

The general synthetic routes used in the preparation of the new
ligands are shown in Scheme 2. The glycidyl ethers have previously
been synthesised in several different ways. However, the two main
approaches use either CsF or NaH as base. It has been reported
that CsF gives better yields and selectivities,'*'* since it activates
the epoxide as well as functioning as a base." In this study we chose
to try both bases for all compounds (Table 1). The use of CsF gave
equivalent or higher yields for all compounds except for 13. This
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Fig. 4 Superimposition of propranolol 1 and its phenanthrene analogue
8 minimized in the binding site of Cel7A. For computational details see
the text.

A. NaH, DMF, THF

c”™><1 B.CsF, DMF
. Yo Aro/\((l)
AOH 10-14
EtOH

Ar = 1-naphthyl (10,1, 2)
2-naphthyl (11,3, 4)
5,6,7,8-4H-1-naphthyl (12,5, 6)
9-anthracyl (13,7) R
9-phenanthryl (14,8, 9)

i-PrNH, alt serinol

,3,5 7,8R=H
2,4,6,9R=0H

Scheme 2 General synthesis of amino alcohols.

could be explained by the activation of the aryl alcohol by CsF.'
Initially, this increases the proton-accepting capabilities of the
base as well as providing a counter ion to the resulting aryloxide,
facilitating the desired reaction. This activation cannot be as easily
achieved in the case of 13, due to the increased distance between
the carbonyl oxygen, and the acidic proton to be abstracted in
anthrone.

Further, purified glycidyl ether as well as crude product have
been used in the following amination step, as reported in Table 2,
and no major differences in overall yields were noted for most
compounds.

w”*

\COH

)\ OH
oﬁﬂu* oy

H
5o

Ligands synthesised.

Table 1  Yields of glycidyl ethers, using two different bases
Ar-OH NaH (%)* CsF (%)®
10 50 72
11 49 82
12 71 87
13 46 34
14 78 82

“Method A. ® Method B.

Table 2 Amination of glycidyl ethers with two different procedures

Ligand Yield (%)* Yield A (%)° Yield B (%)°
1 82 64 65
2 39 17 14
3 97 68 63
4 51 31 39
5 74 38 52
6 18 19 14
7 95 47 64
8 64 65 49
9 67 22 16

“Yield from purified glycidyl ether. ® Overall yield, using the direct route
from glycidyl ether Method A, NaH as base.  Overall yield, using the
direct route from glycidyl ether Method B, CsF as base.

To be able to determine the elution order of the enan-
tiomers, highly enriched enantiomers of the compounds had
to be produced. In the first step of the racemic compounds,
epichlorohydrine was used. According to previous investigations
of the mechanism, the nucleophilic attack occurs in both the 1-
and 3-position and is rather slow with long reaction times, since
both epoxide and chloride are relatively poor leaving groups.” To
circumvent these problems when synthesising pure enantiomers,
nosylate 15 was chosen as the reagent and NaH as the base
(Scheme 3), which afforded a greater preference for reaction at
the 1-position.'®

A combination of DMF and THF was used as solvent when
NaH was used as base in the reaction with epichlorohydrin to
obtain better yields. THF increases solubility of starting materials
and may also have a solvent effect.”” However, all reactions with
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Scheme 3 Synthesis of enantiomers, using nosylate (15) as reagent.

the more reactive nosylate 15, worked well with only DMF as a
solvent.

The direct route described in the Experimental section, has a
simple and straightforward workup procedure. A silica filtration
was included only to remove remaining DMF in order to simplify
purification of the final product. All pure enantiomers were
synthesised using the direct route, since the purity of the glycidyl
ethers seemed to be of less importance in the subsequent amination
step.

Purification of all compounds with the additional dihydroxyl
groups was difficult and a lot of product was probably lost in the
extraction prior to the recrystallisation. However, the extraction
was necessary to achieve a solid product of sufficient purity for
recrystallisation.

To verify the stereochemistry of the enantiomers, propranolol
was used as a reference compound to confirm selectivity of the
reaction with nosylate as the reagent. The ee, and therefore the
reaction selectivity, as well as the retention order of enantiomers,
was determined by HPLC, using the chiral stationary phase
OD-H silica. The (R)-enantiomer elutes first in all cases and
the ee was >99%.

Binding studies

Methods based on capillary electrophoresis, CE, were utilised
to determine affinity constants as well as enantioselectivity.
An important reason for choice of method, is the possibility
to study the protein ligand interaction in free solution, ie.,
without previous manipulation of the protein structure, such as its
immobilisation on a support particle. This ensures a protein with
a natural fold and without other possible structural disturbances,
maintaining full dynamics in solution. The partial-filling technique
(Fig. 5) was applied as previously described,' as it demands very
small amounts of protein and facilitates UV-detection without the
interference of protein. 1-6, 8, 9 had a chemical purity of >97%
as determined by NMR and 7 had a chemical purity of 91% as
determined by HPLC.

Injection

i

; ) =D
1

1

Detection

Fig. 5 A description of the partial-filling technique using CE. (A)
Injection of selector, Cel7A. (B) Injection of racemic compound. (C)
Applying an electrical current will drive the oppositely charged species
in different directions and the analyte, compound 1-9, interacts with
the selector, Cel7A. (D) The separated enantiomers are detected and
migration times determined.

Affinity

To obtain K,-values for the binding of ligands to Cel7A, migra-
tion times of the racemic ligands, through a series of different
plug lengths of Cel7A, were measured. As the binding strength
of a ligand increased, the concentration of protein was decreased,
keeping plug lengths constant.? The differences in migration times
compared to when no protein was present, were plotted versus the
amount of Cel7A. The amount of protein was calculated from
the absorbance and therefore K -values are only related to total
amount of protein, not the activity of the enzyme. The K -values
of the (R)- and (S)-enantiomers of all compounds were calculated
according to eqn (1)*! and are given in Table 3.

1 X1t Xl dAf
— X

Ky To.det dn m
Where r is the radius and /g is the length of capillary to detection
window, 4 is the migration time of the analyte when no protein is
present and dA¢/dn is the slope of the linear correlation between
the increase in migration time, Az (s), and the total amount of
protein n (mol Cel7A).

Two structural modifications of propranolol (1) proposed by
the design, turned out to lead to significant increase in affinity.

Table 3 K,-values and binding relative to 1 at pH 5.0 (25 °C) as well as calculated intrinsic selectivity, o'

Solute K,(R)/uM* Relative affinity® K(S)/uM* Relative affinity® at

1 620 1.00 245 1.00 2.53
2 134 4.63 41 5.98 3.27
3 720 0.86 330 0.74 2.18
4 338 1.83 68 3.60 497
5 887 0.70 367 0.67 2.42
6 410 1.51 72 3.40 5.69
7 316 1.96 170 1.44 1.86
8 133 4.66 12.7 19.3 10.47
9 30 20.7 1.8 136 16.67

@ Calculated according to eqn (1). ® Calculated according to eqn (2). ¢ In comparison to 1.
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First, an increase in the size of the aromatic system increases
binding. However, this enhancement is much more pronounced
with phenanthrene (8) than with anthracene (7). Looking at the
known structure of the protein with propranolol in the active site,
an aromatic stacking is indicated between the naphthyl ring and
the indole of Trp376. The difference in binding of anthracene
and phenanthrene probably arises from the positioning of the
ring systems, where the phenanthrene ring system has a different
directional positioning. This may facilitate interactions with a
second tyrosine (Trp367) as well as increasing the interaction with
Trp376, hence the difference in K,-values. On the other hand,
when the aromatic system was reduced (5) or position of the side
chain changed (3) in comparison to the naphthyl in 1, a decrease
in binding was observed.

Secondly, the introduction of two hydroxyls at the isopropyl
(2, 4, 6 and 9) increased the affinity. This is probably due to
further electrostatic interactions with increased number of amino
acid residues. Generally, the dihydroxy function increased binding
of the (S)-enantiomer in all cases. This indicates an additional
interaction which is independent of the changes in the aromatic
system. However, this increase in affinity is somewhat different for
the (R)-enantiomers, which show a variation through the series.
A combination of the two structural modifications leading to
enhanced affinity results in 9. This compound has the strongest
affinity.

Selectivity

It has previously been shown that both enantiomers of propranolol
bind to the active site (no other strong selective bindings have been
accounted for). The chiral selectivity is maintained throughout
the series of compounds, confirming a stereospecific interaction
between the active site and the amino alcohol moiety, which is
common for all ligands studied. Also, through correlating the
synthesis, the HPLC analysis and CE measurements, we can
determine that it is the (S)-enantiomer which is most strongly
retained in all cases, as is the usual case for all investigated [3-
blockers.

To compare enantiomeric selectivities, the intrinsic selectivity,
a', was calculated [eqn (2)]. The results are given in Table 3.

i Kd(R)
)

2

There is a general trend that the intrinsic selectivity increases
with affinity, with the only exception of compound 7. Dihydroxy
substitution in the two methyl groups leads to an increase of both
affinity and selectivity and could be compared throughout the
series. Interestingly, this effect seems to be of greater importance
when the hydrophobic interactions are weakened. When 4 and 6
are compared to their analogues, 3 and 5, respectively, a major
increase in selectivity is revealed when related to the increase in
selectivity in the case of 2 compared to 1. However, the change
in affinity due to the addition of the two hydroxyl groups is not
as favourable in the cases of 4 and 6 as for 2. Also, it could be
noted that the increased selectivity mainly is related to the reduced
increase of the affinity of the (R)-enantiomer.

A striking decrease in selectivity was noticed in 7, even if the
affinity is increased compared to 1, 3 and 5. On the other hand,
both 8 and 9 show a major increase in selectivity along with an

increase in binding, even if the selectivity contribution from the
dihydroxy function is less pronounced in this case. These findings
indicate an interesting combinatorial effect on the selectivity,
caused by the dihydroxy functionality and the derivatisation of
the ring system.

With respect to the changes in affinity of the (S)-enantiomers,
it is implied that the two different interactions are without any
obvious conformational restraints on each other, neither in the
ligand nor in the protein. Hence, enough flexibility is present in
this complex to allow for some movement in the bound ligand.

On the other hand, the affinity of the (R)-enantiomers are
affected in a way which indicates an interconnected dependency
of the two interaction points. This may be due to some kind of
locking of conformation in the enzyme or in the ligand.

These results also shows that the intrinsic selectivity is not
directly connected to the general increase in binding strength.

Conclusion

We have designed and synthesised new ligands, which bind to
the active site of Cel7A, based on the previous knowledge of the
enzyme structure, using computational modelling as an important
tool for the design. Through careful selection of compounds, the
importance of the hydrophobic effects and stacking interactions
between ligand and Trp376 have been shown, as well as the
possibility to displace water in the protein structure to achieve
further electrostatic interactions with the amino acid residues
Aspl73, Glu212, Glu217 and Asp214. Interestingly, both of these
interactions have an effect on the enantiomeric selectivity. These
interactions also seem to be interconnected. However, the increase
in affinity and the increase in selectivity are not strictly correlated.

The two main features giving the strongest increase in binding
were combined in 9, which has an affinity strong enough to
be expected to cause inhibition of enzyme activity. However,
further investigation of the binding of ligands could provide more
information about the effects causing the changes in selectivity.
Such studies, as well as enzyme inhibition experiments, are in
progress.

Experimental

Purchased chemicals were used as received and solvents for
dry conditions were kept over activated 4 A molecular sieves.
Flash column chromatography was carried out using Matrex
(0.063-0.200 mm) under pressure. Analytical thin layer chro-
matography (TLC) was performed on glass plates pre-coated with
Merck Kieselgel 60 F,, and visualised by ultra-violet irradiation
(254 nm). All compounds were dried under vacuum until all sol-
vent was removed before analyses. Melting points were performed
on a Electrothermal IA9100 Digital Melting Point Instrument,
and are uncorrected. Optical rotations were recorded on a Perkin-
Elmer 241 LC polarimeter using a sodium lamp (589 nm) as the
light source. Infra-red spectra were obtained on a Nicolet Impact
410 spectrometer, using KBr plates or paraffin. High resolution
mass spectra were obtained on a Jeol JMS SX-102, by FAB+.
HPLC analyses were performed on a Varian ProStar apparatus,
Daicel OD-H column 4.6 x 250 mm, with 80 : 20 hexane—/PrOH
as eluent, at a flow of 0.5 mL min~', with a Varian Prostar PDA
detector at 254 nm. 'H NMR spectra were recorded at ambient
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temperature on a Bruker DRX400 NMR spectrometer at 400 MHz
with residual protic solvents CHCI; (0 = 7.28 ppm) or ds-pyridine
(On = 8.74 ppm) as the internal reference; chemical shifts () are
given in parts per million (ppm) and coupling constants (J) are
given in Hertz (Hz). The proton spectra are reported as follows
o/ppm (number of protons, multiplicity, coupling constants J/Hz,
assignment). For concentration dependent compounds, '"H NMR
spectra were taken at a concentration of 1 mg/0.6 mL for 1,
5, 8 3 mg/0.6 mL for 2, 4, 6, 9 and 5 mg/0.6 mL for 3. °C
NMR spectra were recorded at ambient temperature on the
same spectrometer at 100 MHz, with the central peak of CHCl,
(©c = 77.23 ppm) or the central peak of ds-pyridine (6. =
150.4 ppm) as the internal reference. HMQC NMR spectroscopy
were used where appropriate, to aid in the assignment of signals
in the '"H and “C NMR spectra. Where coincident coupling
constants have been observed in the 'H NMR spectrum, the
apparent multiplicity of the proton resonance concerned has
been reported. Elemental analyses were performed by A. Kolbe,
Mikroanalytisches Laboratorium, Germany. Evaporation refers
to the removal of solvent under reduced pressure.

Glycidyl ethers, method A*

Aryl alcohol was added to NaH (1.1-1.3 eq.) dissolved in dry
DMF (1.5mL/mmol ArOH) and dry THF (0.3 mL/mmol ArOH)
under inert conditions and heated at 50 °C for 10-30 min (colour
change). Epichlorohydrine (1.2 eq.) was added and the mixture
was left stirring at 50 °C, followed by TLC (EtOAc-heptane 30 :
70) until no more reaction (11-22 h, colour change and sometimes
precipitate formed). The mixture was allowed to reach rt and H,O
(10-25 mL/mmol) was added, which gave a strong precipitation,
and stirred for 20 min at rt. The mixture was extracted with
EtOAc and the organic layers were dried (Na,SO,), filtered and
evaporated. Short filtration through silica (EtOAc-heptane 50 : 50)
gave a crude product which could be used directly. Flash column
chromatography afforded pure product.

2-(Naphthalen-1-yloxymethyl)oxirane (10). From 1-naphthol
(5.77 g, 40.04 mmol), stirred at 50 °C for 16 h, workup gave a
brown oil, which was purified by flash column chromatography
(EtOAc-heptane 10 : 90) and afforded 10 as a clear oil (4.01 g,
50%). Vmu(paraffin)/cm="' 3062, 2720, 1582, 1506, 1401, 1273,
1245, 1102, 1069, 1021, 917, 865, 793, 770, 727. 6x(400 MHz;
CDCl;) 2.88 (1H, dd, J 2.6 and 4.9, trans-CHCH,0), 3.00 (1H,
app t, J 4.5, cis-CHCH,O0), 3.51-3.55 (1H, m, CH,CH(O)CH,),
4.18 (1H, dd, J 5.5 and 11.0, CHCH,OAr), 4.43 (1H, dd, J 3.1
and 11.0, CHCH,OAr), 6.84 (1H, d, J 7.5, 2-H), 7.38 (1H, app
t, J 7.9, 3-H), 7.46-7.53 (3H, m, 4-H, 6-H, 7-H), 7.81-7.83 (1H,
m, 5-H), 8.31-8.33 (1H, m, 8-H). 5.(100 MHz; CDCl;) 44.7, 50.2,
68.9, 104.9, 120.8, 122.0, 125.3, 125.5, 125.7, 126.5, 127.4, 134.5,
154.2.

2-(Naphthalen-2-yloxymethyl)oxirane (11). From 2-naphthol
(2.88 g, 20.0 mmol), stirred at 50 °C for 22 h, workup gave a brown
mixture, which was purified by flash column chromatography
(EtOAc-heptane 5 : 95) and afforded 11 as white crystals (1.94 g,
49%). mp = 63.5-64.4 °C. (Found: C, 77.9; H, 6.0. C;;H,,0,
requires C, 78.0; H, 6.0%.) vy, (KBr)/cm™"' 3062, 2929, 1630,
1592, 1511, 1255, 1226, 1927, 913, 842, 737. 64(400 MHz; CDCl;)
2.84 (1H, dd, J 2.6 and 4.9, trans-CHCH,0), 2.97 (1H, app t, J

4.5, ¢is-CHCH,0), 3.43-3.47 (1H, m, CH,CH(O)CH,), 4.11 (1H,
dd, J 5.7 and 11.0, CHCH,OAr), 4.37 (1H, dd, J 3.2 and 11.0,
CHCH,OAr), 7.16 (1H, d, J 2.5, 1-H), 7.21 (1H, dd, J 2.5 and
8.9, 3-H), 7.35-7.39 (1H, m, 6-H), 7.44-7.48 (1H, m, 7-H), 7.74—
7.80 (1H, m, 4-H, 5-H, 8-H). 5.(100 MHz; CDCL,) 45.0, 50.3,
69.0, 107.1, 119.0, 124.1, 126.7, 127.0, 127.9, 129.4, 129.8, 134.6,
156.7. HRMS (FAB+) found 200.0833 (IM]* CysH, NO, requires
200.0837).

2-(5,6,7,8-Tetrahydro-naphthalen-1-yloxymethyl)oxirane (12)*.
From 5,6,7,8-tetrahydro-1-naphthol (148 mg, 1.00 mmol), stirred
at 50 °C for 19 h, workup gave a light yellow oil, which was
purified by flash column chromatography (EtOAc-heptane 5 : 95)
and afforded 12 as a clear oil (1.45 g, 71%). V. (paraffin)/cm™!
2720, 1587, 1340, 1259, 1102, 926, 865, 855, 765, 727. 6y (400 MHz;
CDCl;) 1.75-1.83 (4H, m, 6-H, 7-H), 2.71 (2H, t, J 6.0, 8-H), 2.77
(2H, t, J 5.8, 5-H), 2.81 (1H, dd, J 2.7 and 5.0, trans-CHCH,0),
2.92 (1H, dd, J 4.2 and 5.0, cis-CHCH,0), 3.36-3.40 (1H, m,
CH,CH(O)CH,), 4.00 (1H, dd, J 5.3 and 11.1, CHCH,0OAr), 4.23
(1H, dd, J 3.1 and 11.1, CHCH,OAr), 6.64 (1H, d, J 8.1, 2-H),
6.74 (1H,d, J 7.6,4-H), 7.06 (1H, app t, J 7.9, 3-H). (100 MHz;
CDCl;) 23.0, 23.0, 23.3, 29.8, 44.9, 50.6, 68.7, 108.2, 122.2, 125.8,
126.6, 139.0, 156.4.

2-(Anthracene-9-yloxymethyl)oxirane (13)*. From anthrone
(966 mg, 4.97 mmol), stirred at 50 °C for 18 h, workup gave a dark
brown oil which was purified by flash column chromatography
(EtOAc-heptane 10 : 90, twice) and afforded 13 as a light yellow
crystals (576 mg, 46%). mp = 97.7-98.8 °C. v,,.(KBr)/cm™' 3053,
2920, 1361, 1327, 1285, 1091, 915, 859, 740. 04(400 MHz; CDCl,)
2.85(1H, dd, J 2.7 and 4.9, trans-CHCH,0), 2.99 (1H, dd, J 4.2
and 4.9, cis-CHCH,0), 3.59-3.63 (1H, m, CH,CH(O)CH,), 4.19
(1H, dd, J 6.2 and 11.3, CHCH,OAr), 4.51 (1H, dd, J 2.8 and
11.3, CHCH,0Ar), 7.47-7.54 (4H, m, 3-H, 9-H, 4-H, 8-H), 8.01-
8.03 (2H, m, 5-H, 7-H), 8.27 (1H, s, 6-H), 8.33-8.38 (2H, m, 2-H,
10-H). 6.(100 MHz; CDCl;) 45.0, 51.1, 76.6, 122.6, 123.1, 125.0,
125.9, 126.0, 127.7, 128.9, 132.8, 134.6, 150.8. HRMS (FAB+)
found 250.0992 (IM]* C,;H,,0, requires 250.0994).

2-(Phenanthren-9-yloxymethyl)oxirane (14). From phenan-
throl (194 mg, 1.00 mmol), stirred at 11.5 h, workup gave a
brown liquid which was purified by flash column chromatography
(EtOAc-heptane 5 : 95) and afforded 14 as light yellow crystals
(194 mg, 78%). mp = 81.8-84.2 °C. (Found: C, 81.7; H, 5.6.
C;H,NO, requires C, 81.6; H, 5.6%.) v,,x(KBr)/cm™" 3052, 2919,
1625, 1596, 1449, 1307, 1221, 1126, 1098, 865, 832, 770, 728.
0u(400 MHz; CDCl;)2.93 (1H, dd, J 2.7 and 4.9, trans-CHC H,,0O),
3.03(1H, dd, J 4.2 and 4.8, cis-CHCH,0), 3.56-3.60 (1H, m), 4.27
(1H, dd, J 5.6 and 10.9, CHCH,OAr), 4.53 (1H, dd, J 3.1 and
10.9), 7.00 (1H, s, 10-H), 7.49-7.59 (2H, m, 2-H, 7-H), 7.62-7.74
(2H, m, 3-H, 6-H), 7.77-7.79 (1H, m, 1-H), 8.42-8.44 (1H, dd,
J 1.2 and 8.1, 8-H), 8.60-8.69 (2H, m, 4-H, 5-H). 5-(100 MHz;
CDCl;) 45.0, 50.4, 69.0, 103.3, 122.7, 122.7 122.8, 124.7, 126.6,
126.7, 126.9, 127.2, 127.5, 127.6, 131.5, 132.9, 152.6. HRMS
(FAB+) found 250.0993 (IM]* C;H,,0, requires 250.0994).

Glycidyl ethers, method B

Epichlorohydrine (1.2 eq.) to a mixture of aryl alcohol and CsF
(3 eq.) in dry DMF (1.5 mL/mmol) while stirring at rt under
inert conditions. Heated to 50 °C and left stirring, followed by
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TLC (EtOAc-heptane 30 : 70) until no more reaction (13-20 h).
The mixture was allowed to reach rt, H,O (10-25 mL/mmol) was
added, which gave a strong precipitation, and left stirring at rt
until the solution was clear over the precipitation. The mixture
was extracted with EtOAc and the combined organic layers were
dried (Na,SO,), filtered and evaporated. Short filtration through
silica (EtOAc-heptane 50 : 50) gave a crude product which could be
directly continued with. Flash column chromatography afforded
pure product.

2-(Naphthalen-1-yloxymethyl)oxirane (10). From 1-naphthol
(0.153 mg, 1.06 mmol), stirred at 50 °C for 19.5 h, workup gave a
brown liquid, which was purified by flash column chomatography
(EtOAc-heptane 10 : 90), affording 10 as a clear oil (764 mg, 72%).

2-(Naphthalen-2-yloxymethyl)oxirane (11). From 2-naphthol
(290 mg, 2.01 mmol), stirred at 50 °C for 17.5 h, workup gave a
yellow solid, which was purified by flash column chromatography
(EtOAc-heptane 10 : 90), affording 11 as white crystals (331 mg,
82%).

2-(5,6,7,8-Tetrahydro-naphthalen-1-yloxymethyl)oxirane (12).
From 5,6,7,8-tetrahydro-1-naphthol (303 mg, 2.04 mmol), stirred
at 50 °C for 16 h, workup gave a light yellow oil, which was
purified by flash column chromatography (EtOAc-heptane 10 :
90), affording a clear oil (363 mg, 87%).

2-(Anthracen-9-yloxymethyl)oxirane = 13. From anthrone
(390 mg, 2.01 mmol), stirred at 50 °C for 13 h, workup gave an
orange solid, which was purified by flash column chromatography
(EtOAc-heptane 10 : 90), affording a light yellow solid (178 mg,
34%).

2-(Phenanthren-9-yloxymethyl)oxirane 14. From phenanthrol
(196 mg, 1.01 mmol), stirred at 50 °C for 13 h, workup gave a
brown liquid, which was purified by flash column chromatography
(EtOAc-heptane 10 : 90), affording white crystals (208 mg, 82%).

Amination, method A%

Glycidyl ether was mixed with isopropylamine (2.5 eq.) in EtOH
(2 mL/mmol), refluxed for 3 h and left stirring at rt over night.
The solvent was evaporated and the product purified through flash
column chromatography (EtOAc-MeOH-14%NH;(aq) 98:1: 1).

Amination, method B

Glycidyl ether was mixed with serinol (2.5 eq.) in EtOH
(2 mL/mmol) and refluxed for 3 h and left stirring at rt overnight
forming a precipitate. The solvent was evaporated and the product
was dissolved in equivalent amounts of EtOAc and 1 M aqueous
HCI and the organic layer was extracted with a second portion of
1 M aqueous HCI. The combined aqueous layers were carefully
made basic, using 2 M NaOH, until precipitation formed (pH ca.
9) and extracted with EtOAc, until the organic layer was colourless.
The combined organic layers were dried (Na,SO,), filtered and
evaporated to give a solid which was recrystallised from a mixture
of 2-propanol and heptane (50 : 50). The product could also be
purified through flash column chromatography (EtOAc-MeOH-
14%NH;(aq) 98 : 1 : 1) with some difficulty.

Propranolol 1. Method A from 10 (153 mg, 0.76 mmol)
gave 1 as white crystals (162 mg, 82%). mp = 90.8-92.5 °C.

Y (KBr)/cm™" 3280, 2967, 2938, 1591, 1506, 1463, 1401, 1283,
1245, 1112, 789, 765. 64(400 MHz CDCl;) 1.31 (3H, d, J 3.3,
CHCH,), 1.33 (3H, d, J 3.3, CHCH,), 3.06 (1H, dd, J 8.7 and
12.3, CH(OH)CH,NH), 3.13-3.20 (1H, m, NHCH(CH,),), 3.23
(1H, dd, J 3.3 and 12.3, CH,NHCH), 4.16 (1H, dd, J 5.6 and
9.6, CHCH,0Ar), 4.23 (1H, dd, J 5.0 and 9.6, CHCH,OAr),
4.47-4.50 (1H, m, CH,CH(OH)CH,), 6.81 (1H, d, J 7.1, 2-H),
7.35-7.56 (4H, m, 3-H, 4-H, 6-H, 7-H), 7.80-7.84 (1H, m, 5-H),
8.26-8.27 (1H, m, 8-H). J.(100 MHz; CDCl;) 23.1, 23.3, 49.3,
49.7, 68.7, 70.9, 105.1, 120.9, 122.0, 125.5, 125.8, 126.0, 126.7,
127.8, 134.7, 154.6. HRMS (FAB+) found 260.1648 (M + HJ*
CH, NO, requires 260.1651). HPLC: Daicel OD-H. Hexane-
iPrOH, 80 : 20, 0.5 mL min~', 254 nm: ¢, (R) = 16.12 min, 7, (S) =
24.40 min.

2-[2-Hydroxy-3-(naphthalen-1-yloxy)-propylamino]propane-1,3-
diol (2). Method B from 10 (456 mg, 2.28 mmol) gave 2 as
a light white crystals (260 mg, 39%). mp = 105.6-106.3 °C.
(Found: C, 66.0; H, 7.3; N, 4.8. C,;H,NO, requires C, 66.0;
H, 7.3; N, 4.8%.) v, (KBr)/cm™' 3422, 3289, 2929, 2872, 1587,
1458, 1401, 1268, 1245, 1107, 1069, 1031, 789, 765. 5,;(400 MHz;
ds-pyridine) 2.81 (1H, br s, CH,NHCH), 3.27-3.36 (2H, m,
NHCH(CH,0OH),, CH(OH)CH,NH), 3.42 (1H, dd, J 4.3 and
11.8, CH(OH)CH,NH), 4.11-4.19 (4H, m, 2 x CHCH,OH),
4.47 (2H, dd, J 2.9 and 5.3, CH(OH)CH,OAr), 4.66 (1H, app
br s, CH,CH(OH)CH,), 6.07 (1H, br s, CH,OH), 6.13 (1H, br s,
CH,OH), 6.92 (1H, app br d, J 3.4, CH,CH(OH)CH,), 6.98
(1H, d, J 7.6, 2-H), 7.38-7.54 (4H, m, 3-H, 4-H, 6-H, 7-H),
7.88 (1H, d, J 8.1, 5-H), 8.49 (1H, d, J 8.4, 8-H). 6-(100 MHz;
ds-pyridine) 52.2, 63.2, 63.2, 63.4, 70.5, 72.8, 106.1, 121.0, 123,2,
125.9, 126.8, 127.1, 127.3, 128.4, 135.6, 155.9. HRMS (FAB+)
found 292.1528 (M + H]* C,sH,, NO, requires 292.1549). HPLC:
Daicel OD-H. Hexane—iPrOH, 80 : 20, 0.5 mL min~', 254 nm: ¢,
(R) = 22.76 min, ¢, (S) = 57.42 min.

1-Isopropylamino-3-(naphthalen-2-yloxy)propan-2-ol A3).
Method A from 11 (1.47 g, 7.36 mmol) gave 3 as white crystals
(1.84 g, 97%). mp = 132.8-135.7 °C. (Found: C, 74.0; H, 8.3; N,
5.3. C,sH, NO, requires C, 74.1; H, 8.2; N, 5.4%.) V. (KBr)/cm™
3052, 2976, 1629, 1601, 1473, 1264, 1221, 1116, 1026, 836, 741.
014(400 MHz; CDCl;) 1.15 (6H, d, J 6.3, 2 x CHCH,), 2.52 (2H,
br s, CH,CH(OH)CH,, CH,NHCH), 2.83 (1H, dd, J 7.2 and
12.3, CH(OH)CH,NH), 2.88-2.94 (1H, m, NHCH(CHs;),), 2.99
(1H, dd, J 3.3 and 12.1, CH(OH)CH,NH), 4.11-4.17 (3H, m,
CH,CH(OH)CH,, CH(OH)CH,0Ar), 7.18-7.21 (2H, m, 1-H,
3-H), 7.36-7.38 (1H, m, 6-H), 7.46-7.47 (1H, m, 7-H), 7.73-7.79
(3H, m, 4-H, 5-H, 8-H). 6-(100 MHz; CDCl;) 23.0, 23.1, 49.4,
49.4, 68.5, 70.7. 107.1, 119.0, 124.0, 126.6, 127.0, 127.9, 129.3,
129.7, 134.7, 156.8. HRMS (FAB+) found 260.1655 (M + HJ*
C,H,NO, requires 260.1651). HPLC: Daicel OD-H. Hexane-
iPrOH, 80:20, 0.5 mL min~', 254 nm: ¢, (R) = 12.58 min, 7, (S) =
17.83 min.

2-[2-Hydroxy-3-(naphthalen-2-yloxy)-propylamino]-propane-
1,3-diol (4). Method B from 11 (331 mg, 1.65 mmol) gave 4
as white crystals (244 mg, 51%). mp = 138.6-139.2 °C. (Found:
C, 66.1; H, 7.3; N, 4.8. C,sH, NO, requires C, 66.0; H, 7.3; N,
4.8%.) v (KBr)/cm™" 3299, 2948, 2910, 1629, 1596, 1520, 1473,
1397, 1354, 1268, 1221, 1188, 1102, 1031, 836, 746. 6,(400 MHz;
ds-pyridine) 2.78 (1H, br s, CH,NHCH), 3.23-3.30 (2H, m,
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NHCH(CH,0OH),, CH(OH)CH,NH), 3.36 (1H, dd, J 4.3 and
11.8, CH(OH)CH,NH), 4.09-4.23 (4H, m, 2 x CHCH,0OH),
443 (2H, d, J 5.4, CH(OH)CH,OAr), 4.57 (1H, app br s,
CH,CH(OH)CH,), 6.07 (1H, app t, J 4.9, CH,OH), 6.13 (1H,
app t, J 4.8, CH,OH), 6.92 (1H, br d, J 4.5, CH,CH(OH)CH,),
7.32(1H, dd, J 2.5and 8.9, 3-H), 7.38 (1H, t, J 7.6, 6-H), 7.44 (1H,
d,J2.3,1-H),7.49 (1H,t,J 7.6,7-H), 7.81 (1H, d, / 9.0, 4-H), 7.85
(2H, d, J 8.5, 5-H, 8-H). 6.(100 MHz; CDCl;) 52.0, 63.2, 63.2,
63.3, 70.4, 72.6, 107.9, 120.0, 124.5, 127.3, 127.7, 128.6, 130.0,
130.2, 135.7, 158.2. HRMS (FAB+) found 292.1547 (M + H]*
CsH, NO, requires 292.1549). HPLC: Daicel OD-H. Hexane-
iPrOH, 80 : 20, 0.5 mL min~', 254 nm: ¢, (R) = 24.17 min, ¢, (S) =
42.69 min.

1-Isopropylamino-3-(5,6,7,8-tetrahydro-naphthalen-1-yloxy)-
propan-2-ol (5)2. Method A from 12 (90 mg, 0.44 mmol) gave 5
as white crystals (86 mg, 74%). mp = 82.9-84.5 °C. v,,,.(KBr)/cm™!
3280, 2976, 2919, 2853, 1582, 1463, 1335, 1259, 1102, 1002,
912, 888, 765. dy(400 MHz; CDCl;) 1.29 (6H, dd, J 2.6 and
6.4, 2 x CHCH;), 1.73-1.80 (4H, m, 6-H, 7-H), 2.67 (2H,
t, J 5.9, 8-H), 2.76 (2H, t, J 5.8, 5-H), 2.95 (1H, dd, J 8.5
and 12.3, CH(OH)CH,NH), 3.09-3.15 (2H, m, NHCH(CH,),,
CH(OH)CH,NH), 3.97(1H, dd, J 5.6 and 9.6, CH(OH)CH,OAr),
4.05(1H, dd, J 5.1 and 9.6, CH(OH)CH,0Ar), 4.30-4.33 (1H, m,
CH,CH(OH)CH,), 6.64 (1H, d, J 8.0, 2-H), 6.73 (1H, d, J 7.5,
4-H), 7.02-7.54 (1H, m, 3-H). 6.(100 MHz; CDCl,) 23.0, 23.0,
23.0, 23.1, 23.4, 29.8, 49.3, 49.6, 68.6, 70.6, 108.0, 122.0, 126.0,
126.2, 138.9, 156.5. HRMS (FAB+) found 264.2982 (IM + H]*
C,HxsNO, requires 264.1964). HPLC: Daicel OD-H. Hexane—
iPrOH, 80 : 20, 0.5 mL min~', 254 nm: ¢, (R) = 8.63 min, ¢, (S) =
21.25 min.

2-[2-Hydroxy-3-(5,6,7,8-tetrahydro-naphthalen-1-yloxy)propyl-
amino]propane-1,3-diol (6). Method B from 12 (363 mg,
1.78 mmol) gave 6 as white crystals (92 mg, 18%). mp =
106.1-106.8 °C. (Found: C, 64.9; H, 8.5; N, 4.8. C,4H,sNO,
requires C, 65.1; H, 8.5; N, 4.7%.) vmx(KBr)/cm=' 3422, 3280,
2929, 2872, 1582, 1458, 1335, 1249, 1097, 1059, 1031, 898,
855, 760. 0y(400 MHz; d,-pyridine) 1.32 (4H, t, J 3.2, 5-
H, 8-H), 2.65-2.75 (4H, m, 6-H, 7-H), 3.24-3.31 (2H, m,
CH(OH)CH,NH, NHCH(CH,0OH),), 3.37 (1H, dd, J 4.1
and 11.8, CH(OH)CH,NH), 4.11 (2H, dd, J 5.6 and 10.8,
CHCH,OH), 4.16-4.22 (2H, m, CHCH,OH), 4.26-4.34 (2H, m,
CH(OH)CH,OAr), 4.51-4.55 (1H, m, CH,CH(OH)CH,), 6.09
(2H, brs, 2 x CH,OH), 6.74 (1H, d, J 7.6,2-H), 6.83 (1H, d, J 8.1,
4-H), 7.12 (1H, app t, J 7.8, 3-H). 6.(100 MHz; ds-pyridine) 23.5,
23.6, 23.9, 30.3 52.1, 63.1, 63.3, 70.4, 72.2, 109.0, 122.2, 126.6,
126.7, 138.9, 157.8. HRMS (FAB+) found 296.1850 (M + HJ*
C,HysNO, requires 296.1862). HPLC: Daicel OD-H. Hexane-
iPrOH, 80 :20, 0.5 mL min~', 254 nm: ¢, (R) = 12.21 min, ¢, (S) =
51.38 min.

1-(Anthracen-9-yloxy)-3-isopropylaminopropan-2-ol .
Method A from 13 (47 mg, 0.19 mmol) gave 7 as light
orange semi solid (55 mg, 95%). v, (KBr)/cm™" 3431, 1672, 1592,
1335, 1307, 1283, 1179, 936, 808, 694. 6(400 MHz; CDCl;) 0.97
(6H, d, J 6.3,2 x CHCH,), 2.71-2.76 (2H, m, CH(OH)CH,NH,
NHCH(CH,),), 2.85 (1H, dd, J 3.8 and 11.9, CH(OH)CH,NH),
4.03 (2H, d, J 5.0, CH(OH)CH,0Ar), 4.16-4.19 (1H, m,
CH,CH(OH)CH,), 7.25-7.31 (4H, m, 2-H, 3-H, 6-H, 7-H),

7.78-7.81 (2H, m, 4-H, 5-H), 8.03 (1H, s, 10-H), 8.16-8.18 (2H,
m, 1-H, 8-H). 6.(100 MHz; CDCl,) 22.7, 22.8, 49.3, 49.6, 69.3,
78.1, 122.4, 122.7, 124.7, 125.6, 125.7, 127.5, 128.7, 132.6, 134.3,
150.7. HRMS (FAB+) found 310.1821 ((M + H]* C,Hx»NO,
requires 310.1807). HPLC: Daicel OD-H. Hexane—iPrOH, 80 :
20, 0.5 mL min~!, 254 nm: ¢, (R) = 13.41 min, ¢, (S) = 16.69 min.

1-Isopropylamino-3-(phenanthren-9-yloxy)propan-2-ol 8).
Method A from 14 (93 mg, 0.37 mmol) gave 8 as light yellow
crystals (73 mg, 64%). mp = 125.7-127.1 °C. (Found: C, 77.6;
H, 7.4; N, 4.5. C,)H;;NO, requires C, 77.6; H, 7.5; N, 4.5%.)
Vmax (KBr)/cm™" 3280, 3081, 2976, 2929, 1629, 1596, 1454, 1311,
1240, 1150, 1126, 1097, 831, 765, 746, 727. 6x(400 MHz; CDCl,)
1.39 (6H, dd, J 4.8 and 6.5, 2 x CHCH,), 3.14 (1H, dd, J 9.1
and 12.3, CH(OH)CH,NH), 3.25-3.30 (1H, m, NHCH(CHy;),),
3.32 (1H, dd, J 3.0 and 12.3, CH(OH)CH,NH), 4.24 (1H, dd,
J 5.7 and 9.7, CH(OH)CH,OAr), 4.33 (1H, dd, J 4.9 and 9.6,
CH(OH)CH,0Ar), 4.62-4.64 (1H, m, CH,CH(OH)CH,), 6.94
(1H, s, 10-H), 7.50-7.67 (SH, m, 1-H, 2-H, 3-H, 6-H, 7-H), 8.34-
8.37 (1H, m, 8-H), 8.55-8.62 (2H, m, 4-H, 5-H). 6.(100 MHz;
CDCl;) 23.0, 23.2, 49.7, 49.8, 68.6, 70.9, 103.5, 122.8, 122.9,
123.0, 124.9, 126.9, 127.0, 127.4, 127.5, 127.6, 127.8, 131.7, 133.2,
152.8. HRMS (FAB+) found 310.1821 (M + HJ* CxHx;NO,
requires 310.1807). HPLC: Daicel OD-H. Hexane—iPrOH, 80 :
20, 0.5 mL min~!, 254 nm: ¢, (R) = 37.09 min, ¢, (S) = 59.78 min.

2-[2-Hydroxy-3-(phenanthren-9-yloxy)propylamino]propane-1,3-
diol (9). Method B from 14 (194 mg, 0.78 mmol) gave 9 as
orange crystals (178 mg, 67%). mp = 132.8-135.1 °C. (Found:
C, 70.5; H, 6.8; N, 4.0. C,,H;NO, requires C, 70.4; H, 6.8;
N, 4.1%.) vp (KBr)/cm=' 3318, 3062, 2938, 2872, 1625, 1596,
1449, 1312, 1236, 1122, 1098, 1065, 1036, 827, 766, 728.
01(400 MHz; d;-pyridine) 2.89 (1H, br s, CH,NHCH), 3.30-3.40
(2H, m, CH(OH)CH,NH, NHCH(CH,OH),), 3.46 (1H, dd,
J 43 and 11.8, CH(OH)CH,NH), 4.12-4.25 (4H, m, 2 x
CHCH,0OH), 4.56-4.61 (2H, m, CH(OH)CH,OAr), 4.71-4.72
(1H, m, CH,CH(OH)CH,), 6.10 (1H, br s, CH,OH), 6.15 (1H,
br s, CH,OH), 6.98 (1H, br s, CH,CH(OH)CH,), 7.31 (H, s,
10-H), 7.55-7.62 (4H, m, 2-H, 3-H, 6-H, 7-H), 7.68-7.72 (1H,
m, 1-H), 8.59-8.61 (1H, m, 8-H), 8.76-8.82 (2H, m, 4-H, 5-H).
0c(100 MHz; ds-pyridine) 52.2, 63.2, 63.2, 63.4, 70.4, 72.6, 104.0,
123.4,123.6, 123.6, 125.2,127.2,127.4,127.6, 127.9, 128.1, 128.3,
132.3, 134.1, 153.8. HRMS (FAB+) found 342.1702 (IM + HJ]*
CyH;NO, requires 342.1705). HPLC: Daicel OD-H. Hexane-
iPrOH, 80 : 20, 0.5 mL min~', 254 nm: ¢, (R) = 44.28 min, 7, (S) =
54.78 min.

(S)-Glycidyl-3-nitrobenzenesulfonate ((S)-15)®. NEt, (3.1 mL,
22.2 mmol) and (R)-glycidol (1.33 mL, 20.0 mmol) was added
to toluene (60 mL) at —10 °C. 3-Nitrobenzenesulfonylchloride
(4.48 g, 20.2 mmol) was added and the reaction mixture was left
stirring for 12 h. The mixture was allowed to reach rt, washed with
5% H,S0, (2 x 10 mL), sat NaHCO; (10 mL) and brine (10 mL).
The organic layer was dried (Na,SO,) and evaporation gave white
crystals. Recrystallisation, once from Et,O-heptane and once from
EtOH, afforded (S)-15 as white crystals (1.62 g, 31%). mp = 61.1-
63.6 °C. [a]Z +24.1 (¢ 2.06 in CHCL,). 64(400 MHz; CDCl;) 2.65
(1H, dd, J 2.6 and 4.6, trans-CHCH,0), 2.87 (1H, app t, J 4.4,
cis-CHCH,0), 3.23-3.26 (1H, m, CH,CH(O)CH,), 4.07 (1H, dd,
J 6.4 and 11.6, CHCH,OAr), 4.51 (1H, dd, J 3.2 and 11.6), 7.83
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(1H, t, J 8.1, 5-H), 8.27-8.30 (1H, m, 6-H), 8.54-8.56 (1H, m,
4-H), 8.80 (1H, s, 2-H).

(R)-Glycidyl-3-nitrobenzenesulfonate ((R)-15)®. Using same
procedure as for (S)-15, (S)-glycidol (0.33 mL, 4.97 mmol) gave
(R)-15 as white crystals (159 mg, 12%). mp = 61.1-63.6 °C. [a];
—23.6 (¢ 2.12 in CHCl,).

General procedure for (R)- and (S)-amino alcohols™®

NaH (1.2 eq.) and ArOH were mixed in dry DMF (10 mL/mmol)
and left stirring at rt for 30 min. (R)-alt (S)-15 (0.95 eq.) in
DMF (5 mL/mmol) was added and the reaction mixture was
stirred for 1-1.5 h, followed by TLC (EtOAc-heptane 30 : 70). Sat
NH,CI (3 mL/mmol) and water (50 mL/mmol) was added and
the solution was extracted with EtOAc and the combined organic
layers were dried (MgSQO,), evaporated and filtered through silica
(EtOAc-heptane 50 : 50). The crude product was dissolved in
EtOH (2 mL/mmol) and amine (2.5 eq.) was added. The reaction
mixture was refluxed at 80 °C for 3 h and left stirring at rt
over night. Workup in accordance to corresponding racemic
compound.

(R)-Propranolol 1. From l-naphthol (145 mg, 1.01 mmol), pu-
rification through flash column chromatography (EtOAc-MeOH-
14%NH;(aq) 98 : 1 : 1), (R)-1 was obtained as white crystals
(192 mg, 75%). mp = 69.4-70.9 °C.

2-[(2S)-Hydroxy-3-(naphthalen-1-yloxy)propylamino]propane-
1,3-diol ((S)-2). From 1-naphthol (306 mg, 2.12 mmol), purified
through recrystalisation from a mixture of 2-propanol and heptane
(50: 50), (S)-2 was obtained as white crystals (126 mg, 22%). mp =
91.4-92.9 °C. [a]¥ —9.0° (¢ 1.0 in EtOH).

(25)-1-Isopropylamino-3-(phenanthren-9-yloxy)propane-2-ol ((.S)-
8). From phenanthrol (355 mg, 1.83 mmol), purification through
flash column chromatography (EtOAc—MeOH-14%NH;(aq) 98 :
1:1), (S)-8 was obtained as light yellow crystals (200 mg, 36%).
mp = 98.8-103.5 °C. [a]? —6.4° (¢ 1.0 in EtOH).

2-[(2S)-Hydroxy-3-(phenanthren-9-yloxy)propylamino]|propane-
1,3-diol (S)-9. From phenanthrol (352 mg, 1.81 mmol), purified
through recrystalisation from a mixture of 2-propanol and
heptane (50 : 50), (S)-9 was obtained as light orange crystals
(103 mg, 17%). mp = 110.5-114.6 °C. [a]¥ —5.9° (¢ 0.99 in
EtOH).

Binding studies

Bis-Tris and rac-Propranolol were purchased from Sigma-Aldrich.
The water used was of Millipore quality. All other chemicals were
of analytical grade.

Apparatus

All CE experiments were performed on a Hewlett Packard®® Cap-
illary Electrophoresis system (Agilent Technologies, Waldbronn,
Germany) using ChemStation Version A.06.01 for system control,
data collection and data analysis. Separation was performed
in polyvinyl alcohol (PVA)-coated capillaries, made essentially
in accordance with previously described methods,* of 33 cm
(effective length 24.5 cm) and 50 pum ID. UV detection was

carried out at 214 nm for 1-4, 204 nm for 5-6 and 254 nm for
7-9. 10 mM Bis-Tris~AcOH, pH 5.0, was used as background
electrolyte (BGE). The sample solutions, protein and BGE were
hydrodynamically injected at the anode at a pressure of 34.5 mbar
(instrumental setting). A constant temperature of 25 °C and a
constant current of 8 uA was used.

Samples were dissolved in BGE at a concentration of 15 uM,
degassed and filtered through 0.45 pm syringe filters prior
to analysis. Protein was dissolved in BGE and concentration
calculated from UV, using &y, = 78 800. Protein concentrations
used were 176 uM for 5, 83 uM for 1, 3, 7, 37 uM for 4, 6, 18 uM
for 2, 8 and 2 uM for 9.

All runs were made in triplicate and the mean value of each
response calculated.

Method

The capillaries were rinsed with BGE for 5 min before each run.
Migration times for each analyte were measured at 5 different plug
lengths of protein, i.e. 0, 21, 42, 64 and 85% of the effective length
of the capillary (equal to a pressure of 34.5 mbar for 0, 50, 100, 150
and 200 s), keeping the protein concentration constant for each
analyte. A plug of protein was first injected, followed by analyte (5
s) and finally a short plug of BGE (5 s) to prevent diffusion back
to the anode.
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The utility of NICS (nuclear independent chemical shift) as a probe for detecting/sensing variation in
aromaticity due to transannular n—7 interactions in janusene 2, a [3.3]orthocyclophane having two
cofacial benzene rings within van der Waals distance, its tetrafluoro- and octafluoro-derivatives 4 and 5,
and in tropiliojanusene 6 was studied by DFT at the B3LYP/6-31G(d) level. The related hydrocarbons
8 and 8a with a buried double-bond and their carbocations were also included in this study. Whereas
NICS(0) and NICS(1) are rather insensitive to transannular interactions, computed NICS(1).., values
are larger and more negative for both n-decks in the interannular space and this is consistent with
increased transannular n—7 interactions in the cofacial rings, previously shown in these systems via
spectroscopic studies (UV and NMR), and by electrophilic chemistry. Transannular effects in 2, 4, and
6 were also probed by examining the forms of HOMO-LUMOs. Attempts to measure donor-accepter

interactions between electron rich/electron poor cofacial decks via NICS (1).. through substituent
effects proved unsuccessful, resulting in only very small changes. Protonation of the double-bond
buried in between the two m-decks in 8 and 8a results in internally n-stabilized carbocations that exhibit
more negative NICS(1) and NICS(1).. values in the interannular space. GIAO NMR data were
computed for the neutral hydrocarbons and their derived carbocations, as a guiding tool for planned

experimental studies.

Introduction

Since its introduction a decade ago by Schleyer,'{ nucleus inde-
pendent chemical shift NICS has been successfully applied to a
wide variety of neutral and charged structures, namely annulenes,?
heterocycles,® metal t-complexes,* strained cage compounds with
4-membered rings,’ benzyl cations,® carbocations, dications, and
dianions from nonalternant-PAHs,” and anti-aromatic dications.?
NICS has also been applied to probe homoaromaticity,” local
aromaticity in large polynuclear aromatic hydrocarbons,' spheri-
cal aromaticity in fullerenes,' and to examine transition states in
cycloadditions.*

Later it was shown® that NICS(1) is more suitable than
NICS(0) as an aromaticity index because of diminished local
contributions to the ring current effects, and that NICS.. (principal
axis perpendicular to the ring plane) can provide a more accurate
analysis of aromaticity in the m-system of annulenes relative
to isotropic NICS parameters due to the fact that NICS.. is
dominated by contribution from the n-system, whereas NICS(0)
contains sigma bond contribution.” In a recent report, Sola

“Department of Chemistry, Kent State University, Kent, OH 44242. E-mail:
klaali@kent.edu, Fax: 330-6723816,; Tel: 330-6722988

*Department of Energy and Hydrocarbon Chemistry, Kyoto University,
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T Electronic supplementary information (ESI) available: Fig. S1-S14 and
Tables S1-S5. See DOI: 10.1039/b606070f

i For a recent authoritative progress review/compilation see ref. 26:
Z. Chen, C. S. Wannere, C. Corminboeuf, R. Puchta and P. v. R. Schleyer,
Chem. Rev., 2005, 105, 3842

et al.™* examined local aromaticity in a series of PAHs, namely
[n]acenes and [n]phenacenes and in representative [n]helicenes
via electronic (PDI), geometric (HOMA) and magnetic (NICS)
criteria. With [n]helicenes (n = 6-9) computed local aromaticity
in the terminal rings was larger than expected and this was
attributed to magnetic coupling of cofacial rings. Model studies
with naphthalene and phenanthrene “sandwiches” showed that
NICS is artificially augmented as a function of distance between
the opposite decks.™* Efficacy of the PDI and HOMA methods
in comparison with NICS was examined in a recent review by
Sola and associates.’® At about the same time, we reported
a DFT study focusing on the geometries, strain energies and
conformations in [2.2]cyclophanes, and applied NICS and HOMA
to explore their aromaticity.'® Computed NICS values implied
an increase in electron density inside the rings as a result of
stacking effect and a further increase via the bridging process.
Moreover NICS.. indicated that predominant increase in electron
density occurs in the interannular space, i.e. in the cavity of the
molecule. In an independent earlier study, Salcedo and associates'’
used DFT to address aromaticity and transannular effects in
representative substituted [2.2]paracyclophanes and also reported
NICS(0) values for the m-deck. Substitution in one deck led to
small changes in NICS(0) of the opposite deck. With R = OH,
NICS(0) implied activation of the opposite deck (more negative
value) but surprisingly, the trend was the same with R = CN
or NO,, implying the opposite deck was activated.”” An earlier
report by the same group examined aromaticity in representative
superphanes.” Transannular effects were implied by computing
the HOMO-LUMO forms. An interesting finding was that the
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highly rigid [24] (1,2,3,4,5,6) cyclophane was computed to be more
aromatic by NICS(2) (center of the molecule) than by NICS(1).'®
For a number of years we have been interested in structural/
electronic properties and electrophilic reactivity in molecules
with parallel or almost parallel n-faces within the van der
Waals distance.” These studies centered on rigid cyclophanes
namely [2.2]cyclophane 1, janusene “JAN” 2 and their deriva-
tives having stacked electron-rich/electron-poor m-decks as in
tetrafluoro[2.2]paracyclophane 3, tetrafluorojanusene “F,-JAN”
4, octafluorojanusene “Fs-JAN” 5, and tropiliojanusene “trop-
JAN” 6, as well as on the perfluorinated derivatives such as
octafluoro[2.2]paracyclophane 7 (Fig. 1).*

1 3

Fig. 1 Structures of [2.2]paracyclophane (1), JAN (2), tetraflu-
oro[2.2]paracyclophane (3), F,-JAN (4), F;-JAN (5), trop-JAN (6), and
octafluoro[2.2]paracyclophane (7).

Transannular deactivation in 3 is manifested in the lack
of reactivity in conventional electrophilic aromatic substitution
reactions such as bromination and acylation."'® Transannular
directive effects in [2.2]paracyclophanes were earlier demonstrated
in the pioneering work of Cram.* The presence of attractive
transannular donor-acceptor interaction in 3 was inferred from
its UV spectrum.”® NMR studies of 3H* and 7H* showed that
the cofacial arenium ions were shielded by the opposite deck,
demonstrating that the direction of transannular shielding is
reversed/switched in the carbocations (Fig. 2)."** Whereas 3H*
is directly observable under stable ion conditions, attempted ring
protonation of 4 resulted in broad resonances (with concomitant
generation of radical cation);'*® these features were attributed to
rapid 1,2-hydride shifts and interannular proton transfer.'*

In light of these earlier reports and in continuation of our
interest in transannular electrophilic reactivity in cyclophanes, and
in persistent carbocations derived from cyclophanes, we report

Fig. 2 Persistent carbocations derived from 3 and 7.

here a DFT study, emphasizing the janusene skeleton and its
carbocations. NICS(0), NICS(1), NICS.. and NICS (at center)
were applied to explore the sensitivity of these methods to changes
in aromaticity via transannular effects. For comparison, transan-
nular effects were also gauged by examining the HOMO/LUMO
forms and by calculating energy gaps. In addition, NICS data were
computed for a series of substituted janusenes, to test the response
of the method to changes in aromaticity via transannular sub-
stituent effects. For comparative purposes, GIAO-NMR data were
computed for several neutral janusenes. Finally, relative energies
and GIAO-NMR data were also computed for the carbocations
derived from the “entombed olefins” 8 and 8a (Fig. 3).

00

AL

Fig.3 5,14;7,12-Bis(o-benzeno)-6,13-ethenylidene-5,5a,6,6a,7,12,12a,13,
13a,14-decahydropentacene (8) and related compound 8a.

Results and discussion
Computational protocols

Structures were optimized using molecular point groups shown in
Tables S1-S5% by the density functional theory (DFT)* method
at B3LYP/6-31G(d) level, using the Gaussian 03 package.”? Com-
puted geometries were verified to be minima with no imaginary
frequency at the same level. Nuclear independent chemical shifts
(NICS)! were calculated at 0 and 1 A above the ring center, denoted
as NICS(0)! and NICS(1)," by the GTAO (gauge-including atomic
orbital) method* at a B3LYP/6-31G(d) level. The ring centers
were defined as the simple average of Cartesian coordinates for
all the sp? carbons in the ring. Planes of the rings were calculated
by least-square methods using coordinates of all the sp? carbons
in the ring. The “out-of-plane” components of the NICS tensors
were calculated at 1 A above the ring centers by rotating the planes
of the rings orthogonal to z-axis, which denotes as NICS(1)..."*

Rationale for the choice of the models

In order to assess whether or not NICS is sensitive to variations
in transannular effects on aromaticity, initial studies focused on
parent JAN 2, F,-JAN 4, and trop-JAN 6. At the onset, the effect
of sequential fluorine substitution on aromaticity in benzene itself
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was investigated. As a next step, NICS data were obtained for
various building blocks of compounds 2, 4, and 6.

Stepwise fluorination in benzene

Electronic energies (E), zero point energies (ZPE), and Gibbs free
energies (G) for benzene and its fluorinated derivatives (Fig. 4)
were calculated by B3LYP/6-31G(d). The results are summarized
in Table S1f along with their molecular symmetry. Among
difluorobenzene isomers, 11b (meta) and among trifluorobenzenes
12¢ have the lowest energies. The data accord with Bader’s analysis
of substituent effect in terms of alternating charges, for fluorine
as a ¢ abstrator—m donor substituent.** Isomer 13c is more stable
than other tetrafluorobenzenes. Their NICS(0), NICS(1),§ and
NICS(1).. data are shown in Fig. S17 and the NICS values
are plotted against the number of fluorine atoms in fluorinated
benzenes in Fig. 5. Stepwise fluorination resulted in gradual but
pronounced shift to more negative NICS(0) values. The shift to
more negative values became much less pronounced by employing
NICS(1). Interestingly, NICS(1).. correctly predicted the expected
trend of diminished ring current effects due to change in n-electron

density.
2 O
9 10
F R
T O O
1a 11b 11c
F. F F F
@F FOF QF
12a 12b F 12¢

R F F
R F
FF F
F F
13a F 13b F s
R F R F
F—%:}fF F~Q—F
F F F
14 15

Fig. 4 Benzene (9) and its fluorinated derivatives 10-15.

§ Computed NICS(0) and NICS(1) values for fluorobenzenes by B3LYP/6-
311 + G** were included in the recent review/compilation by Schleyer
et al.®®

NICS

Number of fluorine atoms

Fig. 5 Plots of NICS(0) (@), NICS(1) (O), and NICS(1).. (A) for 9-15
versus number of fluorine atoms.

The NICS(0), NICS(1), and NICS(1).. values correlate with the
number of fluorine atoms by eqn (1)—(3). NICS(0) and NICS(1)..
increase by —1.26 and 0.98 unit respectively per fluorine atom.

NICS(0) = — 1.26 x (No of F atom) — 9.8 (R® = 0.9969) (1)
NICS(1) = — 0.11 x (No of F atom) — 11.0 (R* = 0.987)  (2)

NICS(1).. = 0.98 x (No of F atom) — 28.7 (R* = 0.947)  (3)

Tropylium cation (16), bicyclo[2.2.2]octenotropylium (17),
bicyclo[2.2.2]octenobenzene (18), and
tetrafluorobicyclo|2.2.2]octenobenzene (19)

Structures 16-19 (Fig. 6) which can be viewed as building
blocks/constituents of janusenes 2, 5, and 6 were studied next.
Results of electronic energies (E), zero point energies (ZPE), and
Gibbs free energies (G) for these compounds along with their
molecular symmetry are included in Table S2.}

R F
F
16
17 18

19

Fig. 6 Tropylium ion (16), bicyclo[2.2.2]octenotropylium ion (17), bicy-
clo[2.2.2]octenobenzene (18), and tetrafluorobicyclo[2.2.2]octenobenzene
(19).

The NICS(0), NICS(1), and NICS(1).. data (summarized in
Fig. 7) are consistent with aromatic character.

In all cases the NICS(1).. values are larger and more negative.
There is very little difference in NICS between 16 and 17, and
between 18 and benzene. In comparing 18 and 19, as was noted
for benzene itself, only NICS(1).. correctly predicted diminished
aromaticity in the fluorinated analogs.

GIAO-derived “C NMR data for structures 16-19 (9 and
13a included for comparison) are summarized in Fig. S27
together with experimental data reported in the literature.

This journal is © The Royal Society of Chemistry 2006
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F

R F
F
16

17 18 19
6.7 6.7 9.8 -15.2
(-9.7) (-9.7) (-11.3) (-11.7)
[-26.2] [24.7] [-27.9] [-23.9]

Fig. 7 NICS(0), NICS(1) (in parenthesis), and NICS(1).. [in brackets]
for tropylium ion (16), bicyclo[2.2.2]octenotropylium ion (17), bicy-
clo[2.2.2]octenobenzene (18), and tetrafluorobicyclo[2.2.2]octenobenzene
(19) by B3LYP/6-31G(d).

The GIAO-derived chemical shifts for 9, 13a, 16, 17, 18 and 19
are plotted against the experimental data in Fig. S3-S4.} It can be
seen that the GIAO method slightly underestimates the chemical
shifts (between 2-8 ppm), but the overall agreement is quite good.

Janusene (2), tetrafluorojanusene (4), octafluorojanusene (5),
tropiliojanusene (6), and syn-sesquibenzobicyclo[2.2.2]octane (20)

Results of electronic energies (E), zero point energies (ZPE), and
Gibbs free energies (G) for compounds 2, 4, 5, 6, and 20 (see Fig. 8)
are included in Table S27 along with their molecular symmetry.

F

L

§

ol G4

Fig. 8 Janusene (2), tetrafluorojanusene (4), octafluorojansuene (5),
tropiliojanusene (6), and syn-sesquibenzobicyclo[2.2.2]octane (20).

The NICS(0), NICS(1) and NICS(1).. data are gathered in
Fig. S51 and Fig. 9 respectively. In comparing the NICS(0) and
NICS(1) data for 2 versus 20, 19 versus 4, and 5 relative to
19, no noticeable changes in aromaticity due to transannular
n—n interactions are noted. Only in the case of 20, NICS(1)
shows a more negative value on the cofacial side of the n-decks.
The NICS(1).. data are more interesting and imply notable
enhancement in aromatic character in 2 and 20, for the tropylium
in 6, and for the cofacial fluorinated rings in 4 and 5.

-30.3

Fig.9 NICS(1).. for janusenes 2, 6, 4, and 5 and comparison with 20.

The presence of favorable electron rich—electron poor n—mn
interactions in compounds 6, 5 and in 4 is also borne out by
considering their computed HOMO-LUMO energy gaps, with 6
and 5 showing the smallest gaps (Table S37).

A third criterion considered in the context of this study was
the form of HOMO-LUMO orbitals. Fig. S6t illustrates the
forms of HOMO, HOMO-1, HOMO-2 and the LUMO for 2,
4, 5, and 6. It can be seen that the LUMOs in 2, 4, and 5
indicate a direct interaction between cofacial rings, reflecting
transannular n-7 overlap. A similar effect is noted in the HOMO-
2 orbital in 2. Smaller transannular interactions are implied in
the LUMO and HOMO-2 orbitals in trop-JAN 6, suggesting that
transannular interactions may be less important here in reaction
with nucleophile.

GIAO-derived "C NMR data are summarized in Fig. S7.}
Experimental NMR data had been reported in the literature, but
no detailed/specific assignments exist. GIAO-derived chemical
shifts for 2, 4, 6, and 20 are plotted against the experimental data in
Fig. S8-S9.7 The overall agreement is quite good, despite the fact
that the GIAO method slightly underestimates the chemical shifts.
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Substitued janusenes with activating and deactivating groups into the cofacial benzene ring could amplify transannular m—n

interaction (compounds 21a-21d in Fig. 10). The presence of a
In the framework of this study it was relevant to explore strongly electron withdrawing group (NO, and CN) in 2 could
NICS as a tool for sensing transannular substituent effects. In increase electron demand transannularly (compounds 22a/22b
trop-JAN 6, introduction of an activating substituent (OMe) and 23a/23b). Similarly, the presence of an activating group in

00 40 40wl

0 0 ¢ 4
a ‘O a ‘O 7
ke, L

o’ e W
,0& by AT a‘ .

Fig. 10 Substitued janusenes 22-25 and tropiliojanusenes 21.
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one ring and a deactivating group in the other may further amplify summarized in Table S41 along with their molecular symmetry.
transannular -7 interactions (compounds 24a—24h; 25a-25h). Computed NICS(1).. and NICS at centers between two benzene

Results of electronic energies (E), zero point energies (ZPE), rings are summarized in Figs. 11-13, and NICS(0) and NICS(1) in
and Gibbs free energies (G) for the compounds listed in Fig. 10 are Fig. S10 and S11.7 For all compounds, the NICS(1).. values on the

Fig. 11 NICS(1).. for 21a—25h by B3LYP/6-31G(d).
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20

Fig. 12 NICS at the average point between ring centers of cofacial rings
for 2, 4-6, and 20 by B3LYP/6-31G(d).

inside of benzene and tropylium rings are larger than those on the
outside. NICS(1).. for 21a-21c are less negative than those for 6.
In comparison with NICS(1).. values computed for 2, they are less
negative in the substituted benzene rings for 22-25, but are rather
similar for the unsubstituted rings. The NICS(1).. data are rather
insensitive to changes in substitution patterns of the methoxy and
nitro groups. NICS values at interannular centers (see Fig. 12 and
13) are larger when the interannular distances are smaller. NICS
values for 2 are similar to those for 4, 5, 20 and no significant
substituent effects are manifested. Similar findings were reported
on substituent effects by Sola ez al.*® for benzene and for selected
heterocyclic aromatics.

For comparison, and as a guide for synthesis, the GIAO-
derived C NMR data for these compounds were computed (data
summarized in Fig. S127). Chemical shifts at the unsubstituted
ring positions are similar to those in parent 2. Overall, GIAO
data indicate that the *C shifts are rather insensitive to variation
in transannular n—7 interactions in cofacial electron rich/electron
poor decks.

5,14;7,12-Bis(0-benzeno)-6,13-ethenylidene-
5,5a,6,6a,7,12,12a,13,13a,14-decahydropentacene (8), related
compound 8a, and their carbocations

Compound 8 (Fig. 14) is a (2:1) Diels—Alder adduct of anthracene
and 7-methylenenorbornadiene.”® Its X-ray structure confirmed
the proximity of the double bond with the n-decks.”® The buried

double-bond did not react in conventional electrophilic addition
reactions, but no stable ion studies are as yet undertaken.

Fig. S13f gives a summary of bond-lengths for 8 from X-
ray structure® versus computed values by B3LYP/6-31G(d).
Distances between cofacial decks at the upper part are 7.127—
7.248 A by X-ray and 7.364 A by DFT calculations. The computed
bonds are a little longer, but other bond-lengths are quite similar.
There is good overall agreement between the X-ray data and DFT.

Superacid protonation will likely generate an internally n-
stabilized carbocation 26 (see Fig. 16). A Wagner—Meerwein
rearrangement could potentially lead to a cofacial arenium ion.
DFT study of the resulting carbocations (Fig. 14-16), and NICS
to examine possible transannular stabilization in the rearranged
carbocation provided additional models for the present study
which could serve as guide for planned experimental work.

Results of electronic energies (E), zero point energies (ZPE),
and Gibbs free energies (G) for 5,14,7,12-bis(o-benzeno)-6,13-
ethenylidene-5,5a,6,6a,7,12,12a,13,13a,14-decahydropentacene
(8), related compound 8a, and their protonated carbocations 26
and 27 (see Fig. 17) are included in Table S2t along with their
molecular symmetry. Fig. 17 and 18 show NICS(0), NICS(1) and
NICS(1)... data for these structures. For carbocations 26 and 27
increased aromaticity in the interannular space is predicted by
NICS(1) and by NICS(1)... The NICS values are similar between
8 and 8a and between 26 and 27.

Fig. S137 provides a summary of the GIAO-derived "C NMR
data for carbocations 26 and 27. The carbocation centers in 26
and 27 are at 6 278 and ¢ 281 ppm respectively, and exhibit similar
ASPCs relative the their parent hydrocarbons.

According to Butler er al*® 28 rearranged smoothly into 32.
Structures of compounds shown in Fig. 15 and 16 were calculated
by DFT and their energies are summarized in Table S5.1 Structures
28, 29, 31, and 32 were found to be minima, but 30 was a
transition state (one imaginary frequency by frequency analysis).
Hydrocarbon 32 is more stable than 28 by 7.4 kcal (Table S5t)
and this agrees with the observed isomerization (28 — 32).
Carbocation 29 is more stable than 31 by 1.9 kcal mol™' and
activation Gibbs free energy for 29 — 30 is 11.5 kcal mol™'.

On the contrary, 35 is less stable by 6.6 kcal mol™" in Gibbs
free energy than 8 and carbocation 26 is preferred relative to 34
(Fig. 16, Table S57). This indicates that compound 8 should not
isomerize to 35 under superacid catalysis.

Summary/ Conclusions

We have examined the efficacy of NICS as a probe for sensing
the changes in aromaticity due to transannular -7 interactions
in rigid cyclophanes and their derived carbocations. The study
emphasized the janusene skeleton, its building blocks, and carbo-
cations. It has been shown that NICS(1).. and NICS(1) (albeit to
a lesser degree) have the potential to sense/gauge variations in
aromaticity resulting from tranannular m—r interactions in these
systems, and could therefore be utilized alongside experimental
approaches (NMR, UV, and chemistry) and other theoretical
approaches (HOMO-LUMO forms and energy gaps) for studying
transannular aromaticity in rigid cyclophanes. These methods
did not, however, prove sensitive enough for reliable sensing of
through-space substituent effects.
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Fig. 13 NICS at the average point between ring centers of cofacial rings for 21a-25h by B3LYP/6-31G(d).
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Fig. 14 5,14;7,12-Bis(0-benzeno)-6,13-ethenylidene-5,5a,6,6a,7,12,12a,13,13a,14-decahydropentacene (8), related compound 8a, and their carbo-
cations 26 and 27.

8a 27

30

7 O a‘bb@ o

| .
i Y.
L

Fig. 15 Rearrangement of 28 to 32 via carbocations 29 and 31.

Lo CL o
a»"bo — 40’50

34 35

Fig. 16 Improbable rearrangement from 8 to 35 via carbocations 26 and 34.
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Fig. 18 NICS(1).. for 8, 8a, 26 and 27 by B3LYP/6-31G(d).
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Reaction of 6-chlorouracil with 4-(dimethylamino)pyridine, 4-methylpyridine, and
pyridin-4-yl-morpholine yielded pyridinium-substituted uracils as chlorides which were converted into
pyridinium uracilates by deprotonation. These heterocyclic mesomeric betaines are cross-conjugated
and thus possess separate cationic (pyridinium) and anionic (uracilate) moieties. Calculations and X-ray
single crystal analyses were performed in order to characterize these systems and to compare the salts
with the betaines. '"H NMR experiments in D,O proved n-interactions between the uracilyl betaines and
adenine, adenosine, as well as adeninium. No n-stacking interactions were detected between the betaines
and guanosine. The acidic N8-H group of the uracil pyridinium salts caused acid-base reactions which

were observed in parallel to n-stacking interactions. Self-complementarity of the modified uracils was
detected by '"H NMR experiments in DMSO-d, and electrospray ionisation mass spectrometry
(ESIMS). Ab initio calculations predicted base-pairings of the modified uracils with adeninium,
cytosine, and guanine. Several geometries of hydrogen-bonded associates were calculated. Hoogsteen
pairings between the uracil-4-(dimethylamino)pyridinium salt and adeninium, as well as associates
between the corresponding betaine plus cytosine, and the betaine plus guanine were calculated, and the
most stable conformations were determined. In the ESI mass spectra, prominent peaks of associates
between the modified uracils and adeninium, cytosine, cytidine, guanosine and d(CpGp) were detected.

Introduction

Nature produces a surprisingly large variety of conjugated
molecules which can exclusively be represented by dipolar canon-
ical formulae. These molecules, the so-called mesomeric betaines
(MB), delocalize an even number of positive and negative charges
within a common z-electron system. Numerous mesomeric be-
taines were identified as alkaloids, and it was recognized that a
smaller number of these systems serve as modified nucleobases.!
The degree of charge-separation in mesomeric betaines is mod-
ulated by the type of conjugation, and, as a consequence,
four distinct types of this class of compounds were defined:
(i) conjugated (CMB)), (ii) cross-conjugated (CCMB), (iii) pseudo-
cross-conjugated heterocyclic mesomeric betaines (PCCMB) in
addition to (iv) ylides such as N-oxides and N-ylides as an addi-
tional subclass of CMBs.? The type of conjugation significantly
influences the biological, chemical, and physical properties of
these molecules.®* Examples of naturally occurring mesomeric
betaines are the alkaloids Fumonisin (CMB),* Pyridinoline
(CMB),* Neooxygambirtannine (CMB),® Trigonellin (CCMB),’
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Pyridinebetaine A and B (CCMB),? Nigellicine (PCCMB)°’ and
Homarine (PCCMB).* Among the exceptional number of post-
transscriptionally modified nucleosides, 7-methylguanosine (m’G)
1, 2,7-dimethylguanosine (m*’G) 2, and 2,2,7-trimethylguanosine
(m**’G) 3 are members of the class of conjugated mesomeric be-
taines (Scheme 1). They were isolated from distinct types of RNA
(ribosomal RNA," archaeal, bacterial , and eukaryotic transfer-
RNA,"? sn," viral* and messenger RNA'). These compounds
undergo non-standard base-pairings such as m’G=G=C,' and
unusual n-stacking interactions such as the intercalation of ade-
nine into m’G and G to stabilize the tertiary structures of RNA."
7-Methylguanosine, 1, which was also isolated as an alkaloid
from the marine sponge Geodia gigas,”® forms furthermore the
5'-capping structure of eukaryotic messenger RNA and is joined
to the RNA through an unique triphosphate bridge Gp(5—
5)ppN. The m’G(5)ppp(5)N mRNA cap is recognized in the
splicing of the first intron in nascent transcripts, transport of
mRNA through the nuclear envelope,” and translation of the
message by ribosomes.?’ Thus, formation of a mesomeric betaine
from guanosine must present a ligand that is distinct from the
large pool of unmethylated guanine nucleotides in cells.*

The atomic structures of two specific m’G-protein complexes
have been determined. In one complex the mesomeric betaine is
stacked between two tryptophan residues and a glutamate side
chain that forms a hydrogen-bond to the purine ring.”? Studies
on model compounds suggest a complex between the positively
charged m-ring of m’G and the electron rich indole moiety of
trytophan.”® In the other complex, m’G performs n-stacking
interactions to tyrosine and phenylalanine.®* Results of studies
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on structural requirements for the specific recognition of m’GDP
suggest that a complicated pattern of both orientation and identity
of stacking residues are necessary for the selective binding.*

As part of an ongoing project we are interested in modified
nucleobases that are members of the class of heterocyclic me-
someric betaines.”*® We present here the syntheses of uracilium
salts and their corresponding heterocyclic mesomeric betaines,
pyridinium uracilates. We performed calculations to characterize
the charge-separated ground state of these substances and studied
intermolecular interactions. In our compounds, the uracil repre-
sents the anionic partial structure of a mesomeric betaine which
is stabilized by a pyridinium substituent in cross-conjugation. We
report our results of NMR measurements, electrospray ionization
mass spectrometry (ESIMS), X-ray single crystal analyses, and
calculations on base-pairing properties of the modified uracils to
adenine, guanine, and cytosine, as well as to the DNA model
compound d(CpGp).

Results and discussion
Syntheses and classifications

The syntheses of the cross-conjugated mesomeric betaines 7, 9,
and 11 are depicted in Scheme 2. The synthesis started from
trichloropyrimidine 4 which was converted into 6-chlorouracil
5 according to known procedures.”” Substitution of the chloro
substituent by 4-(dimethylamino)pyridine, 4-methylpyridine, and
4-pyridin-4-yl-morpholine yielded the water-soluble uracilium
salts 6, 8, and 10, respectively.

Deprotonation with Amberlite IRA-400 in its hydroxy form
gave the mesomeric betaines 7, 9, and 11. Whereas 7 and 11 were
formed in almost quantitative yields, the betaine 9 was obtained
in only 26% yield. This presumably is due to deprotonation of
the acidic methyl group and side-reactions on the anion exchange
resin.

On betaine formation, nearly all resonance frequencies shift
considerably upfield. For example, the singlet of 12-H of 8 shifts
from 6.25 to 5.71 ppm on formation of 9, so that this resonance
frequency can serve as a reliable indicator to observe the acid—base
properties of the modified uracils. Furthermore, the resonance
frequency of 12-H proved to be a very reliable tool for the detection
of m-stacking interactions and base-pairing properties, as it forms
a sharp singlet which is not overlapped by the signals of added
nucleobases. As presented in Fig. 1, the Watson—Crick binding
sites are involved in the delocalization of the negative charge
in the pyrimidine rings. Deprotonation of the salts 6, 8, and
10 converts the acceptor—donor motifs (AD) C2=0/N1-H into

Cl o)
N7 NaOH, H,0 N |
—_—
/I\\ | reflux 2\
cl N 0~ NT al

|
H
5
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Fig. 1

Classification of the betaines.

acceptor—acceptor motifs (AA) in 7, 9, and 11. Furthermore, in
view of the characteristics of heterocyclic mesomeric betaines, -
donor (pyrimidine) and m-acceptor (heteroarenium) moieties of
the pyridinium uracilates can be expected. A precondition for
this is cross-conjugation between the positive and the negative
partial structures. Thus, the positive fragment is joined to the
anionic partial structure (the uracil) through an unstarred atom,
i.e. a nodal position of the isoconjugated equivalent, the 1,3,5-
heptatrienyl anion. This position serves as an isolator between the
charges, which are therefore strictly delocalized in the separated
parts of the molecule. These features are characteristic for cross-
conjugated heterocyclic mesomeric betaines.’

Profound differences between the salts and the betaines be-
came obvious by calculations of two model compounds, the 4-
(dimethylamino)pyridine-substituted uracils 6 and 7. Calculations
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on the uracil pyridinium salt 6 in an aqueous environment led to
a twisted molecule with a torsion angle of 53.55° between the
pyrimidine and the pyridinium ring. Natural bond orders (NBO)
indicate that the pyridinium ring adopts a quinoid structure. The
NBO values for C2-C3, C5-C6 and C4-N are 1.87, 1.86 and
1.96, respectively. The calculated bond lengths reinforce this fact.
Thus, the optimized values for the same bonds are, respectively,
136.2, 136.2 and 133.6 pm, while those of the C3-C4 and C4-
C5 are both 142.8 pm. The highest occupied molecular orbital
(HOMO: —0.25496 eV) as well as the lowest unoccupied molecular
orbital (LUMO: —0.08484 eV) are located in the pyrimidine as
well as in the pyridinium ring (Fig. 2). TD calculations on the
B3PW91/6-31G**/PCM optimized structure predicted the lowest
energy transitions at 294.4 nm (4.212 eV) and 279.2 nm (4.441
eV), with oscillator strengths of 0.439 and 0.025, respectively. The
lowest transition energy is usually compared with the HOMO-
LUMO energy gap since this electronic transition is described
as the promotion of a single electron from HOMO to LUMO.3
However, this comparison clearly fails for this molecule, as the
computed energy for the first electronic transition is significantly
higher than the calculated HOMO-LUMO gap. This fact is
attributed to the reduced interelectronic interaction between the
single one-electron excitation.*! It also indicates that this transition
has to be described as a linear combination of single one-electron
promotions between a set of frontier orbitals. For this molecule,
the TD/PCM calculation assigned the transition at 4.441 eV to
the HOMO to LUMO (62%) and the HOMO-1 to LUMO (21%)
excitations, together with other minor contributions.

Fig.2 HOMO (above) and LUMO (below) of 6.

By contrast, the torsion angle of the betaine 7 was calculated
to be 31.16°. The HOMO is essentially located in the pyrimidine
ring (—0.21224 eV) and the LUMO is essentially located in the
pyridinium ring (—0.06889 eV) (Fig. 3). As predicted by the
concept of cross-conjugation in heterocyclic mesomeric betaines,
C7is anodal position of the HOMO and thus serves as an isolator
between the charges (¢f. Fig. 1). This is reflected in the calculated

Fig. 3 HOMO (above) and LUMO (below) of betaine 7.

Table 1 Atomic charges with hydrogens summed into heavy atoms of
cation 6 and betaine 7. For numbering, ¢f. Scheme 2

Atom Charge in 6 (a.u.) Charge in 7 (a.u.)
N1 —0.554545 —0.547306
C2 0.389803 0.369394
C3 0.000754 —0.021063
C4 0.432212 0.426923
C5 —0.004468 —0.023730
C6 0.388206 0.377863
C7 0.541854 0.487072
N8 —0.274277 —0.661682
C9 0.808940 0.690852
N10 —0.279934 —0.301851
Cl1 0.654995 0.607203
Cl12 —0.027774 —0.132859
013 —0.557887 —0.639064
0Ol14 —0.573508 —0.646389
NI15 —0.513083 —0.518514
Cl6 0.279894 0.266522
C17 0.279881 0.266631

atomic charges, which indicate the delocalized negative charge
in the pyrimidine ring (Table 1). The lowest energy transitions
were rather different to those calculated for the cation, namely
at 371.8 nm (3.344 ¢V) and 309.8 nm (4.003 eV), with oscillator
strengths of 0.061 and 0.004, respectively. As a consequence, the
difference between the lowest transition energy and the HOMO-
LUMO energy gap results 3.2004 eV, which is quite lower than for
the uracil salt 6, 4.0416 eV. Further B3PW91/6-31G** gas phase
calculations, performed for both the uracil salt 6 and the betaine
7, indicated that the solvent effect is also significantly stronger in
the betaine than in the salt. Thus, the predicted energies of the
first electronic transitions were 3.6569 and 2.0794 eV, respectively,
which involves an energy decrease of 1.2643 eV for betaine 7 with
respect to the TD/PCM result for the same molecule, while this
deviation was only 0.5548 eV for the uracil salt 6. NBO values are
nevertheless similar to those obtained for the uracil salt 6, which
is also supported by the optimized bond lengths.

Electrostatic surface potentials calculated for the uracil pyri-
dinium salt 6 and the betaine 7 show significant polarization of
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the m-systems due to electron-donating uracil moieties and the
electron-withdrawing pyridinium cations (Fig. 4). This polariza-
tion is more significant in the betaine 7 where the cross-conjugation
tends to localize the charge into separate parts. On the other hand,
the protonation in the salt 6 provokes a distorted conformation
between the uracil and the pyridinium rings. As a consequence,
the C2=0/N1-H group acquires a stronger donor character as in
the betaine molecule 7.

Fig. 4 Electrostatic surface potentials calculated for the 4-(dimethy-
lamino)pyridine substituted uracils 6 (right) and 7 (left) using ab initio
calculations in an aqueous environment. The shortage of electron density
is shown in blue and the relatively high electron density is shown in red.
These calculations and the color scaling used are meant for qualitative
comparisons only.

The structure of uracilium salt 10 was elucidated by a single
crystal X-ray analysis. Suitable single crystals were obtained by
slow evaporation of 10 in water. The molecular drawings and the
crystallographic numbering of the molecule is shown in Fig. 5. In
the single crystal, the pyridinium ring is twisted out of the plane
of the uracil moiety; the corresponding dihedral angle C3-C4—
N7-C8 is —48.6(2)°. Characteristic bond lengths are presented in
Table 2. Several hydrogen bonds were determined in the elemental
cell. Thus, O2 (crystallographic numbering) forms a hydrogen
bond to the water of crystallization; the other hydrogen atom of
this water molecule forms a hydrogen bond to the chloride anion.
N5-H also forms a hydrogen bond to a chloride. Two molecules of
the uracilyl salt are connected by a hydrogen bond between N1-H
of one uracil to the oxygen atom O16 of the morpholine moiety of
another molecule. Additional molecular drawings are presented in
the ESL.¥

® " (1%
N

Fig.5 Molecular drawings of 10.

n-Stacking interactions

The formation of m-stacks in water is known to be an isodesmic
process.’> Within the m-complexes, the distance between the
individual molecules is approximately 340 pm, and amino, imino,
and carbonyl groups are often located above aromatic systems
of the m-stacking partners.** Frontier orbital interactions,* elec-
trostatic interactions, solvation and inductive effects such as CT-
% and EDA-effects, as well as a combination of hydrophobic,
electrostatic, and van der Waals interactions®** are regarded as
contributors to the binding energy of stacked nucleobases and
related compounds. It was discussed that the LUMO energy
of m’G is significantly lowered due to methylation of N7, so
that an electron donation from electron-rich m-ring systems is
facilitated.® In addition, Coulombic interactions were discussed
in this context,*” calculations were carried out,*® and model sub-
stances, e.g., for the molecular recognition of adenine derivatives
in water were developed.®

As outlined in Fig. 1, the modified uracils encouraged us to
examine m-stacking interactions and hydrogen bonding capabil-
ities. First, we performed concentration dependent 'H NMR
experiments in D,0. Whereas the resonance frequencies of the
salt 6 in D,0 remained virtually unchanged on dilution of a
concentrated solution, the signals of the picoline derivative 8 and
of the morpholinopyridine derivative 10 displayed upfield shifts
under analogous conditions**! which proved vertical interactions.
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Table 2 Calculated values and selected results of the single crystal X-ray analysis of 10 (crystallographic numbering)

Bond lengths (calculated/found)/pm

Bond angles (calculated/found) (deg)

Dihedral angles (calculated/found) (deg)

N1-C2 140/1.385(2) N1-C2-C3
C2-C3 145/1.445(2) NI1-C2-02
C3-C4 135/1.339(2) C2-C3-C4
C4-N5 137/1.359(2) C3-C4-N5
N5-C6 139/1.375(2) C3-C4-N7
C6-N1 138/1.376(2) C4-N5-C6
C2-02 123/1.232(2) N5-C6-06
C6-06 122/1.219(2) C4-N7-C8
C4-N7 142/1.434(2) N7-C8-C9
N7-C8 137/1.366(2) C9-C10-N13
CI0-N13 134/1.344(2) CI0-N13-C14

114/115.0(1) N1-C2-C3-C4 —1.7/3.3(2)
121/119.5(1) C6-N1-C2-02 1.2/175.5(1)
119/117.9(1) C2-C3-C4-N7 0.1/—177.6(1)
123/123.9(1) C3-C4-N7-C8 52.5/—48.6(2)
122/122.1(1) N1-C6-N5-C4 0.8/4.0(2)
123/121.6(1) N7-C8-C9-C10 —0.3/0.3(2)
122/122.8(1) C9-C10-N13-CI8 —8.3/—-174.6(1)
120/120.4(1) C10-N13-C14-CI5 27.2/-132.0(1)
121/121.4(1)

122/122.0(1)

122/123.6(1)

Upfield shifts were also observed on dilution of concentrated D,O
solutions of the betaines 7 and 11. As already mentioned, it proved
to be advantageous to observe the resonance frequency of 12-
H, as it forms a sharp, not H/D-exchangeable singlet which is
not overlapped with other NMR signals. As an example, dilution
of a 25.71 mmol L' solution of 11 in D,O to 2.57 mmol L™!
caused an upfield shift of the resonance frequency of 12-H from
5.589 to 5.723 ppm. The solubility of the picoline derivative 9,
however, proved to be insufficient for measurements in D,O, as
the maximum concentration is only 6.86 mmol L',

With these informations in hand, we examined chemical shift
changes of the modified uracils at given concentrations on addition
of equimolar amounts of the nucleobases adenine (ade), adenosine
(ado) and guanosine (guo). Unfortunately, guanine is essentially
insoluble in water at pH 7, so that we were prevented from
examinations of this nucleobase. Literature-known chemical shift
differences of the thymine—adenine n-stack are 3 to 216 ppb to the
upper field of 6-H of the pyrimidine nucleobase,* and 0.10 ppb to
the lower field of the resonance frequencies of the purine system.
In accordance to this, the signal of 12-H of the uracilyl betaine
7 shifted significantly to the upper field on mixing an aqueous
solution with adenine (ade). The chemical shift differences were
—140 ppb in comparison to the concentrated solution in D,O
(Table 3, entry IV) and —250 ppb in comparison to the molecule in
a highly diluted solution. By dilution to less than 1 mM solutions,
the chemical shifts of “monomeric” species can be measured.*
Thus, the differences were more than twice as large as observed
for the natural nucleobase uracil, the resonance frequencies of
which shift 60 ppb to the upper field on addition of equimolar
amounts of adenine. In parallel, the signals of adenine shifted by

the factor 4 to lower field. As displayed in Table 3, similar results
were obtained on studying 1 : 1 mixtures of 7 with adenosine
(ado) (Table 3, entry V), although the effect is much smaller.
Guanosine (guo), however, caused only very small shift differences
so that no m-stacks were proved under these conditions (Table 3,
entry VI).

The spectroscopic properties of the salt 6 in the presence of
adenine, adenosine, guanine and guanosine are also influenced by
the acidic N8-H proton. Thus, equilibria between protonated and
deprotonated species according to Scheme 3 were formed, so that
in general n-stacking interactions between all species depicted in
Scheme 4 had to be taken into consideration. Due to a considerable
lower LUMO energy,* adeninium (adeH") is known to form more
stable m-complexes with n-donor molecules than adenine itself.

NH»

. NﬁN\ .
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H

NM82
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Ho
o;\r‘\l N
H | =
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‘ NH, cl
Ho Ho
NY RN N\>
PNE P> N
0%" °N” N7 N A
| _ H
NMe,

7 adeH*

Scheme 3

Table 3 Chemical shift changes Ad to the lower (+) and upper field (—) in relation to the pure compounds in the same concentration on addition of
equimolar amounts of adenine (ade), adenosine (ado), and guanosine (guo). Values are give in ppb (parts per billion: 1000 ppb = 1 ppm. Concentration:
10 mM L~! in D,O, temperature: 25 °C, §(D,0) = 2.500 ppm

A9 of the uracils A9 of the purines
Entry Base 12-H 2/6-H 3/5-H 2-H 8-H
6 I ade —190 120 —110 170 190
11 ado —110 80 —65 160 130
11 guo -20 3 -20 — 10
7 v ade —140 —50 —140 40 45
v ado -90 =25 —65 50 40
VI guo =25 -10 -20 — -90
6—>7 VII blind —135 125 —62 — —
ade — adeH* VIII probes — — — 340 310
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Before we started the NMR examinations, we prepared
adeninium chloride (adeH*Cl") and adeninediium dichloride
(ade(H"),2C17) by addition of equimolar amounts of hydrochloric
acid to aqueous solutions of adenine. The structure of the latter
mentioned dicationic species was unambiguously elucidated by
an X-ray analysis; all the moieties are lying on mirror planes. The
molecular drawing is shown in Fig. 6. The structural data which we
obtained are identical to those already reported in the literature.*
Suitable single crystals were obtained by slow evaporation of
adenine in 5% aqueous HCI. By resolving the single crystals, the
chemical shifts of adeninediium and adeninium were assigned and

Fig. 6

relevant chemical shift differences could be determined (Table 3,
entry VIII).

On mixing adenine (ade) with the salt 6, 12-H and 3/5-H
of 6 were characteristically shielded due to betaine formation,
whereas the resonance frequencies of adenine shifted to lower
field due to partial protonation (Table 3, entry I). This acid—
base reaction was furthermore confirmed by UV measurements:
The m—m*-transition of adenine shifted characteristically from
Amax = 260.40 to 268.60 nm due to protonation. However, the
chemical shift differences of 6 were much larger than expected for
conversion to betaine 7 (Table 3, entry VII). Correspondingly, the
shift differences of adeninium to adenine were much smaller than
expected (Table 3, entry VIII). These results strongly support the
idea of an interplay between two effects (i) acid—base reaction
and (ii) m-stacking interactions. The spectroscopic results thus
clearly hint at measurable concentrations of m-stacks between 7
and adeninium adeH" in the reaction mixture.

Additional '"H NMR measurements in D,O moreover clearly
indicated the existence of m-interactions between the salt 6 and
adeninium (adeH") in spite of the equal charges of the stacking
partners. It is apparent that the chemical shift changes of the
pyridinium protons were significantly larger than those of 12-
H. Thus, 2/6-H and 3/5-H of 6 shift by —163 and —49 ppb to
the upper field, respectively, on addition of equimolar amounts
of adeH*, whereas the resonance frequency of 12-H shifts by
only —20 ppb. This observation hints at influences of energy as
well as the geometry of the HOMO of 6. The aforementioned
calculations indeed indicated that the HOMO of 6 possesses a
large coefficient at the pyridinium atom. '"H NMR spectroscopy
as well as UV spectroscopy clearly showed that no neutralization
of the cation 6 was observable with adenosine which is less basic
than adenine (Table 3, entry II) [pK,(ade) = 4.20; pK,(ado) =
3.50]. On addition of guanosine guo, no chemical shift changes
were observable (Table 3, entry III) [pK,(guo) = 9.42].

Similar results were obtained on examination of the uracilium
salts 8 and 10. On mixing D,O solutions of 8 and 10 with
equimolar solutions of adenine, considerable upfield shifts of 12-H
were observable.***” Adeninium adeH* plus 10 also resulted in an
upfield shift, thus proving m-stacking interactions between these
species in D,0.%®

Hydrogen bonding

The first hint at unusual base-pairing properties of the modified
uracils is their self-complementarity. An X-ray single crystal
analysis showed that the Watson—Crick binding site is not involved
in the self-association of 7 to 7 =7, but C2=0 and N3-H, forming
a centrosymmetric dimer (Scheme 5).%

NMe,

Scheme 5

Self-complementarity in solution was proved by 'H NMR
experiments in anhydrous DMSO-d; at different concentrations.
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On dilution of concentrated solutions of the cations and betaines 6,
7,8, 9, and 10 all resonance frequencies shift upfield in accordance
with horizontal interactions in this solvent. As example, the curve
of the picoline derivative 8 is presented in Fig. 7. The solubility
of betaine 11, however, proved to be insufficient for satisfying
measurements. All compounds are insufficiently soluble in less
polar solvents.

6,245
6,244 -

512-H 443 -

[ppm]
6,242
6,241 ; ‘ . : : : : . : :

0] 6 12 18 24 30 36 42 48 54 60
concentration [mmol/L]

Fig. 7

In the electrospray ionisation mass spectra (ESIMS), the dimers
form prominent peaks at 0 V fragmentor voltage. Mixtures of
all compounds give rise to combinations of homo- and hetero-
intermolecular base pairings. Thus, in the ESI mass spectrum of
a 1 : 1 mixture of 6 and 10 peaks of the individual molecules at
m/z 233.1 [6]" and 275.1 [10]*, as well as homo-intermolecular
pairs of [6 + 7]" at m/z 465.1 and [10 + 11]* at m/z 549.2 and
hetero-intermolecular adducts of [6 + 11]* or [7 + 10]* at m/z
507.1 (Scheme 6, Table 4) are detectable.

o = | Me
H0;
| N
NN N)\\OHHH\
| H
Y
O\) 10=7
Scheme 6

We next turned our attention to the base-pairing properties
of the modified uracils. NMR titrations clearly show, that no
hydrogen bonds between uracilylbetaine 7 and adenine, adenosine,
cytosine, guanine, and guanosine can be observed in DMSO-d, at
room temperature. One reason could be the very limited solubility
of 7 which does not exceed 4 mM per L solvent. This behaviour is
analogous to the natural pyrimidine nucleobases under analogous
reaction conditions.*

Even the extremely mild electrospray ionization (ESI) tech-
nique, which proved to be highly valuable for the detection
of oligonucleotides, proteins, enzyme-substrate and enzyme-
product complexes,” was not able to detect base pairs between
the uracil derivatives 8 and 10, respectively, and adenine.

However, the measurements performed starting from equimolar
solutions of 6 or 7 and adenine in acetonitrile-water (9 : 1) at
0V fragmentor voltage displayed peaks of the monomeric species
of 7 at m/z 233.1 (100%) and of 7 = 7 at m/z 465 (20%)—
in accordance with the aforementioned self-complementarity of
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the uracil derivatives—and one small peak at m/z 368.3 which
corresponds toa 1:1adduct of 6 and adenine, or 7 and adeninium.
Results are summarized in Table 4.

Complexes between 7 and adenine are not able to reach a point
of minimal energy in ab initio calculations, even if smaller basis sets
(3-21G**, STO-3G**) were applied. The calculations, however,
indicated stable hydrogen bonded associates between adeninium
adeH™ and the salt 6. We took Hoogsteen base pairings 6 = adeH*
into consideration and calculated the plausible geometries A, B,
and C (Scheme 7, Table 5), as the Watson—Crick binding site of
adenine is protonated. The Hoogsteen pair A is, by 1.405 kcal
mol~', more stable than B, whereas C was not able to reach a
stable minimum. In agreement with these observations, 'H NMR
spectra of 1 : 1 solutions of adeninium adeH* and 6 in DMSO-
d, displayed considerable downfield shifts of the N(10)-H (Ad =
0.37 ppm) and 12-H (Ad = 0.10 ppm) of the uracil, thus proving
horizontal interactions in comparison the '"H NMR spectra of

MesN Me,N
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Me,N N /)

6=adeH"*
c

Scheme 7

adeH* and 6 alone. As expected, acid—base equilibria were found
on studying the cation 6 in mixtures with adenine in DMSO-d.

In calculations (HF/6-31G**), the geometry 4 of hydrogen
bonded dimers between the betaine 7 and cytosine cyto=7
(—1183.721887 Hartrees) proved to be 0.91535 kcal mol~! more
stable than B (—1183.7204260 Hartrees) (Scheme 8). Results of
our calculations are presented in Table 5. The mass spectra
derived from electrospray ionization of anhydrous acetonitrile
solutions of 1 : 1 mixtures of the uracilylbetaine 7 with cytosine
unambigously showed base-mispairs which were detectable at m/z
366.1. Likewise, spraying samples of cation 7 under analogous
measurement conditions gave prominent peaks at m/z 344.1
which can be attributed to 1 : 1 adducts between 7 and cytosine.
In addition, 7, 7=7, and cyto=cyto (m/z 223.1) were detected.
Analogous results were obtained spraying solutions of betaine 7
and cation 6 with cytidine, the N1-position of which is blocked by
the ribose moiety. Prominent peaks of 1 : 1 adducts were detected
(Table 4).

"
H
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A
®/NM62
w0 Ny
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cyto=7
B
Scheme 8

Next, we turned our attention to base-pairings with guanosine,
which we used in ESI mass measurements instead of guanine, as
it is more soluble in water—acetonitrile solutions. Again, we found
peaks of 1 : 1 adducts at m/z 538.0, although in low intensity.

Table 5 Calculated torsion angles and hydrogen bonding parameters of adeH"=6, cyto=7 and gua=7

Torsion angle between molecules (deg)

N-H...O parameters N-H...N parameters

6=adeH" (4) 0.5

6=adeH* (B) 2.6

cyto=7 (A4) 24.0
cyto=7 (B) 19.6
gua=7 (A4) 1.6
gua=7 (B) 1.5

284 pm 286 pm
166.5° 178.3°
279 pm 287 pm
166.2° 179.0°
275 pm, 178.7° 306 pm
169.6°
277 pm, 178.5° 308 pm
168.2°

Central: 332 pm, 169.9° —
Lateral: 275 pm, 178.7°
Central: 300 pm, 173.2°  —
Lateral: 270 pm, 169.3°
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Calculations on base-pairings of 7 and guanine show that complex
A of gua=7 is more stable than complex B (4 = 1.40694 kcal mol™")

(Scheme 9).
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Scheme 9

These findings encouraged us to examine d(CpGp) as a base
partner. Indeed, spraying a 1 : 1 solution of the betaine and
d(CpGp) in aqueous acetonitrile from aqueous acetonitrile gave a
mass spectrum with the peaks of monomeric d(CpGp) as sodium
adduct, of d(CpGp) associated with the betaine 7 (m/z 1620.2),
the corresponding sodium adduct (m/z 1642.2) and the associate
of two betaine molecules and d(CpGp) as sodium adduct at m/z
1874.1. Proposed structures, based on the aforementioned results
and calculations, are shown in Scheme 10. Due to the similar
energies of the two cyto=7 complexes presented in Scheme 8§, the
alternative geometry must also be taken in consideration. The salts
8 and 10, and the betaines 9 and 11 were examined analogously
and showed a very similar behaviour toward nucleobases. All mass
spectrometric results are summarized in Table 4.

NMe,
OMe |

In summary, we present modified uracils which belong to
the class of cross-conjugated heterocyclic mesomeric betaines
(CCMB). These betaines possess interesting n-stacking and base-
pairing properties in comparison with the non-modified nucle-
obase uracil.

= NMe,
e o NN
q Y

N
N
SN W ‘ NMe
N 1
] ° e
MeO c—0 N/go O N
HTY
0 | \\\\\O

Scheme 10

Experimental

General remarks

The "H and *C NMR spectra were recorded on Bruker Digital FT-
NMR Avance 400 and Avance DPX 200 spectrometers. Multiplic-
ities are described by using the following abbreviations: s = singlet,
d = doublet, m = multiplet. The numbering is defined in Scheme 2.
FT-IR spectra were obtained on a Bruker Vektor 22 in the range of
400 to 4000 cm™' (2.5% pellets in KBr). The electrospray ionisation
mass spectra (ESIMS) were measured with an Agilent LCMSD
Series HP1100 with APIES. Measurement conditions are given
in Table 4. Melting points are uncorrected. The compounds 6
and 8 were prepared as previously described.? Quantum chemical
calculations were performed using the GAUSSIAN-03 package of
programs.® We always used the split-valence 6-31G** basis set,*!2
which includes six s-type and three p-type polarization functions
on all the atoms. Electron correlation energy was introduced using
the hybrid functional B3PW91, within the density functional
theory (DFT).*** The minimal energy geometry, the topology
of the frontier orbitals, the natural bond orders (NBO) and the
electrostatic surface potential of the 4-(dimethylamino)pyridine
substituted uracils 6 and 7 were computed by simulating a
polar environment by means of a polarizable continuum model
(PCM).*%¢ In this model the solute molecule is placed into a size-
adapted cavity formed from overlapping atom-centred van der
Waals spheres, while the solvent is assimilated to a continuum
characterized by its dielectric constant (78.4 for water). Electronic
excitation energies were obtained for the optimized structures of 6
and 7 by using the time-dependent (TD) formalism,*”*® for which
the fifteen states of lower energy were considered. The theoretical
studies of hydrogen bonding were performed on gas phase systems.
We used the 6-31G** basis set in combination with both DFT
(B3PW91) and HF calculations, to compare results. The following
general procedure was used:

(i) Optimization of the isolated molecules at the same level of
calculation used for the hydrogen bonding complexes.

(i1) Building of the complexes by hydrogen bonding docking,
using standard parameters.
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(ii1) Optimization of the complexes as a whole, thus allowing all
the geometrical parameters to vary independently.

Crystal structure determination of 10 and (ade(H"), 2 C1")}

10. Crystal data. C;H;CIN,O,, [(C;3sH;sN,0;)* CI-—H,0],
M = 328.76, monoclinic, a = 6.9530(1) A, b = 7.9824(2) A, ¢ =
26.3131(6) A, § = 92.122(1)°, U = 1458.86(5) A3, T = 123(2) K,
space group P2,/n (no. 14), Z =4, u(Mo Ka) = 0.287 mm™, 7161
reflections measured, 3239 unique (R;,, = 0.0229) which were used
in all calculations. The final wR(F2) was 0.0820 (all data) with
R1 =0.0296 for I > 30(1).

(ade(H*),2Cl)f. Crystaldata. CsH,CLNs, [(CsH;N;)f 2C1],
M = 208.06, orthorhombic, a = 13.4485(12) A, b = 6.4673(6)
A, ¢ =9.3711(6) A, U = 815.06(12) A}, T = 123(2) K, space
group Pnma (no. 62), Z = 4, (Mo Ko) = 0.744 mm~', 3163
reflections measured, 997 unique (R;,, = 0.0356) which were used
in all calculations. The final wR(F2) was 0.0717 (all data) with
R1 =0.0265 for I > 30(1).

General procedure for the synthesis of the uracilium salts 8 and 10

A suspension of 6-chlorouracil (0.73 g, 5.0 mmol) and 5.0 mmol
of the heteroaromatic [4-methylpyridine (0.47 g), 4-morpholino-
pyridine (0.82 g)] in 150 mL of chlorobenzene was heated at reflux
temperature over a period of 3 h. After cooling, the precipitate
was filtered off, washed with 30 mL of dichloromethane, and
recrystallized from ethanol, water and hydrochloric acid (10 : 5 :
1) in the presence of charcoal.

4-Methyl-1-(2,4-dioxo-1,2,3,4-tetrahydropyrimidin-6-
yl)pyridinium chloride (8)

Slightly brownish solid, yield 0.65 g (55%), mp 250 °C (dec.)
(found: C, 47.39; H, 3.79; N, 16.86. C,,H,,N;0,-0.75H,0 requires
C,47.44;H,4.57; N, 16.59); 0y 2.73 (s, 3H; Me), 6.25 (s, L H; 12-H),
8.21(d, J =6.6 Hz, 2H; H,,), 9.18 (d, J = 6.6 Hz, 2H, Har), 11.71
(s, broad, 1H; NH); o 22.1,98.2, 127.9, 143.1, 149.7, 150.1, 163.1,
164.0; vy, (KBr)/cm™: 3423, 3164, 3049, 2826, 1686, 1639, 1501,
1472, 1414, 1350, 1282, 1212, 1093, 1024, 985, 860.

4-(4-Morpholino)-1-(2,4-dioxo-1,2,3,4-tetrahydropyrimidin-6-
yDpyridinium chloride (10)

Colorless solid, yield 0.25 g (16%), mp 290 (dec.) (found: C, 47.34;
H, 4.89; N, 17.32. C;;H,5sN,O,;CI-H,O requires C, 47.49; 5.21; N,
17.04); 6y 3.77 (m, 4H), 3.83 (m, 4H), 6.02 (s, 1H; 12-H), 7.39
(d, J = 7.7 Hz, 2H; H,,), 8.46 (d, J = 7.7 Hz, 2H; H,,), 11.53
(s, 1H; NH). . 46.9, 65.5, 95.4, 107.4, 140.4, 149.4, 150.6, 159.1,
163.5 ppm; vy, (KBr)/cm™: 3491, 3442, 3062, 2693, 1717, 1673,
1649, 1549, 1524, 1408, 1275, 1107, 1028, 932.

General procedure for the synthesis of the mesomeric betaines 9
and 11

30 g of the anion exchange resin Amberlite IRA-400 was filled
into a column and treated with 8% NaOH over a period of 30 min.
Then, the resin was washed with water until pH 7 of the elute was

1 CCDC reference numbers 605902-605903. For crystallographic data in
CIF format see DOI: 10.1039/b606249k

measured. The salts 8 (0.2 g; 0.84 mmol) and 10 (0.1 g, 0.32 mmol)
were dissolved in water, poured onto the resin, and eluted with
water, respectively. The elutes were collected and evaporated to
dryness, whereupon white solids were obtained.

4-Methylpyridiniopyrimidine-(1H ,3 H)-2,4-dionate (9)

Yellow solid, yield: 0.086 g (98%), mp 290 °C (dec.) (found: C,
31.74; H, 3.97; N, 11.59; C;;H,N,O;-11H,0 requires 31.84; H,
7.81; N, 11.42); 0y 3.74 (m, 4H), 3.75 (m, 4H), 5.93 (s, 1H; 12-
H), 7.09 (d, J = 8.12 Hz, 2H; Har.), 8.12 (d, J = 8.12 Hz, 2H;
Har.) ppm; o 46.9, 65.5, 95.4, 107.4, 140.4, 149.4, 150.6, 159.1,
163.5 ppm; v, (KBr)/cm=': 3423, 3217, 1625, 1541, 1460, 1414,
1378, 1273, 1205, 1107, 1054, 1016, 928, 813.

4-(Morpholin-4-yl)pyridiniopyrimidine-(1 H,3H)-2,4-dionate (11)

Brownish solid, yield: 0.044 g (26%) due to partial decomposition
on the column, mp. 265 °C (dec.) (found: C, 29.49; H, 3.49; N,
10.08. C,,H,N;0,-11H,0 requires C, 29.92; H, 7.78; N, 10.47). 6
2.68 (s, 3H; Me), 5.71 (s, 1H, 12-H), 8.02 (d, J = 6.72 Hz, 2H;
Har.), 9.33 (d, J = 6.72 Hz, 2H; Har.), 10.06 (s, 1 H, 10-H) ppm; d
21.6, 86.3, 127.8, 140.1, 161.9, 166.7 ppm; v,,, (KBr)/cm™": 3406,
1629, 1484, 1406, 1363, 1285, 1240, 1195, 1163, 986, 809.
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Neglected until recently, n-stack architecture is rapidly emerging as a powerful strategy to create function
in lipid bilayer membranes. Recent reports describe supramolecular rosettes acting as hosts of intercala-
ting guests, to assemble in bilayer membranes and, in the case of stacked guanosine and folate quartets,
to form ion channels. The introduction of rigid-rod n-stack architecture allowed us to address one of the
great challenges in the field, i.e. ligand gating. Inspiring m-stack chemistry from related fields, covering

rainbow coloration, conductivity, as well as the critical dependence of charge mobilities on the precision
of supramolecular organization is summarized to zoom in on arguably the most promising application

of functional nt-stack architecture in lipid bilayers, that is the creation of multifunctional photosystems.

i o
1 Introduction [oeme a0y
Functional n-stack architecture plays a central role in the o o ,\"“
chemistry and biology of oligonucleotides. The same motif is, H‘\-O 2
however, surprisingly rare in biomolecules that function in lipid H self-
. prisingly . mup o Qo N{repide] assembly &
bilayer membranes. Transmembrane co-facial n-stack architecture 20 & ;
R K X R peptide N O -
beyond the special pair of chlorophylls contributes, for instance, H Y -—
surprisingly little to the structure and function of biological Q. 0oAESN
photosystems, not to speak of biological ion channels or pores.’ ﬁ )
Quite the same is true for synthetic photosystems, ion channels ) 0_\"“
and pores.*” The only synthetic route to multifunctional pores 1 o 5

available today, for example, uses about 150 hydrogen bonds for the
non-covalent transformation of rigid-rod molecules 1 into rigid-
rod B-barrels 2 (Fig. 1).2
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Fig. 1 Self-assembly of synthetic multifunctional pores 2 from rigid-rod
molecules 1.

Now, however, this situation is changing. Transmembrane 7-
stack architecture is rapidly emerging as an attractive strategy to
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create function in lipid bilayer membranes. This new development
is briefly described in the following sections.

2 Rosette receptors and ion channels

The programmed assembly of calix[4]arene dimelamines 3a and
barbiturates 4a into double rosettes Sa was found to occur in
bilayer membranes (Fig. 2).* Namely, circular dichroism (CD)
spectroscopy was used to demonstrate the formation of rosette
5a in somewhat unusual bilayer vesicles composed of non-ionic
polyoxyethylene alkyl ether surfactants. The perylenediimide in
barbiturate 4a was introduced for detectability by fluorescence
microscopy only and was not expected to contribute to the n-stack
architecture (c¢f. Sections 4 and 5).

i 9 %
6 L Howomoowowoy
H N NN, _N__N
‘.‘ 'S ?\‘/, 'N H"o'H YN\IrN\R
o S TN QT "
woooNG VN N
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Fig. 2 Programmed assembly of double rosettes 5 from calix[4]arene
dimelamines 3 and barbiturates 4, and the formation of supramolecular
host—guest complex 7 by intercalation of anthraquinone 6.

Q
o0 N
3a R= \J\/\/\/\”iok f}—N/H_(O

The studies of m-stacked rosettes Sa in bilayer membranes
did not include function. The intercalation of guests such as
6 into nearly identical supramolecular hosts such as 5b and
5c, however, has been investigated in detail in organic solvents.
The most recent highlight of a series of papers on this topic
describes that the intercalation of anthraquinone 6 into the chiral
rosette 5S¢ coincides with CD silencing.* This finding suggested
that guest intercalation causes an untwisting of the staggered,
helical conformation of host 5c¢ into the eclipsed conformation of
complex 7c¢ (c¢f- Sections 3 and 5). X-Ray crystallography, NMR
spectroscopy and successful cross-linking of staggered 5b but not
eclipsed 7b by olefin metathesis confirmed the validity of this
interpretation.

Extensive insights from isothermal titration calorimetry (ITC),
absorption, CD and NMR titrations describe guest intercalation
as enthalpy-driven, cooperative, and selective. Low dissociation

constants around K, ~ 1 nM increased rapidly with variation
of the substitution pattern of the anthraquinone guest. Strongest
destructive influences are observed with the removal of the hydroxy
group in position 2 of 6, engaged in a hydrogen-bonding network
with neightboring guests, and addition of hydroxy groups in
positions 6 and 8 that interfere with the calixarene cones.

In the presence of potassium cations, guanosines like 8 self-
assemble into stacked rosettes like 9 (Fig. 3)."* It was recognized
early on that the central string of cations and the hydrophobic
periphery of ionophoric rosettes such as the G-quartet stacks 9
are reminiscent of an ion channel. Stacked rosettes 9 exhibited
ionophoric activity in bulk liquid membranes. In large unilamellar
vesicles composed of egg yolk phosphatidylcholine (EYPC LUVs),
however, guanosine 8 was inactive in all explored assays. Namely,
inactivity was found in the HPTS assay, i.e. a fluorescence assay
that monitors the velocity of the collapse of an applied proton
gradient. Inactivity was also found in the Na NMR assay, an
assay that follows the flux of sodium cations with the help
of the membrane-impermeable NMR shift reagent dyprosium
triphosphate.

These failures suggested that the templated self-assembly of
guanosine 8 into ionophoric G-quartets 9 is unfavored in lipid
bilayer membranes. To enforce the creation of G-quartet ion
channels, a covalent capture strategy of the supramolecular rosette
9 was selected. Namely, ring-closing metathesis with Grubbs
catalyst transformed supramolecule 9 into macromolecule 10.
Transport activity in EYPC LUVs in both the HPTS and Na
NMR assay were in support of the formation of unimolecular ion
channels by the cross-linked G-quartet 10. The CD spectrum of 10
implied G-quartet formation in the presence but not in the absence
of vesicles.

Compared to other ionophoric rosettes such as inactive G-
quartets 9, folate dendrimers 11 were particularly promising
candidates to self-assemble into rosette ion channels 12 without
being forced to do so by covalent capture (Fig. 4).? Folate quartets
12 can exist in hydrophobic media with and without central ion
templates, and the H-bonded dendritic periphery may cushion®
the dynamic rosette ‘breathing’ motions during ion hopping along
the central string of ions.

Incorporation of dendrimers 11 into EYPC vesicles caused the
appearance of the CD signature of stacked folate quartets 12.
Dendritic folate ion channels 12 showed activity in the HPTS assay
(see above). Saturation behavior in the Hill plot was as expected
for exergonic self-assembly of stacked rosettes 12. It may further
indicate poor partitioning into the bilayer. No activity was found
for rosette 12 in the ANTS/DPX assay [i.e. a fluorescence assay
that monitors the velocity of efflux of intravesicular molecules
ANTS (an anionic fluorophore) or DPX (a cationic quencher)].
Activity in the pH-sensitive HPTS assay and inactivity in the
ANTS/DPX assay was consistent with the small inner diameter
expected for ion channel 12.

In planar EYPC bilayers, the addition of dendrimers 11 caused
the appearance of three dominant single-channel currents that
were surprisingly homogeneous for a complex supramolecule such
as 12. The low conductance of 19 £ 2 (69%), 14 £ 2 (27%) and 7 £
2 pS (14%) of these ohmic ion channels was consistent with the
expected small inner diameter of folate quartets 12 (dy. = 3.7 A).
The anion/cation selectivity was significant (permeability ratio
Py+/Po- = 4.9). The cation selectivity topology (Eisenmann I)
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Grubbs
catalyst

Fig. 3 Templated self-assembly of stacked G-quartets 9 from guanosines 8 in the presence of potassium cations and conversion into unimolecular ion

channel 10 by ring-closing metathesis with Grubbs catalyst.
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Fig. 4 Self-assembly of stacked folate quartets 12 from dendrimers 11.

demonstrated dominance of cation dehydration as expected for the
hopping of large ions through small holes along the central string
of ions in stacked folate rosettes 12. Blockage by the permeant
cation confirmed the ionophoric properties of ion channel 12[ECs,
(K*) =230 mM, guax = 21 pS].

3 Ligand-gated ion channels

To stop a process is always easier than to start one. In the field of
synthetic ion channels and pores, this common wisdom is reflected
in our inability to create syntheticion channels and pores that open
(ligand gating) rather than close (ligand blockage) in response to
chemical stimulation. Rigid-rod m-stack barrel-stave architecture
13 was introduced last year to change this situation (Fig. 5).1%

Ligand gating by aromatic electron donor—acceptor interactions
was designed based on hoop-stave mismatch. The architecture
of a barrel-stave ion channel requires approximate hydrophobic
matching with regard to the surrounding membrane (2.5-3.5 nm)
on the one hand and precise matching of the repeat distances in the
stave with the repeat distances between the ‘hoops’ that hold the
staves together. In the classical rigid-rod B-barrel 2, for example,
precise hoop-stave matching between phenyl repeats in the p-
oligophenyl stave and the repeat distances in antiparallel B-sheets
assures self-assembly of the barrel-stave supramolecule (Fig. 1).

Self-assembly with hoop-stave mismatch produces helical
rather than barrel-stave supramolecules. Replacement of the -
sheets in rigid-rod B-barrel 2 by n-stacks with shorter repeat dis-
tances should therefore result in a rigid-rod n-helix like 13 (rather
than a holey rigid-rod n-barrel). The intercalation of ligands like
14 into the closed m-helix 13 should, however, reduce the hoop-
stave mismatch and cause an untwisting helix—barrel transition to
open up into a barrel-stave ion channel like 15. Note the similarity
of this approach with the untwisting of double rosette 5 in response
to the intercalation of anthraquinone guests 6 (Fig. 2).

The validity of this adventurous concept was probed with
electron-poor 1,4,5,8-naphthalenediimides (NDIs) to assure
favorable self-assembly of monomeric p-octiphenyl rods 16 into
n-helix 13. Flanking H-bonded chains were added to orient the
NDI stacks. Alkylammonium tails were introduced to secure the
internal crowding and charge repulsion needed to stabilize higher
oligomers.

Electron-rich 1,5-dialkoxynaphthalenes (DANS5) as in ligand 14
and electron-poor NDIs as in helix 13 form plum-colored charge-
transfer (CT) complexes (see Section 4). This aromatic electron
donor-acceptor interaction was envisioned for the ligand-gated
opening of closed m-helix 13 into barrel-stave ion channel 15.
A sulfonate was added at one side of ligand 14 to support the
DAN-NDI CT complexes by ion pairing, an alkyl tail at the
other for favorable interactions with the surrounding lipid bilayer
membrane.
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Fig. 5 Self-assembly of rigid-rod 16 into closed quadruple n-M-helix 13, and helix—barrel transition into open ion channel 15 in response to the

intercalation of ligands 14.

In both planar and spherical EYPC bilayers, the closed channel
13 and ligand 14 were inactive. Mixed together, highly cooperative
(n = 6.5, EC5, = 13 uM) intercalation of donors 14 caused
the expected helix—barrel transition and produced surprisingly
homogenous, ohmic, low-conductance (expected: d ~ 5 A, found:
dyne = 3.5 A; g = 94 pS) anion channels 15 (Pq-/Px+ =
1.38). Shortening of the alkylammonium tails in channel 13 and
removal of either anionic head or hydrophobic tail in ligand 14
all cleanly annihilated ligand-gated ion channel formation, and
other intercalators such as adenosine 5'-monophosphate (AMP)
or guanosine 5'-monophosphate (GMP) were inactive.

According to exciton-coupled CD of the twisted NDI stacks,
n-M-helix 13 is reasonably stable toward chemical denaturation
(guanidinium chloride, —AG™° ~ 1.3 kcal mol™") and is almost
thermophilic compared to DNA duplexes (7' = 70 °C). A helix—
barrel transition as the origin of ligand gating was confirmed by
silencing of the exciton-coupled CD signature of M-n-helix 13.
Operational aromatic donor—acceptor interactions were visible for
the naked eye as plum color of ion channel 15 (¢f. Section 5).

4  Architecture, conductivity and color

The use of 1,4,5,8-naphthalenediimides (NDIs) in transmembrane
functional m-stack architecture such as ligand-gated ion channel
15 is attractive for three main reasons. Pertinent highlights
concerning the architecture, conductivity and color of NDI are
briefly summarized in this section.

Architecture

Two representative and pioneering examples out of a growing
collection of refined NDI architecture are shown in Figs. 6 and 7.
Oligomers with alternating DAN and NDI units were actually
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Fig. 6 Programmed assembly of duplexes 17 from oligo-NDI 18 and
oligo-DAN 19 in water.

among the first foldamers characterized in neutral aqueous
solution.’® More recently, this approach was expanded to the
programmed assembly of DAN-NDI duplexes 17 (Fig. 6)." The
programmed assembly of oligo-NDI 18 and oligo-DAN 19 was
characterized in neutral water. The dissociation constant (Kp)
values decreased with increasing oligomer length to K, = 29 uM
for duplex 17d. As in DNA duplexes, increasing repulsion of back-
bone charges in longer duplexes was seen not as a disadvantage
but as an advantage to unfold single strands and to keep duplexes
dissolved. The formation of duplexes 17d was confirmed by gel
electrophoresis. Recent developments in this research include ele-
gant multiple intercalation of oligo-NDIs in DNA double helices."”
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Fig. 7 Catenane 20 as another example for NDI acceptors in refined
n-stack architecture created with aromatic donor—acceptor interactions.

Catenane 20 is another example for pioneering supramolecular
architecture accessible with the DAN-NDI motif (Fig. 7)."® The
preparation of catenane 20 combined aromatic donor—acceptor
interactions with alkene metathesis (cf. Section 2, Figs. 2 and 3).
Ring-closing metathesis of dialkene 21 produced NDI-macrocycle
22 in a mixture of products. In the presence of DAN-macrocycle
23, catenane 20 was isolated as a mixture of cis/trans isomers
in 50% yield. Recent developments in this research include
ionophores," rotaxanes and shuttles,?' and gels.”

Conductivity

The conductivity of m-stack architecture is of the highest im-
portance with regard to technological applications in molecular
(opto)electronics.?®*** The determinant parameter of organic semi-
conducting materials is the charge mobility. It determines, for
example, the switching speed of field effect transistors (FETs), the
intensity of light emitting diodes (LEDs), or the separation of
charges in photovoltaic cells. In a recent overview, charge mobili-
ties of m-stacked columnar discotic materials were compared with
conjugated polymers.* In general, unidirectional charge mobilities
are to a good part supramolecular parameters. With precise
self-organization being as critical as monomer structure, charge
mobilities naturally depend strongly upon sample conditions and
history.

Values as large as 10 cm? (Vs)~! were reported for single-crystal
polydiacetylenes that were polymerized in a controlled manner.
Conjugated polymers with different backbones synthesized in
solution gave two orders of magnitude lower values in the range
of 0.009-0.125 cm? (Vs)~'. Best mobilities in this series, around
0.1 cm? (Vs)~!, were reported for liquid crystalline polyfluorene 24
and poly(phenylenevinylene) 25 (Fig. 8). Discotic liquid crystalline
n-stacks gave clearly larger mobilities of up to 1 cm? (Vs)™' in
crystalline and liquid crystalline phases. Compared to conjugated
polymers, self-organization in refined m-stack architecture there-
fore can overcompensate the weaker electronic coupling between
monomer units. Maximal mobilities found for intermediate-sized

direction of
charge
mobility
—

26-32
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29:R=
OCigHa7 30: R =
\, | B8n:R=
C1gHa70 n 32:R=
25
(0.108) (0.12; FET) CFy (0.29-0.52)

Fig. 8 Unidirectional charge mobilities in cm? (Vs)™' of some of the
best p-conducting conjugated polymers (24, 25) and n-stacks (26-28) and
n-conducting NDI 32 measured under the unfavorable conditions common
in field effect transistor (FET) research.

oligoarene 26 rather than the contracted coronene 27 or the
expanded 28 were explained by gradual overcompensation of
increasing n—mn overlap with increasing core size. High mobilities
were also found for m-stacked porphyrins and phthalocyanines.
Recent highlights in this research include synthetic access to
n-stacked coronene nanotubes.”® For extensive research on the
semiconducting properties of the n-stacks in DNA duplexes, the
interested reader is referred to pertinent recent literature.?*’

Indications for conductive NDI stacks were observed early on
with the appearance of a strong NIR-band at 1140 nm in response
to electrochemical or chemical one-electron reduction of NDI 29
in water (Fig. 8).® This band was interpreted as a CT-band of
n-dimers of the radical anion of 29. Disappearance of the CT-
band in less polar solvents like DMF was consistent with n-dimer
disassembly. Just as for intramolecular delocalization in ordinary
n-systems such as polyenes, it is expected that the delocalization
length will determine the wavelength of absorption. Increasing
intensity and bathochromic shift implied, therefore, self-assembly
of m-dimers into NDI zn-stacks with increasing ionic strength. The
presence of NDI n-stacks of radical anion 29 in aqueous solution
was supported by weak and anisotropic EPR signals similar to
those found in the solid state. Reduced charge repulsion in the
n-stacks of the radical anion of cationic NDI 30 was reflected
in a bathochromic shift of the CT-band to 1700 nm. Increasing
hydrophobicity of NDI 31 further stabilized the -stack (2050 nm),
and programmed assembly of anionic NDI 29 and cationic NDI
30 yielded mixed m-stacks.

The discovery of n-stacks of NDI radical anions was significant
because, different from hole, positive or p-conducting polymers
or m-stacks (e.g. 24-28), electron, negative or n-conducting -
stacks or polymers are usually not air-stable. Precipitated films
of the electrophores 29 were air-stable. The casting of NDI films
in polymers [e.g. polyvinyl alcohol (PVA)] produced conductors
with high anisotropy, sensitivity to humidity and the highest
conductance with mixed valence n-stacks containing both neutral

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 3031-3039 | 3035





and anionic NDIs. A more recent systematic search for maximal
FET charge mobilities of NDI films yielded the best results for
analog 32.2% The value of 0.12 cm? (Vs)™' found was clearly
better than that of the most useful air-stable electron-carrying n-
semiconductor [perfluorinated copper phthalocyanine, <0.02 cm?
(Vs)™']. The combination of NDIs as unique, air-stable and high-
mobility n-channel organic semiconductors with unproblematic p-
channel FETs was used to create complementary inverter circuits.

Color

The disappointing optical properties of Vollmann et al’s early
NDIs with arylamino core substituents may be the reason why
core-substituted NDIs have never been really studied.®! This situa-
tion changed dramatically with the introduction of alkylamino and
alkoxy core substitution accomplished by the Wurthner group in
2002 (Fig. 9).32 Pyrene 33 was converted into anhydride 34 in four
steps following previously reported procedures. The conversion
of dianhydride 34 into diimide 35 was achieved in 44% yield
in acetic acid at 120 °C. Core substitution with n-butylamine
at 85 °C gave the core-substituted N,N-NDI 36 in 45% yield.
The core-substituted O,0-NDI 37 was prepared in 51% yield by
treating 35 with sodium ethanolate at room temperature. Partial
nucleophilic aromatic substitution of 35 with sodium ethanolate at
room temperature (46%) followed by treatment with n-butylamine
at 0 °C (47%) finally established the asymmetric core-substitution
in N,O-NDI 38.

0,.0._.0 04 . N. O
'O‘ __bbmcl_’CICi
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|
O . N_O O .N_O O . N_O
I
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color
| 620 | =R 469
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Fig. 9 Synthesis and spectroscopic properties of core-substituted naph-
thalenediimides (NDIs). Numbers in colored boxes refer to the wavelength
of maximal absorption or emission (in nm).

In striking contrast to arylamino core substitution, brilliant
colors and intense fluorescence were found with alkylamino
and alkoxy core substituents. Introduction of the weaker alkoxy
n-donors converted the colorless NDI into the yellow, green-
fluorescent O,0-NDI 37. Stronger alkylamino n-donors resulted
in a red color and orange fluorescence for N,O-NDI 38 as well as
the blue color and red fluorescence for N,N-NDI 36. The redox
potentials decreased correspondingly. Quantum yields of up to
76% were reported, increasing with decreasing solvent polarity.
Important with regard to supramolecular architecture and differ-
ent from core-substituted PDIs, X-ray structures confirmed that
core-substituted NDIs are planar.

Core-substituted 3,4,9,10-perylenediimides (PDIs) are among
the best studied and most promising chromophores with regard
to technological applications in molecular (opto)electronics. In
a milestone paper in 2002, the Wasielewski group reported that
the enforced co-facial n-stacking in dimer 39 provides access to
characteristics reminiscent of the special pair of chlorophylls in
biological photosystems, i.e. excited-state symmetry breaking and
ultrafast charge separation (Fig. 10).** Charge separation was
studied following the transient absorption of the radical anion
at 710-800 nm after excitation with an 80 fs laser flash at 400 nm.
The transient absorption spectrum of co-facial dimer 39 was nearly
identical with the spectroelectrochemically simulated spectrum
of the radical ion pair. In toluene, charge separation occurred
with 7¢s = 0.52 ps, and recombination with 7pc = 222 ps; in 2-
methyltetrahydrofuran (MTHF) with 7os = 0.33 ps and tpc =
38 ps. The linear dimer 40 showed no charge separation in toluene,
and solvent dipole fluctuations are thought to account for the
detectability of the much slower charge separation in the more
polar MTHEF (z¢s = 55 ps, tre = 99 ps). No charge separation was
observed with monomeric controls. These findings established a
firm relation between co-facial n-stacking in the PDI architecture
and ultrafast charge separation. The presence and extent of the
former turned out to be readily detectable from a bathochromic
exciton transition at 632 nm in the absorption spectrum.
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Fig. 10 The co-facial PDI dimer 39, but not the linear PDI dimer 40, is
a chlorophyll special-pair mimic.

More recent highlights in this research include enforced co-
facial PDI stacking in more complex as well as multichromophoric
nanoarchitectures.**** The need to artificially enforce co-facial
stacking stems from the non-planarity of core-substituted PDIs.
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One important difference of core-substituted NDIs compared
to the otherwise perfect PDIs is their planarity. This planarity
can be expected to maximize co-facial n-stacking and therefore,
according to chlorophyll special-pair mimic 39, maximize the
charge separation in a photoactive nanoarchitecture.

5 Photosystems
Unimolecular photosystems

The state-of-the-art on artificial photosystems in bilayer mem-
branes remains the carotenoid—porphyrin—quinone (C-P-Q) triad
41 (Fig. 11).%3¢ The terminal carboxylate is placed to control vec-
torial partitioning of the C-P—Q triad 41 into bilayer membranes,
with the hydrophobic carotenoid donor located in the inner leaflet
and the quinone acceptor in the outer leaflet. Quinone carrier Qg
42 is made to have a higher reduction potential than the quinone
in the C-P-Q triad 41 and to accumulate in the hydrophobic core
of the membrane.

Fig. 11 Carotenoid—porphyrin—quinone triad 41 as a unimolecular
photosystem, serving in the shown application together with quinone
carrier 42 to pump protons with light across lipid bilayer membranes.
The fluorophore HPTS is used to measure intravesicular acidification with
light.

Extensive photophysical details are available to describe intra-
molecular charge separation in response to the excitation of the
porphyrin in the C—P-Q triad 41. The quinone radical anion of the
charge-separated C**—P—Q"~ triad then reduces a quinone Qg near
the outer membrane-water interface. The resulting semiquinone
radical anion Qg"~ is basic enough to accept a proton from
the external aqueous environment. The neutral radical HQg" is
sufficiently lipophilic to diffuse across the bilayer and reduce the
carotenoid radical cation near the inner membrane—water inter-
face. The produced protonated HQs is a strong acid (pK, ~ —6)
that releases its proton internally. The overall result is the transport

of a proton into a vesicle in response to light. This decrease in
intravesicular pH could be readily measured with an entrapped
pH-sensitive fluorescent probe (HPTS, 8-hydroxy-1,3,6-pyrene-
trisulfonate). The maximal proton gradient of ApH ~ 2 was stable
for at least 4 h but could be readily collapsed by the addition of a
proton carrier (FCCP). Because the proton pumping photocycle
occurs without charge neutralizing co-transport, a transmem-
brane electrical potential builds up simultaneously. This pho-
toinduced vesicle polarization was confirmed with a potentially
sensitive fluorescent probe (8-anilino-1-naphthalenesulfonate).
Vesicle depolarization by valinomycin-mediated potassium efflux
resulted in the expected increase of the maximal proton gradient
by ApH ~ 1.6.

Extensive elegant follow up studies demonstrated that photo-
system 41 can be coupled with ATP synthase to produce ATP
from ADP with light,*” adaptability to active calcium transport,*®
as well as tolerance toward significant structural modifications
(e.g. fullerenes instead of quinones as acceptors).® Building
on previous breakthroughs on electroneutral pyrylium electron
carriers,* alternative recent approaches to photoinduced trans-
membrane charge separation focus on intermolecular electron
transfer from excited porphyrin monomers in the water to photo-
regulated spiropyrane-anthraquinone electron carriers in the
membrane.*

Photosystems with n-stack architecture

The inspiring recent breakthroughs in NDI and PDI chemistry
summarized in the preceding sub-sections suggested that the sum
of unique characteristics covering supramolecular architecture,
conductivity and rainbow coloration may offer all that is needed
to create photoactive n-stack nanoarchitectures. The blue-colored,
red-fluorescent rigid-rod n-M-helix 43 was introduced this year to
tackle this challenge (Fig. 12).*

On the structural level, the difference between the artificial
photosystem 43 and the above closed ion channel 13 (Section 3,
Fig. 5) is minimal: small isopropylamino m-donors are added
to the NDI core. This small change in structure had little
influence on the characteristics of the above rigid-rod n-M-helix
13. Intercalation of ligands 14 into 7t- M -helices 43 caused the same
CD-silencing helix—barrel transition and afforded active barrel-
stave ion channels 44.

However, the N,N-NDI core substitution of helix 43 did cause
some remarkable changes compared to the colorless helix 13.
A clearly more demanding synthesis was rewarded with the
appearance of the expected brilliant blue color and red fluores-
cence (the corresponding N,N-PDI control did not fluoresce).
Dependence of activity and suprastructure on the fourth power of
the concentration of monomer 45 demonstrated that photosystem
43 is a quadruple helix (Fig. 13). Extensive exciton coupling
in the CD spectrum demonstrated M-helicity as well as self-
assembly into the highly ordered nanoarchitecture required for
satisfactory optoelectric properties (cf- Section 4). The appearance
of a bathochromic exciton transition at 598 nm in the absorption
spectrum implied the co-facial N,N-NDI-stacking in the M-helix
43 required for ultrafast charge separation (c¢f. above PDI dimers
39 and 40, Fig. 10; this band was weaker or missing in shorter
N,N-NDI controls like 46).

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 3031-3039 | 3037





43 EDTA**

Fig. 12 Quadruple rigid-rod n-M-helix 43 as a supramolecular photo-
system that can open up into ion channel 44. In the shown application,
transmembrane photoinduced electron transfer from EDTA donors to
quinone acceptors Q is measured as formal proton pumping with light
across lipid bilayers. HPTS is used to measure intravesicular deacidification
with light (¢f Fig. 13).

Photosystem 43 (Fig. 12) was characterized in vesicles equipped
with external electron donors (EDTA, ethylenediaminetetraac-
etate), internal electron acceptors (Q, 1,4-naphthoquinone-2-
sulfonate), and an internal fluorescent pH meter (HPTS). In this
system, transmembrane charge separation 43 in response to the
irradiation of helix 43 is translated into external EDTA oxidation
[Ei,» (NHE) ~ +430 mV] and internal quinone reduction [E,,
(NHE) ~ —60 mV] for the fluorometric detection of photoactivity
as intravesicular deacidification with light. Thermally unfavorable
by AE =~ 0.5 V, this experimentally observed photoreduction
occurs therefore by partial conversion of photonic energy into
chemical energy (Fig. 13).

The addition of ligand 14 caused immediate collapse of the
proton gradient created with light and photosystem 43. This
finding was consistent with smart supramolecular architecture,
i.e. the programmed transition from active electron transport with

8 ?

6

4

A[H] (nM) / min

24

c(uM)

Fig. 13 Initial velocity of intravesicular proton consumption during
irradiation at 640 nm as a function of the concentration N,N-NDI octamer
45 and N,N-NDI dimer 46 (¢f. Fig. 12). The Hill coefficient n = 3.9
(solid line) indicates self-assembly of monomer 45 into the photoactive
quadruple rigid-rod n-M-helix 43. Data adapted from ref. 41. © American
Association for the Advancement of Science, 2006.

photosystem 43 to passive anion transport with ion channel 44 in
response to chemical stimulation with ligand 14. Intercalator 14
naturally inhibited photosystem 43.

The activity of photosystem 43 was perfectly reflected in nearly
quantitative ultrafast formation (<2 ps, >97%) and a long lifetime
of the charge-separated state 43 (61 ps). The optical signature
of this crucial 43° was identified with the appearance of a new
band at 480-540 nm in the transient absorption spectrum of
a monomeric N,N-NDI in the presence of an electron donor
(DMA, N,N-dimethylaniline). Stabilization of the radical cation
N,N-NDI*" with acceptor TCNE (tetracyanoethylene) was not
detectable. The transient N,N-NDI~* band of photosystem 43 was,
therefore, used to characterize the charge-separated state 43S,

The disappearance of activity upon shortening of the rigid-rod
scaffold in N,N-NDI biphenyl 46 did coincide with the disappear-
ance of indications for (a) self-organization in the CD spectrum
and (b) co-facial n-stacking in the absorption spectrum. Chro-
mophore expansion to N,N-PDI as in Fig. 10 gave poor photoac-
tivity, independent of the length of the p-oligophenyl rods used.
Poor co-facial m-stacking in the absorption spectrum indicated
that insufficient m-architecture accounts for the remarkably poor
photoactivity of chromophores with perfect optoelectric proper-
ties (¢f. Section 4). Reduced activity of these control molecules
with a varied rod or chromophore length provided experimental
evidence that it is neither the number nor the nature of the chro-
mophores but the multifunctional supramolecular r-architecture
that accounts for the superb activity of photosystem 43.

6 Perspectives

Over a short period of time, several design strategies for the
creation of functional nt-stack architectures in bilayer membranes
have emerged. This includes the formation of ion channels by
stacked rosettes such as guanine or folate quartets. Ion channels
that open up in response to chemical stimulation, e ligand
gating, became available with the introduction of aromatic electron
donor-acceptor interactions between naphthalenediimide (NDI)
acceptors and dialkoxynaphthalene (DAN) donors in rigid-
rod m-stack architectures. Similar untwisting found for stacked
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melamine-barbiturate rosettes in response to anthraquinone
intercalation may illustrate the attractive scope of this approach.

The distinguishing characteristics of m-stack architecture, how-
ever, are conductivity and color, with charge mobilities depending
critically upon the precision of the supramolecular organization.
The usefulness of these characteristics to create function in lipid
bilayer membranes was confirmed with the synthesis of smart
photosystems that can switch from active electron transport to
passive ion transport in response to chemical stimulation.

Synthetic access to functional m-stack architecture in lipid
bilayer membranes may open several doors. It offers an inno-
vative approach to new synthetic ion channels and pores with
practical applications as detectors, sensors, catalysts or drugs.®’
Experimental evidence for m-stack architecture as a privileged
platform to create smart photosystems in lipid bilayer membranes
is particularly stimulating. Synthetic efforts toward asymmetric
rigid-rod push-pull* n-stack architecture to orient* and stabilize
charge separation, and toward transmembrane traffic lights with
N,N-, N,0-, 0,0-NDI fluorophores (Fig. 9) to harvest light, are
on-going. Vesicle polarization* for voltage gating and coupling
of smart photosystems with catalyst cascades to, perhaps, split
water**" with light in bilayer membranes are other attractive but
challenging topics under investigation. Although the suggested
usefulness in solar cells and related devices such as solar-based
biofuel cells remains questionable, there is progress made to
stabilize lipid bilayer membranes by, e.g. vesicle encapsulation in
silica-gel matrices.”® Research on functional m-stack architecture
in bilayer membranes will in any case contribute to the major
effort in basic research on smart optoelectric nanomaterials that is,
according to pertinent reports,* needed today to meet tomorrow’s
energy demands in a sustainable way.
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The preparation of a series of N-hydroxy peptides is described, along with their acylation on the oxygen
of the pseudopeptide bond. Nineteen N-acyloxy peptides, first examples of this new class of
pseudopeptides, were thus synthesized; they present a range of acyl groups, including N-protected
amino acyl groups. Possibilities of elongation for these pseudopeptides were also investigated.

Introduction

We recently described an efficient method for the preparation
of N-hydroxy peptides.! The hydroxamate groups in these pseu-
dopeptides allow metal coordination, which can be used to
preorganize peptide structures for molecular recognition by en-
zymes or receptors.” Moreover, the additional OH groups confers
extra hydrogen bonding possibilities compared to native peptides,
inducing unusual conformations®** and/or allowing enhanced
recognition towards biological receptors.®

Thus, tuning peptide bonds is a strategy that can be used
to change not only the conformation of peptides, but also
their sensitivity to enzymatic cleavage and/or their biological
activity.® In connection with this, we considered that the oxygen
of hydroxamates could serve to graft, through diverse O-X bonds,
chains of various length and with different functionalities, in
order to create a library of new pseudopeptides. O-Acylation of
hydroxamates was first studied, to prepare N-acyloxy peptides

(Fig. 1).
-
AAI
A O O
§

o}

Fig.1 N-Acyloxy peptide.

No example of this kind of modified peptides could be found
in the literature. However, Mobashery et al. reported recently that
an O-acylated amino acid-based hydroxamic acid (Fig. 2) was the
prototype of a novel class of irreversible inhibitors for cathepsin
B, an enzyme implicated in enhancing tumor invasiveness and
metastasis.” The reactive Cys-29 thiolate of the enzyme is supposed
to be acylated by this compound, and the resulting tetrahedral
species would be stabilized by several hydrogen bonds within the
enzyme pocket.

This single example suggests that N-acyloxy peptides also could
interact favourably with biological targets such as proteases. It
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Fig. 2 Proposed mechanism for cathepsin B inhibition.”
prompted us to investigate their preparation from N-hydroxy

peptides.
Results and discussion

Synthesis of N-hydroxy peptides

N-Hydroxy peptides referred to in this study were prepared as
described in Schemes 1 and 2, according to our previous work!
(ethyl ester derivatives) or using a slightly modified procedure
(benzyl ester derivatives). The first step involved the coupling
of o-amino acids with a-keto acyl chlorides® to produce the

NH,
“co,R
+ i CO,R
—_— R2 \/ 2
O 33-88% :
0O R
1a-e
0
a:R=Bn, R'=Pr,R2=pPr
b: R =Et, R' ='Pr, RZ= Me .
c:R=Et R'=Bu, RZ=Me 70-89%
d:R=Bn,R'=Bn, R2 = Pr °
e:R=Bn, R'=(S)-Bu, R? = Pr
NHOH NOH
N coRr ii N COR
R2 ~N 2 R2 N €02
: 64-91% :
o] R' o] R!
3a-e 2a-e

Scheme 1 Preparation of terminal N-hydroxy dipeptides. Reagents and
conditions: 1) N-methylmorpholine, CH,Cl,, 0 °C to rt. ii) NH,OH-HCI,
NaOAc-3H,0 or NEt;, THF or EtOH. iii) BH;-NMe;, HCI, CH,Cl, or
EtOH.
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NaHCOs FmocHN\)J\ N\)J\
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R =Bn, R"=Pr, R2=Pr, R®= Me:
R = Et, R' ='Bu, R2 =Me, R®=H:
R = Et, R' ='Pr, R2 = Me, R®= Me:

Scheme 2 Preparation of Fmoc-protected inner N-hydroxy tripeptides.

corresponding o-keto amides 1. Condensation of 1 with hydroxy-
lamine led to oximes 2. Reduction of oximes to hydroxylamines is
usually performed with sodium cyanoborohydride,” diborane' or
borane adducts.! In our case, the trimethylamine-borane adduct™
was found to be a reagent of choice. Compounds 3 were thus
obtained in good yields as a 1 : 1 mixture of diastereomers which
were separated by column chromatography. In order to assign
the absolute configuration of each diastereomer, the N-O bond
was reduced and the resulting dipeptide was compared with an
authentic (S,S) sample prepared using standard peptide coupling
methods (see ESIT).

The selective N-acylation of 3 was achieved by reaction with
Fmoc-protected amino acid chlorides® in the presence of sodium
hydrogencarbonate (Scheme 2). The nature of the base was found
to be important: for instance, the use of pyridine led to the O-
acylated hydroxylamines as the major products.

The Fmoc-protecting groups of the obtained N-hydroxy tripep-
tides can be converted to Boc-protecting groups, as exemplified
with (S,S,5)-4 and (S, R,S)-7 (Scheme 3). Elongation of N-hydroxy
tripeptides via a classical peptide synthesis sequence was also
accomplished, leading for instance to N-hydroxy tetrapeptide 8
(Scheme 3).

At this stage, we chose to investigate first the O-acylation
of N-hydroxy tripeptides, in order to determine the scope and
limitations of this acylation.

Synthesis of N-acyloxy peptides

Examples of O-acylation of hydroxamates found in the literature
are limited to rather simple structures, for both the hydroxamate
and the acyl group. For instance, O-benzoyl hydroxamic acids
have been designed as precursors of amidyl radicals via homolytic
cleavage of their N-O bond;"*'* additionally, they were shown to
undergo base-mediated rearrangement to give 2-acyloxyamides.'

We started our investigation with the acetylation of N-hydroxy
peptide 4 (Scheme 4, R* = CH,). Reaction of (S,R,S)-4 with acetyl
chloride (2 equiv.) in dichloromethane in the presence of pyridine
(2 equiv.) led to N-acetyloxy peptide (S,R,S)-9 in 71% yield. The
use of acetic anhydride with pyridine as the solvent proved to be
more effective, as shown in Table 1 (entry 1). The results were even

0 R? o]

FmocHN\)L )WH\)J\

Y N ; OR

R OH O R \
(5,5,5)-4
(SR9)-7

0 R? 0
H
HaN L N L
. N Y OR
z | z
RE OH O R!
-
0 R2 0
H
BocHN\)k /H(N\)J\
- N - OR i
z | z
RE OH O R?

(S,S,S)-4"; 90%

(S,R,9)-T"; 56%
o} = o)
H H H
N\)J\ : N\)J\
FmocHN ; r;j/ﬁ( ; OEt
0O * OH

- 0 /—\
8;76%

(S,S,5)-4'"; 84%
(S,R,S)-7", 99%

Scheme 3  Reagents and conditions: 1) piperidine, THF. ii) Boc,O, NEt;,
CH,Cl,, 0 °C to rt. iii) Fmoc-Val-OH, EDCI, HOBt, CH,Cl,, 0 °C to rt.

0 R? 0
H
PGHN N
- N v OR
z | z
RE OH O R!

4-7

0 R? 9’ o]
PGHN\)J\ N\)]\
Method A to E - 'I‘)ﬁ( - OR
R Q O R
; R4
(o}

9-20

Scheme 4 O-Acylation of N-hydroxy peptides.

better with the (S,S,S) diastereomer (entry 2) or the Boc-protected
N-hydroxy tripeptide (S,S,S)-4" (entry 3).

In order to diversify the nature of the acyl substituent (bulkiness,
electronic effects), other commercially available anhydrides were
reacted with N-hydroxy peptides 4 and 5 (Method A). N-
Propanoyloxy and N-pivaloyloxy peptides 12-16 were obtained
in generally good yields (entries 4 to 8). Reactions with propionic
anhydride were completed in less than one day but, as could be
expected, introduction of a bulky pivaloyl group required longer
reaction times (up to 3 weeks). Even so, the reaction was only
poorly efficient for one diastereomer of N-hydroxy peptide 4
(entry 8 vs. entry 7). Preparation of N-trifluoroacetyloxy peptide
failed: purification of the crude material obtained after reaction
of (S,S,S)-4 with trifluoroacetic anhydride gave an inseparable
mixture of the expected product and (S,S,S)-4 (entry 9).
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Table 1 Preparation of N-acyloxy peptides 9 to 20

Entry Tripeptide Acyl group Compound Method* (Yield %)
1 (S,R,S)-4 )CJ)\ 9 A (86)
2 (S,S,S)-4 " 10 A (94)
3 (S,S,S)-4" " 11 A (99)
4 (S,R,S)-4 )OJ\/ 12 A (99)
5 (S,S,S)-4 " 13 A (97)
6 (S,R,S)-5 " 14 A (80)
7 (S,R,5)-4 )()H< 15 A (87)
8 (S,S,S)-4 " 16 A (15)
9 (S,S,9)-4 e} — A (inseparable mixture)
% CFy
10 (S,R,S)-5 0 17 B (93)
oy
C (83)
11 (S,R,S)-7 " 18 D (60)
12 (S,R,S)-5 0 — B (starting material)
N
YOS
=
13 (S,R,S)-5 0 19 B (93)
1'1.)]\/\%
14 (S,R,S)-5 (@) 20 C (90)
O,

“ Method A: anhydride (2 equiv.), pyridine. Method B: acid (4 equiv.), DCC (8 equiv.), CH,Cl, then pyridine. Method C: acyl chloride (1.1 equiv.), DIEA
(1.1 equiv.), CH,Cl,. Method D: acid (1.1 equiv.), BOP (1.1 equiv.), DIEA (2.2 equiv.), CH,Cl,.

Other methods of acylation were investigated on a model reac-
tion, with the purpose of widening the scope of acyl structures to
be introduced. When direct coupling of benzoic acid and (S, R,S)-5
was performed in the presence of the coupling agent DCC (1,3-
dicyclohexylcarbodiimide), purification proved unsatisfying. The
use of EDCI (1-ethyl-3-(3’-dimethylaminopropyl)-carbodiimide
hydrochloride)'” did not improve the yields of this transformation.
However, when two equivalents of benzoic acid were first reacted
with DCC in dichloromethane, and then the N-hydroxy peptide
was added to the resultant anhydride, benzoylation of compound
(S,R,S)-5 was effective (Method B; entry 10). Benzoylation of
(S,R,S)-5 or (S,R,S)-7 was also possible using benzoyl chlo-
ride (Method C; entry 10) or benzoic acid in the presence
of the peptide coupling reagent BOP (benzotriazol-1-yloxytris-
(dimethylamino)phosphonium hexafluorophosphate)® (Method
D; entry 11). In the case of picolinic acid (Method B; entry 12),
no coupling product was detected and only the N-hydroxy peptide
(S,R,S)-5 could be recovered, in 97% yield.

Finally, two hydrophobic groups were grafted on (S,R,S)-5 in
high yields, leading to compound 19 presenting an unsaturation
(entry 13), and compound 20 exhibiting a palmitoyl side chain
(entry 14).

Synthesis of N-aminoacyloxy peptides

Grafting amino acyl groups on the oxygen atom of N-
hydroxy peptides would lead to diversified chemical structures
(Scheme 5).

DCC-mediated coupling of Boc-Phe-OH with racemic 3-
amino-1-hydroxypyrrolidin-2-one has been previously performed
in order to resolve the racemate via two diastereomeric N,0O-diacyl
derivatives.” Unfortunately, the previously described acylation
conditions turned out to be unfruitful when we tried to react
Boc-Gly-OH with (S,R,S)-5: we failed to purify the obtained
crude product. We then turned to the use of classical reagents for
amino acid activation, such as the phosphonium reagent BOP and

This journal is © The Royal Society of Chemistry 2006
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Scheme 5 Preparation of N-aminoacyloxy peptides.

the aminium—uronium reagent HATU (O-(7-azabenzotriazol-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate).

Using these reagents (Table 2), a fourth amino acid residue
could be grafted on pseudotripeptides (R,S)-6 or (S,R,S)-7: Boc—
Ala— (entries 1 and 2), Fmoc—Ala— (entry 3), Boc-Leu— (entry
4) and Boc-B-Ala- (entry 5). The corresponding N-aminoacyloxy
peptides were obtained in good yields, HATU being generally the
best coupling reagent.

Table 2 Preparation of N-aminoacyloxy peptides 21 to 27

Surprisingly, BOP- or HATU-mediated coupling of (S,R,S)-7
with Fmoc-Phe-OH or Boc-Gly—OH failed and only the starting
material could be recovered. The same disappointing result was
obtained for the reaction, carried out with BOP, of Fmoc-Gly-
OH with the Fmoc-protected (S,R,S)-7 or with the Boc-protected
(S,R,S)-7". On the other hand, compound 26 was isolated in 74%
yield using the same conditions (entry 6).

Finally, as symmetrical anhydrides proved to be efficient for
the synthesis of simple N-acyloxy peptides, we prepared the
isolated anhydride (Boc-Gly),0?' and reacted it successfully with
N-hydroxy peptides (S,S,S)-4 and (S,R,S)-5 to give compounds
26 and 27 in high yields. The DCC-mediated formation of
(BocGly),O followed by filtration of the urea and direct use led to
comparable results (entries 6 and 7).

Chemical modifications of /NV-acyloxy peptides

Elongation of the side chain. When the acyl group grafted on
the N-hydroxyl is a protected amino acid, this amino acid could in
principle serve for elongating a second peptidic chain. Therefore,
N-aminoacyloxy peptide 26 was treated with trifluoroacetic acid
to remove the Boc group and the resulting salt was reacted with
Boc-Ala—OH under standard coupling conditions (Scheme 6).
Pentapeptidic compound 28 was thus isolated in 72% yield (two
steps).

Entry Tripeptide Aminoacyl group Compound Method” (Yield %)
1 (R,S)-6 (0] 21 D (69)
HE)H/ NHBoc
E (84)
2 (S,R,S)-7 22 D (86)
E (56)
3 (S,R,S)-7 0 23 D (61)
E)k‘/ NHFmoc
E (72)
4 (S,R,S)-7 (o] 24 D (67)
1 NHBoc
E (77)
5 (S,R,S)-7 o] 25 D (88)
5T'A)J\/\NHBOC
6 (S,R,S)-5 0 26 B (88)
i"z.)k/ NHBoc
D (74)
7 (S.S,5)-4 K 27 B (85)

“ Method B: acid (4 equiv.), DCC (8 equiv.), CH,Cl, then pyridine. Method D: acid (1.1 equiv.), BOP (1.1 equiv.), DIEA (2.2 equiv.), CH,Cl,. Method

E: acid (1.1 equiv.), HATU (1.1 equiv.), DIEA (3.2 equiv.), DMF.
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Scheme 6 Side chain elongation. Reagents and conditions: 1) TFA. ii)
Boc-Ala-OH, EDCI, HOBt, DIEA, CH,Cl,.

Elongation at C-terminal position. The possibility of syn-
thesizing peptides presenting several N-acyloxy side chains of
different nature was also considered. To cope with the issue
of regioselectivity, the appropriate approach would be fragment
condensation, involving short N-acyloxy peptides. Elongation at
the C-terminal position is thus required and additives such as
HOBt (1-hydroxybenzotriazole) have to be used together with
DCC or EDCI, in order to avoid racemization.* This option was
validated with the N-acetyloxy tripeptide 11 (Scheme 7). The N—
O bond proved to be stable under the hydrogenolytic conditions
used to remove the benzyl group, leading to the carboxylic acid
29. Coupling with H-Phe-OBn gave the N-acyloxy tetrapeptide
30 in 74% yield.

Mm — OH

91%

_ " . BocHN \)k \)J\ OBn
74%

30

Scheme 7 Elongation at C-terminal position. Reagents and conditions: 1)
H,, Pd/C. ii) H-Phe-OBn-HCl, EDCI, HOBt, DIEA, CH,Cl,.

Elongation at N-terminal position and rearrangement. Finally,
we investigated the elongation at the N-terminal position. In
the case of Fmoc-protected N-acyloxy tripeptides, a O- to N-
intramolecular acyl migration could be foreseen. Actually, work-
ing independently on O-acyl hydroxamic acids derived from Fmoc-
protected amino acids, Braslau® and Phanstiel TV* simultane-
ously reported that the base-mediated cleavage of the Fmoc group
resulted in a rearrangement through a six-membered transition
state, leading to the formation of a new amide bond (Scheme 8).

A
NHMe, or NHEt, \

0
FmocHN\)J\ _R"
Y
R OYO
R R0

o /
H
R N\)J\ _R"
D
o) R OH

- Fmoc

Scheme 8 Rearrangement of O-acyl hydroxamic acids derived from
amino acids.??

Recently, other O- to N-intramolecular acyl transfer reactions
in peptides have been used to switch from soluble precursors
to aggregative molecules, either for synthetic purposes*® or for
the study of conformational transitions relevant to degenerative
diseases.”® This exciting concept prompted us to investigate
intramolecular acyl migration within our N-acyloxy peptides.

Compound 9 was treated with an excess of piperidine in order
to remove the Fmoc group. However, even if the Fmoc group
was indeed cleaved, piperidine reacted also on the carbonyl of
the acetyl group and the obtained product was the N-hydroxy
peptide H-Tle-¥[CO-N(OH)]-D-Val-Val-OBn (90% yield). On
the other hand, when we used diethylamine (6 equiv.) to cleave
the Fmoc group in compounds 14 and 17, the expected rearrange-
ment took place smoothly, to afford 31 and 32 in high yields
(Scheme 9).

0
FmocHN\)k \)k
W OBn

: 0 AL tart-m
© » 17:R4=Ph
26: R* = CH,NHBoc
o o)
NHEt, R¢ H\)j\ : H\)k
THF. 1t OO N Y o
O  OH 0 _A_

14 = 31;,9%4%
17 = 32,79%
26 —> no desired product

Scheme 9 Rearrangement of Fmoc-protected N-acyloxy peptides.

A similar migration of an aminoacyl group appeared even more
interesting. When compound 26, presenting a Boc—Gly-side chain,
was treated with diethylamine (1.5 equiv.) the cleavage of the
Fmoc group and that of the aminoacyl group were competitive
(Scheme 9). A mixture of compound 5 (Fmoc-protected), its
deprotected analog and Boc-Gly-NEt, was obtained. In the case
of a more sterically hindered Boc-Leu-side chain (peptide 24), no
attack on the carbonyl group occurred and the rearranged product
33 was isolated in 71% yield (Scheme 10).

When a Boc-protected N-acyloxy peptide is the substrate,
rearrangement can also be achieved (Scheme 11): treatment
of compound 30 or 11 with trifluoroacetic acid followed by
a basic treatment led to the formation in good yields of 34
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Scheme 10 Rearrangement-induced synthesis of N-hydroxy tetrapeptide.
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30 = 34,70%
11 = 35; 92% (ii) or quant. (iii)

Scheme 11 Rearrangement of Boc-protected N-acyloxy peptides.
Reagents and conditions: 1) TFA. i) CH,Cl,-aq. NaHCO;. iii)
Boc-Ala-OH, EDCI, HOBt, (DIEA), CH,Cl,.

and 35 respectively. Moreover, when the intermediate TFA salt
derived from 11 was reacted with Boc-Ala—OH in the presence
of EDCI-HOBt, only the rearranged product 35 was obtained
quantitatively, in the presence or absence of base.

Because of the rearrangement, a direct C — N elongation of
N-acyloxy peptides with the N-acyloxy amino acid in the second
position is not achievable. However, if the N-acyloxy amino acid
is not in the second position, the six-membered transition state
described in Scheme 8 cannot occur and elongation at the N-
terminal position should be possible. In order to demonstrate
this possibility, N-hydroxy tetrapeptide 33 was reacted with
benzoyl anhydride, leading to 36 in quantitative yield. Cleavage
of the Boc-group of 36 and coupling with Fmoc-Phe-OH
allowed the formation of N-acyloxy pentapeptide 37 in 74% yield
(Scheme 12).

PN

o = 0
; H R
33 — N\)J\ N\)J\
quant, BocHN ; l}lw 7~ TOEt
o * 0o 0 -~
=

36 Ph

74%

o) o : o)
- H H H
I, W FmocHN N A N
— > - N : N/ﬁ]/
-
N H
Ph o

Conclusion

A series of N-hydroxy peptides was synthesized and acyl groups
were grafted on the oxygen of the hydroxamate under a variety of
conditions. This allowed the introduction on the pseudopeptides
of'arange of acyl groups, including N-protected aminoacyl groups.

Elongation of the resulting N-acyloxy peptides is possible from
the C-terminal amino acid, and from the aminoacyloxy side chain.
Depending on the position of the N-acyloxy amino acid in the
peptide, deprotection of the N-terminal nitrogen leads to a O-
to N-intramolecular acyl migration or allows coupling with an
additional amino acid.

The reactivity of other functionalized side chains is currently
under study and results will be reported in due course.

Experimental (see also ESI)
General procedures

All non-aqueous reactions were performed using oven-dried glass-
ware under an atmosphere of argon. Standard inert atmosphere
techniques were used in handling all air and moisture sensitive
reagents. CH,Cl, and EtOH were freshly distilled from CaH,,
and THF from sodium benzophenone ketyl. Unless otherwise
stated, reagents were purchased from chemical companies and
used without prior purification. Triethylamine and diethylamine
were freshly distilled from CaH,. Pyridine was distilled from CaH,
and kept over KOH pellets. For chromatographic purification,
reagent grade solvents were used as received. Reactions were
monitored by thin layer chromatography (TLC) using aluminium-
backed silica gel plates (Merck, Kieselgel 60 F.s,). TLC spots
were viewed under ultraviolet light and by heating the plate after
treatment with a staining solution of KMnO, (300 mL water, 3 g
KMnO,, 20 g K,CO;, 0.3 g KOH), or ninhydrine (200 mL EtOH,
1 g ninhydrine), or TTC (for N-hydroxylamines; 100 mL EtOH,
0.5 g 2,3,5-triphenyl tetrazolium chloride). Product purification
by flash chromatography was performed using Macherey Nagel
Silica Gel 60 M (230-400 mesh). Melting points were determined
with a Biichi B-540 apparatus and are given uncorrected. Optical
rotations were measured on a Perkin Elmer 341 polarimeter; the
corresponding concentration is reported in g 100 cm~*. Infrared
(IR) spectra were obtained either from neat films, from a thin
film of a dichloromethane solution of the compound on sodium
chloride discs, or from a dispersion of the compound in a KBr
plate. IR spectra were recorded on a Nicolet Impact-400 FT-IR
spectrometer and the data are reported as absorption maxima
in cm™'. "H NMR (200 or 300 MHz) and “C NMR (75 MHz)
spectra were run on either a Bruker AC200 or Advance300
spectrometer, and obtained from CDCl; (6¢ 77.2 ppm; standard

<" SOEt
/_\

37 Ph

Scheme 12 Elongation at the N-terminal position. Reagents and conditions: 1) (PhCO),0, pyridine. ii) TFA. iii) Fmoc-Phe-OH, EDCI, HOBt, DIEA,

CH,Cl,.
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for 'H spectra: tetramethylsilane 6,; 0.0 ppm). Multiplicities are
reported as follows: s = singlet, d = doublet, t = triplet, q =
quadruplet, h = heptuplet, m = multiplet, dd = doublet of doublet,
dt = doublet of triplet, dq = doublet of quadruplet, br = broad;
coupling constants J and d, — dy (for AB spin system) are reported
in Hz. Mass spectra (LRMS) were recorded on a Bruker Esquire
3000 plus (ESI) or a ThermoFinnigan PolarisQ EI/CI ion-trap
spectrometer (DCI; ammonia—-isobutane 62 : 38). Exact mass
spectra (HRMS) were recorded at the “Service Central d’Analyses
du CNRS”, Vernaison, France, or at the “Centre Régional
de Mesures Physiques de 1’Ouest”, Rennes, France. Elemental
analyses were performed at the “Service Central d’Analyses du
CNRS?”, Vernaison, France.

Synthesis of N-hydroxy-amino esters 3

(S,S)- and (R,S)-HN(OH)-Val,—Val,—OBn (3a). To a solu-
tion of 2a (700 mg, 2.2 mmol) in CH,Cl, (35 mL) at room
temperature was added BH;-NMe; (320 mg, 4.00 mmol). HCI,
(prepared from H,SO, and NH,Cl) was bubbled through the
mixture for 2 h. Na,CO,; (3 g) and MeOH (1 mL) were then
added and the suspension was stirred overnight. Removal of the
solvent under reduced pressure followed by purification by flash
chromatography (silica gel, CH,Cl,-MeOH 100 : 0 to 98 : 2) of the
residue allowed isolation as pale yellow oils, of, first, pure (S,S)-
3a (166 mg, 0.51 mmol, 23%), second, a circa 1 : 1 mixture* of
(S,S)- and (R,S)-3a (211 mg, 0.65 mmol, 30%), and third, (R,S)-3a
(271 mg, 0.84 mmol, 38%). The latter could be crystallized into a
white solid from CH,Cl,—cyclohexane.

(S,S)-3a. R;0.25(CH,ClL,-MeOH 95 : 5). [a]p* +22.5° (¢ 2.82
in CHCI,). 4 (300 MHz; CDCl;) 7.40-7.25 (SH, m, CH,,), 7.04
(1H, d, J 9.4, NH), 5.14 (2H, ABq, J 12.2, 6, — J5 19.1, CH,
—OBn), 4.71 (1H, dd, J 4.5 and 9.4, CH,, Val,), 3.33 (1H, d, J 6.4,
CH, Val,), 2.20-2.30 (1H, m, CH,y, Val,), 2.00-1.87 (1H, m, CHjp,
Val,),0.99 (3H,d, J 6.9, CH;),0.98 (3H,d, J 7.2, CHj;), 0.95 (3H, d,
J 7.0, CH;), 0.84 (3H, d, J 6.9, CHj;). d. (75 MHz; CDCl;) 173.0,
172.8 (C=0), 135.3 (C,,), 128.8, 128.7, 128.5 (CH,,), 73.1 (CH,
Val,), 67.5 (CH, —-OBn), 56.8 (CH,, Val,), 31.0 (CHj, Val,), 29.2
(CHjp, Val)), 19.6, 19.4 (2 peaks), 17.5 (CH;). IR: 3377, 2965, 1739,
1655, 1524, 1193, 752, 698. LRMS (DCI) m/z: 323.0 (M + H)*,
339.8 (M + NH,)*. Anal.: found, C63.0; H8.3; N8.9. C;;H,xN,O,
requires C63.3; H8.1; N8.7%.

(R,S)-3a. Mp: 84 °C. R; 0.20 (CH,Cl,-MeOH 95 : 5). [a]p*
+7.1° (¢ 3.21 in CHCl,). 0y (300 MHz; CDCl;) 7.37-7.32 (5H, m,
CH,,), 6.82 (1H, d, J 8.8, NH), 5.17 (2H, ABq, J 12.2, J, — Js
26.8, CH,-OBn), 4.67 (1H, dd, J 4.7 and 8.8, CH,, Val,), 3.31 (1H,
d, J 6.4, CH, Val,), 2.30-2.16 (1H, m, CHj, Val,), 2.06-1.92 (1H,
m, CHj, Val,), 0.99 (3H, d, J 6.9, CH;), 0.96 (3H, d, J 6.3, CHj,),
0.94 (3H, d, J 6.8, CH;), 0.84 (3H, d, J 6.9, CH,). . (75 MHz;
CDCly) 172.7, 172.1 (C=0), 135.5 (C,,), 128.8, 128.6 (2 peaks)
(CH,,), 72.4 (CH, Val,), 67.3 (CH, -OBn), 57.1 (CH, Val,), 31.4
(CHjp, Valy), 29.3 (CHjp, Val)), 19.8, 19.3, 19.0, 18.0 (CH,;). IR:
3362, 2965, 1717, 1675, 1535, 1281, 1006, 743. LRMS (DCI) m/z:
322.9 (M + H)*, 339.7 (M + NH,)*. HRMS (ESI +) m/z: found,
345.1788; C,;H,N,0,Na requires 345.1790.

(S,S)- and (R,S)-HN(OH)-Ala-Val-OEt (3b). To a mixture
of 2b (1981 mg, 8.6 mmol) and BH;-NMe; (941 mg, 12.9 mmol)
was added dropwise at 0 °C a 7 N ethanolic solution of HCI
(137 mL) and the mixture was stirred at room temperature

overnight. The solvent was then evaporated under reduced pres-
sure and the colourless oil was taken up in CH,Cl, (100 mL).
Na,CO; (8 g) was added and the suspension was stirred for
1 h, then filtered. Evaporation of the solvent under reduced
pressure followed by purification by flash chromatography (silica
gel, CH,CL,-MeOH 99 : 1 t0 93 : 7) allowed isolation of, first, pure
(S,5)-3b (764 mg, 3.3 mmol, 38%), second, a mixture of (S,S)-
and (R,S)-3b (678 mg, 2.9 mmol, 34%),”® and third, pure (R,S)-3b
(171 mg, 0.7 mmol, 9%), as colourless oils.

(S,S)-3b. R;0.21 (CH,Cl,-MeOH 98 : 2). [a]p* —16.82 (¢ 1.76
in CHCL,). 4 (200 MHz; CDCl,) 7.16 (1H, d, J 9.3, NH), 6.03
(1H, br s, NOH), 4.59 (1H, dd, J 4.9 and 9.3, CH,, Val), 4.32-4.09
(2H, m, CH, —-OEt), 3.65 (1H, q, J 7.0, CH,, Ala), 2.32-2.10 (1H,
m, CHj, Val), 1.29 (3H, t, J 7.2, CH; -OEt), 1.26 3H, d, J 7.2,
CH; Ala), 0.96 (3H, d, J 6.8, CH; Val), 0.92 (3H, d, J 6.8, CH;
Val). - (75 MHz, CDCl;) 173.8, 172.4 (C=0), 61.6, 61.4 (CH,
—-OEt, CH, Ala), 56.5 (CH, Val), 31.0 (CHj, Val), 18.8, 17.5 (CH;
Val), 15.3 (CH; Ala), 14.0 (CH; —OEt). IR: 3284, 2962, 1651, 1543,
1202, 1018. LRMS (DCI) m/z: 233.1 (M + H)*.

(R,S)-3b. R;0.20 (CH,Cl,-MeOH 98 :2). [a]p* +26.05 (¢ 0.76
in CHCI,). 6, (300 MHz; CDCl;) 7.16 (1H, d, J 9.1, NH), 5.90
(1H, br s, NOH), 4.58 (1H, dd, J 5.1 and 9.1, CH,, Val), 4.27-4.13
(2H, m, CH, —-OEt), 3.67 (1H, q, J 6.9, CH,, Ala), 2.26-2.15 (1H,
m, CH,, Val), 1.28 (3H, t, J 7.2, CH; -OEt), 1.28 (3H, d, J 6.9,
CH, Ala),0.96 (3H, d, J 6.8, CH; Val), 0.93 (3H, d, J 6.8, CH; Val).
dc (75 MHz, CDCl,) 173.7, 172.2 (C=0), 61.2 (CH, -OEt, CH,
Ala), 56.8 (CH, Val), 31.1 (CHy, Val), 18.9, 17.7 (CH; Val), 15.2
(CH; Ala), 14.1 (CH; —OEt). IR: 3329, 2962, 2917, 1730, 1651,
1516, 1022. HRMS (ESI +) m/z: found, 255.1321; C,,H,N,0O,Na
requires 255.1321.

(S,S)- and (R,S)-HN(OH)-Ala-Leu—-OEt (3¢c). The title com-
pounds were prepared as described for 3b starting from 2c
(2443 mg, 10.0 mmol). Purification by flash chromatography (silica
gel, CH,Cl,-MeOH 99 : 1 to 93 : 7) allowed isolation of, first, pure
(S,8)-3c (641 mg, 2.6 mmol, 26%), second, a mixture of (S,S)-
and (R,S)-3c (833 mg, 3.4 mmol, 34%),? and third, pure (R,S)-3¢
(491 mg, 2.0 mmol, 20%), as colourless oils.

(S,S)-3¢. R;0.20(CH,Cl,-MeOH95:5).[a]p® —20.4(c1.39in
CHCl,). dy (200 MHz; CDCl;) 6.95 (1H, d, J 9.6, NH), 4.75-4.65
(1H, m, CH, Leu), 4.20 (2H, q, J 7.1, CH, -OEt), 3.65 (1H, q, J
7.1, CH, Ala), 1.72-1.51 (3H, m, CH, Leu, CHj, Leu), 1.29 (3H,
t, J 7.1, CH; -OEt), 1.24 (3H, d, J 7.1, CH; Ala), 0.96 (3H, d, J
5.8, CH; Leu), 0.95(3H, d, J 6.2, CH; Leu). IR: 3288, 2962, 1741,
1673, 1516, 1190, 1029.

(R,S)-3¢. R; 0.15 (CH,Cl,-MeOH 95 : 5). Jy (200 MHz;
CDCl,) 6.91 (1H, d, J 8.9, NH), 4.72-4.60 (1H, m, CH, Leu),
4.19 (2H, q, J 7.0, CH, -OEt), 3.64 (1H, q, J 6.9, CH, Ala), 1.75—
1.52 (3H, m, CH, Leu, CHy, Leu), 1.30 (3H, d, J 6.9, CH; Ala),
1.28 (3H, t, J 7.0, CH; -OEt), 0.96 (6H, d, J 5.2, CH; Leu). IR:
3288, 2962, 1741, 1673, 1516, 1190, 1029.

(8,S5)- and (R,S)-HN(OH)-Val-Phe-OBn (3d). The title com-
pounds were prepared as described for 3a starting from 2d
(674 mg, 1.8 mmol). Purification by flash chromatography (silica
gel, CH,Cl,-MeOH 99.75 : 0.25 to 96 : 4) allowed isolation of,
first, pure (S,S)-3d (white solid, 163 mg, 0.4 mmol, 24%), second,
a circa 1 : 1 mixture of (S,S)- and (R,S)-3d (189 mg, 0.5 mmol,
28%), and third, (R,S)-3d (350 mg) with an impurity. The last
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fraction was recrystallized in CH,Cl,—cyclohexane to give 80 mg
(0.2 mmol, 12%) of (R,S)-3d as a white solid.

(S,S)-3d. Mp: 103.5°C. R;0.32 (CH,Cl,-MecOH 95 : ). [a]p*
—0.3° (¢ 1.00 in CHCI;). dy (200 MHz; CDCl;) 7.40-7.03 (10H,
m, CH,,), 6.85 (1H, d, J 8.9, NH), 5.16 2H, ABq, J 12.2, 5, —
o3 18.3, CH, —OBn), 5.06 (1H, m, CH, Phe), 3.26 (1H, d, J 6.8,
CH, Val), 3.13 (2H, ABX,°J 6.2,°J 14.1,5, — d3 14.6, CH, Phe),
1.90-1.70 (1H, m, CH,, Val), 0.88 (3H, d, J 6.8, CH; Val), 0.87
(3H, d, J 6.8, CH, Val). 5. (75 MHz; CDCL,) 172.4, 172.3 (C=0),
135.9,135.1(C,,), 129.7129.5, 129.4, 129.2, 128.8, 128.7 (2 peaks),
128.6,127.2,127.1 (CH,,), 72.8 (CH,, Val), 67.6 (CH, —-OBn), 52.6
(CH, Phe), 38.1 (CH, Phe), 29.1 (CH, Val), 19.5, 19.2 (CH, Val).
IR: 3302, 2966, 1738, 1667, 1525, 1448, 1184, 739, 691. LRMS
(DCI) m/z:370.9 (M + H)*, 387.8 (M + NH,)*. HRMS (ESI +):
found, 393.1792; C,;H,N,O,Na requires 393.1790.

(R,S)-3d. Mp: 119-120 °C. R; 0.24 (CH,Cl,-MeOH 95 : 5).
[a]o> —0.17° (¢ 1.07 in CHCL,). 6,1 (200 MHz; CDCly) 7.40-7.05
(10H, m, CH,,), 6.80 (1H, d, J 7.9, NH), 5.18 (2H, ABq, J 12.2,
dx — 5 18.7, CH, ~OBn), 4.97 (1H, dt, J 6.5 and 7.9, CH, Phe),
3.22(1H, d, J 5.8, CH, Val), 3.17 (2H, ABX, °J 6.4,°J 14.0,5, —
J5 38.5, CH, Phe), 2.00-1.80 (1H, m, CH,, Val), 0.92 (3H, d, J 6.3,
CH, Val), 0.89 (3H, d, J 6.3, CH, Val). 5. (75 MHz; CDCL,) 172.1,
171.7 (C=0), 136.3, 135.3 (C,,), 129.4, 128.8, 127.4 (CH,,), 72.4
(CH, Val), 67.5 (CH, ~OBn), 52.8 (CH, Phe), 37.9 (CH, Phe), 29.2
(CHy, Val), 19.6, 18.9 (CH, Val). IR: 3308, 2951, 1728, 1644, 1539,
1280, 753. LRMS (DCI): 371.1 (M + H)*, 387.8 (M + NH,)".

(S,S)- and (R,S)-HN(OH)-Val-Ile-OBn (3¢). The title com-
pounds were prepared as described for 3a starting from 2e
(500 mg, 1.5 mmol). Purification by flash chromatography (silica
gel, CH,Cl,-MeOH 99.75 : 0.25 to 96 : 4) of the residue allowed
isolation of, first, pure (S,S)-3e (yellow oil, 41 mg, 0.12 mmol,
8%), second, a circa 1 : 1 mixture of (S,S)- and (R,S)-3e (233 mg,
0.69 mmol, 46%), and third, pure (R,S)-3e (yellow oil, 84 mg,
0.25 mmol, 17%).

(S,S)-3e. R;0.22(CH,CL-MeOH95:5).d, (200 MHz; CDCl,)
7.25-7.45 (SH, m, CH,,), 7.02 (1H, d, J 9.5, NH), 5.17 (2H, ABgq,
J 12.0,3, — 0, 24.6, CH, ~OBn), 4.75 (1H, dd, J 4.5 and 9.5, CH,
Tle), 3.33 (1H, d, J 6.5, CH, Val), 2.10-1.85 (2H, m, CH,, Val,
CH,, Tle), 1.50-1.20 (1H, m, CHH TIle), 1.20-1.00 (1H, m, CHH
Tle), 0.99 (3H, d, J 7.2, CH,), 0.97 3H, d, J 6.9, CH,), 0.93 (3H,
d, J 6.9, CH,), 0.86 (3H, t, J 7.4, CH, Ile). 6 (75 MHz; CDCL,)
173.1, 172.8 (C=0), 135.3 (C,.), 128.8, 128.7, 128.6, 128.5 (CH.,),
73.0 (CH, Val), 67.5 (CH, ~OBn), 56.3 (CH, Ile), 37.7 (CH, Ile),
29.2 (CHj, Val), 25.0 (CH,y, Ile), 19.6, 19.3, 16.0, 11.7 (CH,). IR:
3299, 2964, 1739, 1666, 1518, 1456, 1190, 1146, 996, 698.

(R,S)-3e. R; 0.15 (CH,CL-MeOH 95 : 5). o (200 MHz;
CDCl,) 7.38-7.30 (5H, m, CH,,), 6.95 (1H, d, J 8.6, NH), 5.16
(2H, ABq, J 12.3,5, — 6, 20.6, CH, —OBn), 4.72 (1H, dd, J 4.8
and 8.6, CH, Ile), 3.31 (1H, d, J 6.2, CH, Val), 2.10-1.85 (2H,
m, CHy, Val, CHy, Tle), 1.50-1.30 (1H, m, CHH Ile), 1.30-1.00
(1H, m, CHH Ile), 0.96 3H, d, J 6.9, CH,), 0.95 (3H, d, J 6.9,
CH,), 0.90 3H, d, J 6.9, CH,), 0.87 (3H, t, J 7.4, CH, Ile). dc
(75 MHz; CDCl,) 172.7, 172.1 (C=0), 135.4 (C,,), 128.7, 128.6,
128.5 (CH,,), 72.3 (CH, Val), 67.2 (CH, —OBn), 56.5 (CH, Ile),
38.0 (CH, Ile), 29.2 (CHy, Val), 25.3 (CHy, Ile), 19.7, 19.1, 15.7,
11.7 (CH,). IR: 3319, 2964, 1738, 1666, 1462, 1188, 1002, 698.

Synthesis of N-hydroxy-peptides 4 to 7

Fmoc-Ile,—¥|CO-N(OH)|-Val,—Val;-OBn ((§,S,5)4). To a
solution of (S,S5)-3a (215 mg, 666 pmol) in CH,Cl, (15 mL) at
room temperature were added NaHCO; (168 mg, 1998 pumol)
and Fmoc-Ile-Cl (301 mg, 854 umol). The mixture was stirred
overnight. Evaporation of the solvent under reduced pressure
followed by purification by flash chromatography (silica gel,
CH,Cl,-MeOH 100 : 0 to 95 : 5) gave (S.S,S)-4 (353 mg,
0.54 mmol, 81% yield) as a white solid. Mp: 160-161 °C. R;
0.41 (CH,Cl,-MeOH 95 : 5). [a]p® —18.28° (¢ 1.02 in CHC,).
Ju (200 MHz; CDCI;) 8.73-8.39 (2H, m, NH Val;, NOH), 7.72
(2H, d, J 7.4, CH,, Fmoc), 7.64 (2H, d, J 7.3, CH,, Fmoc), 7.45—
7.10 (9H, m, CH,,), 6.55 (1H, d, J 9.7, NH Ile,), 5.30-5.20 (2H,
m, CHH -OBn, CH, Val,), 5.10-4.95 2H, m, CHH -OBn, CH,,
Ile,), 4.75 (1H, dd, J 4.7 and 8.8, CH, Val;), 4.52-4.07 (3H, m,
CH Fmoc, CH, Fmoc), 2.50-2.29 (1H, m, CHj, Val,), 2.26-2.06
(1H, m, CHjp, Valy), 1.92-1.73 (1H, m, CHg, Ile,), 1.55-1.37 (1H,
m, CHH Ile)), 1.20-0.70 (19H, m, CHH Ile,, CH; Ile,, CH; Val,,
CH; Val;). 6. (75 MHz; CDCl;) 173.3,171.9, 171.7 (C=0), 156.8
(C=0 Fmoc), 144.2 (2 peaks), 141.4 (2 peaks) (C,. Fmoc), 135.1
(C., —OBn), 128.7, 128.6, 128.4, 127.7, 127.0, 125.3, 120.0 (CH,,),
67.5, 67.0 (CH, Fmoc, CH, —-OBn), 63.1 (CH, Val,), 56.6 (CH,
Val;), 55.3 (CH, Ile,), 47.4 (CH Fmoc), 37.6 (CHg, Ile,), 32.0
(CHjp, Valy), 27.6 (CHjp, Valy), 24.5 (CH, Ile)), 19.9, 19.1, 18.8,
17.6 (CH; Val), 15.5, 11.4 (CH; Ile)). IR: 3386, 3302, 2964, 1719,
1629, 1522, 1236, 740. LRMS (DCI) m/z: 675.7 (M + NH,)*.
HRMS (ESI +) m/z: found, 680.3311; C;xH,;N;0O,Na requires
680.3312.

Fmoc-Ile,—~¥[CO-N(OH)}-p-Val,—Val,—~OBn ((S,R,S)-4). The
title compound was prepared as described for (S,R,S)-4 using
(R,S)-3a (50 mg, 0.155 mmol). Purification by flash chromatog-
raphy (silica gel, CH,Cl,-MeOH 98.5 : 1.5 to 98 : 2) followed by
recrystallization form CH,Cl,—cyclohexane gave (S,R,S)-4 (77 mg,
0.117 mmol, 76%) as a white solid. Mp: 164 °C. R; 0.61 (CH,Cl,—
MeOH 95 : 5). [a]p® +19.7 (¢ 1.20 in CHCL). dy4 (200 MHz;
CDCl,) 8.57 (1H, s, NOH), 7.73 (2H, d, J 7.2, CH,, Fmoc), 7.57
(2H,d, J 7.2, CH,, Fmoc), 7.44-7.18 (9H, m, CH,,), 7.03 (1H, d, J
7.8, NH Val;), 5.83 (1H, d, J 9.6, NH Ile,), 5.05 (2H, ABq, J 12.2,
0 — 03 28.8, CH, —OBn), 4.98-4.85 (1H, m, CH, Ile,), 4.86 (1H,
d, J 9.6, CH, Val,), 4.54 (1H, dd, J 4.8 and 7.8, CH,, Val,), 4.44—
4.32 (1H, m, CHH Fmoc), 4.26-4.11 (2H, m, CH Fmoc, CHH
Fmoc), 2.62-2.34 (1H, m, CH,, Val,), 2.26-2.07 (1H, m, CHjp,
Val), 2.04-1.80 (1H, m, CHg, Ile,), 1.63-1.37 (1H, m, CHH Ile)),
1.30-0.70 (19H, m, CHH Ile,, CH; Ile,, CH; Val,, CH; Val;,).
dc (75 MHz, CDCl,) 172.1, 171.6 (C=0), 156.9 (C=0 Fmoc),
144.2, 144.0, 141.4 (C,, Fmoc), 135.2 (C,, —-OBn), 128.7, 128.6 (2
peaks), 127.8, 127.2, 125.4, 120.1 (CH,,), 67.5, 67.3 (CH, Fmoc,
CH,-OBn), 63.6 (CH,, Val,), 57.7 (CH, Val,), 55.8 (CH, Ile,), 47.4
(CH Fmoc), 37.4 (CHg, Ile,), 31.0 (CHjp, Val;), 27.9 (CH;p, Val,),
24.1 (CH, Ile)), 19.7, 19.4, 19.1, 18.1 (CH,; Val), 16.1, 11.6 (CH;
Ile;). IR: 3319, 2964, 1735, 1701, 1655, 1611, 1534, 1249, 740.
LRMS (ESI +) m/z: 658.2 (M + H)*, 680.3 (M + Na)*, 696.2
(M + K)*. Anal.: found, C69.2; H7.3; N6.4. C;3H,;N;0O, requires
C69.4; H7.2; N6.4%.

Fmoc-Ala,—~¥[CO-N(OH)]-p-Val,—Val;—OBn ((S,R,S)-5).
The title compound was prepared as described for (S,R,S)-
4 using (R,S)-3a (235 mg, 728 pmol). Purification by flash
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chromatography (silica gel, pentane-EtOAc 9 : 1 to 1 : 1) gave
(S,R,S)-5 (379 mg, 626 umol, 86%) as a white solid which can
be recrystallized from CH,Cl,—cyclohexane. Mp: 184-185 °C. R;
0.39 (CH,Cl,-MeOH 95 : 5). [a]p® +7.8° (¢ 1.00 in CHCL). oy
(300 MHz; CDCl,) 8.6 (1H, s, NOH), 7.75 (2H, d, J 7.6, CH,,
Fmoc), 7.59 (2H, dd, J 7.0, 7.0, CH,, Fmoc), 7.40-7.20 (9H, m,
CH,,), 6.86 (1H, d, J 8.2, NH Val;), 5.95 (1H, d, J 8.2, NH Ala,),
5.12 (2H, ABq, J 12.2,6, — J5 22.8, CH, -OBn), 5.05-4.97 (1H,
m, CH, Ala,), 4.78 (1H, d, J 9.6, CH,, Val,), 4.55 (1H, dd, J 4.6
and 8.2, CH, Val;), 4.36-4.17 (3H, m, CH Fmoc, CH, Fmoc),
2.60-2.40 (1H, m, CHjp, Val,), 2.30-2.10 (1H, m, CHjp, Val;), 1.43
(3H, d, J 6.8, CH; Ala,), 1.04 (3H, d, J 6.7, CH; Val,), 0.98 (3H,
d, J 6.7, CH; Val,), 0.90 (3H, d, J 6.9, CH, Val), 0.85 (3H, d, J
6.8, CH; Valy). 6. (75 MHz; CDCl;) 175.8, 172.9, 171.6 (C=0),
156.0 (C=0 Fmoc), 144.2, 144.0, 141.4 (C,. Fmoc), 135.2 (C,,
-OBn), 128.8, 128.7, 127.8, 127.2, 125.4, 124.8, 120.1 (CH,,),
67.6, 67.2 (CH, -OBn, CH, Fmoc), 63.7 (CH,, Val,), 57.7 (CH,,
Val;), 47.6 (CH, Ala,), 47.3 (CH Fmoc), 31.1 (CHj, Val;), 28.0
(CHjp, Valy), 19.7, 19.3, 19.2, 18.8, 18.0 (CH;). IR: 3248, 3068,
2964, 1744, 1697, 1663,1610, 1551, 1105, 758, 739. HRMS (ESI
+) m/z: found, 616.3028; C;sH,,N;0O; requires 616.3023.

Fmoc-Gly-¥[CO-N(OH)]-pD-Ala-Leu-OEt ((R,S)-6). The
title compound was prepared as described for (S,R,S)-4 using
(R,S)-3¢ (100 mg, 0.406 mmol) and Fmoc-Gly-Cl (132 mg,
0.418 mmol). Purification by flash chromatography (silica gel,
pentane-EtOAc 1 : 1) gave (R,S)-6 (181 mg, 0.345 mmol, 85%)
as a white solid. Mp: 147-148 °C. R; 0.55 (pentane-AcOEt 1 :
1). [a]p® 4+9.5 (¢ 1.94 in CHCl,). 4 (200 MHz; CDCl;) 8.48 (1H,
br s, NOH), 7.75 (2H, d, J 6.9, CH,,), 7.60 (2H, d, J 7.2, CH,,),
7.46-7.24 (4H, m, CH,,), 6.80 (1H, d, J 8.2, NH Leu), 5.90-5.70
(1H, m, NH Gly), 5.40-5.10 (1H, m, CH,, Ala), 4.70-4.50 (1H,
m, CH, Leu), 4.50-4.05 (7H, m, CH, Gly, CH, Fmoc, CH Fmoc,
CH, -OEt), 1.75-1.50 (3H, m, CH, Leu, CHy, Leu), 1.47 (3H, d,
J 6.5, CH; Ala), 1.26 (3H, t, J 7.0, CH; —OEt), 1.0-0.8 (6H, m,
CH; Leu). o (75 MHz, CDCl;) 173.88, 171.9, 170.5 (C=0), 157.0
(C=0 Fmoc), 144.0 (2 peaks), 141.4 (C,,), 127.8, 127.2, 125.3,
120.1 (CH,,), 67.5 (CH, Fmoc), 62.0 (CH, —OEt), 54.7 (CH, Ala),
51.1 (CH, Leu), 47.2 (CH Fmoc), 42.6 (CH, Gly), 40.9 (CH,
Leu), 25.0 (CHjg, Leu), 22.9, 21.8 (CH; Leu), 14.2 (CH; —OEt),
13.9 (CH; Ala). IR: 3265, 2955, 1737, 1706, 1666, 1619, 1555,
1451, 1264, 737. LRMS (DCI) m/z: 542.7 (M + NH,)*. HRMS
(ESI +) m/z: found, 548.2370; CxH1sN;O;Na requires 548.2373.

Fmoc-Ala,—~¥[CO-N(OH)]-p-Ala,—Val,—OEt ((S,R,S)-7).
The title compound was prepared as described for (S,R,S)-4
using (R,S)-3b (408 mg, 1.756 mmol) and Fmoc-Ala—Cl (608 mg,
1.844 mmol). Purification by flash chromatography (silica gel,
pentane-EtOAc 1 : 1) gave (S,R,S)-7 (698 mg, 1.328 mmol, 76%)
as a white solid. Mp: 173 °C. R; 0.38 (pentane-EtOAc 1 : 1). [a]p*
+28.6 (¢ 1.00 in CHCL). d, (300 MHz; CDCl;) 8.46 (1H, br s,
NOH), 7.75 (2H, 4, J 7.6, CH,,), 7.59 (2H, d, J 7.4, CH,,), 7.39
(2H, dd, J 7.4 and 7.4, CH,,), 7.30 (2H, dd, J 7.4 and 7.4, CH,,),
6.84 (1H, d, J 9.1, NH Val,), 5.82 (1H, d, J 7.6, NH Ala,), 5.32
(1H, q, J 7.0, CH, Ala,), 4.99 (1H, dq, J 6.8 and 7.6, CH, Ala,),
4.52 (1H, dd, J 4.8 and 9.1, CH, Val;), 4.35-4.31 (2H, m, CH,
Fmoc), 4.22-4.12 (3H, m, CH Fmoc, CH, —OEt), 2.20 (1H, dh, J
4.8 and 6.9, CHy, Valy), 1.49 (3H, d, J 7.0, CH; Ala,), 1.41 (3H,
d, J 6.8, CH; Ala,), 1.23 (3H, t, J 7.2, CH; -OEt), 0.93 (3H, d, J
6.9, CH, Val,), 0.87 (3H, d, J 6.9, CH; Val;). . (75 MHz, CDCl;)

173.6 (C=0 Ala,), 173.3 (C=0 Val;), 171.8 (C=0 Ala,), 156.4
(C=0 Fmoc), 144.0, 141.4 (C,,), 127.9, 127.2,125.3, 120.1 (CH,,),
67.4 (CH, Fmoc), 62.1 (CH, -OEt), 57.7 (CH, Valy), 54.5 (CH,,
Ala,), 47.2 (CH, Ala,, CH Fmoc), 30.7 (CH;;, Val;), 19.2, 17.8
(CH; Valy), 17.6 (CH; Ala,), 14.3 (CH; —OEt), 13.7 (CH; Ala,).
IR: 3302, 2965, 1739, 1708, 1670, 1618, 1540, 1251, 740. LRMS
(DCI) m/z: 542.8 (M + NH,)*. Anal.: found, C64.2; H6.7; N8.0.
CxHisN;O; requires C64.0; H6.7; N8.0%.

H-Ile,—~¥|CO-N(OH)]-Val,-Val;—OBn ((S,S,5)-4'). To a so-
lution of (S,S,S)-4 (203 mg, 309 umol) in THF (7 mL) at
room temperature was added piperidine (1.5 mL). The mixture
was stirred for 3 h. Evaporation of the solvent under reduced
pressure followed by purification by flash chromatography (silica
gel, pentane-EtOAc 1 : 1, EtOAc, then CH,Cl,-MeOH 90 : 10)
gave (S5,5,5)-4' (113 mg, 0.26 mmol, 84%) as a pale yellow solid.
Mp: 116 °C. R; 0.10 (CH,Cl,-MeOH 95 : 5). [a]p® —11.7° (¢ 1.00
in CHCl,). dy (300 MHz; CDCl;) 7.83 (1H, d, J 8.9, NH Val,),
7.40-7.30 (5H, m, CH,,), 5.16 2H, ABq, J 12.2,0, — 5 34.1, CH,
-OBn), 4.90 (1H, d, J 10.5, CH,, Val,), 4.60 (1H, dd, J 5.3 and 8.9,
CH, Valy), 3.87 (1H, d, J 6.3, CH, Ile,), 2.50-2.35 (1H, m, CHjp,
Val,), 2.25-2.10 (1H, m, CHjp, Valy), 1.75-1.60 (1H, m, CHg, Ile)),
1.60-1.45 (1H, m, CHH Tle,), 1.20-1.05 (1H, m, CHH TIle,), 0.98
(3H, d, J 6.5, CH; Val,), 0.97 (3H, d, J 6.6, CH; Val,), 0.90 (3H,
d, J 7.0, CH;), 0.88 (3H, d, J 7.4, CHj;), 0.84-0.78 (6H, m, CHj;).
Jc (75 MHz; CDCl;) 175.0, 172.7, 171.4 (C=0), 135.4 (C,,), 128.7
(CH,,), 67.2 (CH, -OBn), 64.6 (CH, Val,), 57.1 (CH, Val;), 56.0
(CH, Ile,), 38.1 (CHg, Ile,), 31.3 (CHj, Val,), 27.8 (CHjp, Valy),
24.2 (CH, Ile)), 19.8, 19.2, 17.8, 16.0, 11.4 (CH,). IR: 3289, 3192,
2953, 1738, 1667, 1615, 1563, 1182, 704. LRMS (DCI) m/z: 436.1
(M + H)*. HRMS (ESI +) m/z: found, 436.2811; C,;H3;N;0;
requires 436.2811.

H-Ala,—¥[CO-N(OH)]-p-Ala,—Val,—OEt ((S,R,S)-7"). The
title compound was prepared as described for (S,S,S)-4" using
(S,R,S)-7 (123 mg, 0.234 mmol). Purification by flash chromatog-
raphy (silica gel, CH,Cl,-MeOH 9 : 1 to 8 : 2) followed by
crystallization from pentane gave (S,R,S)-7' (70 mg, 0.231 mmol,
99%) as a white solid. Mp: 84 °C. R; 0.17 (CH,Cl,-MeOH 8 : 2).
[a]p® 4+49.0 (¢ 1.00 in CHCl;). d4 (200 MHz; CDCl;) 7.50 (1H, d,
J 8.6, NH Val,), 5.50-4.50 (3H, br + q (5.07), J 7.0, CH,, Ala,,
NH, Ala,), 4.50 (1H, dd, J 8.6, 6.5, CH,, Val;), 4.27-4.09 (3H, m,
CH, Ala,, CH, -OEt), 2.36-2.19 (1H, m, CH,, Val;), 1.38 (3H,
d, J 6.9, CH; Ala), 1.31 (3H, d, J 7.0, CH; Ala), 1.29 3H, t, J
7.2, CH; -OEt), 0.97 (3H, d, J 6.9, CH; Val,), 0.96 (3H, d, J 6.9,
CH; Val,). dc (75 MHz, CDCl,) 176.6, 173.3, 170.8 (C=0), 61.4
(CH, -OEt), 58.1 (CH, Ala,), 55.7 (CH,, Val;), 47.7 (CH, Ala,),
30.9 (CHjy, Valy), 21.2 (CH; Ala)), 194, 18.4 (CH; Val,), 14.3
(CH; —OEt), 13.5 (CH; Ala,). IR: 3363, 3264, 2984, 1743, 1682,
1636, 1579, 1151. LRMS (DCI) m/z: 303.7 (M)*, 304.9 (M + H)*.
Anal.: found, C51.5; H8.0; N13.4. C;;H,;N;O; requires C51.5;
HS8.3; N13.8%.

Boc-Ile,~¥[CO-N(OH)]-Val,—Val;—OBn ((S,S,S)-4". A so-
lution of (S,S,S)-4 (102 mg, 234 umol) in CH,Cl, (5§ mL) was
cooled to 0 °C. Di-tert-butyl dicarbonate (66 mg, 293 umol) and
triethylamine (38.0 uL, 270 pmol) were added. The solution was
stirred for 30 min at 0 °C and for 1 h at room temperature.
Evaporation of the solvent under reduced pressure followed by
purification by flash chromatography (silica gel, pentane-EtOAc
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9:1then1:1) gave (S,S,S)-4" (113 mg, 211 pmol, 90%) as a white
solid. Mp: 169 °C. R; 0.52 (CH,CL,-MeOH 95 : 5). [a],* —25.0°
(¢ 1.14 in CHCL,). d4 (300 MHz; CDCI;) 8.59 (1H, s, NOH),
8.07 (1H, d, J 9.1, NH Val;), 7.40-7.25 (5H, m, CH,,), 5.75 (1H,
d, J 9.7, NH Ile)), 5.16 (2H, ABq, J 12.1, , — J5 33.5, CH,
-OBn), 5.11 (1H, d, J 10.4, CH,, Val,), 4.80 (1H, dd, J 8.7 and 9.7,
CH, Ile)), 4.65 (1H, dd, J 5.1 and 9.1, CH,, Val;), 2.50-2.30 (1H,
m, CHjp, Val,), 2.25-2.05 (1H, m, CHjp, Val;), 1.85-1.65 (1H, m,
CHg, Ile,), 1.60-1.45 (1H, m, CHH Ile,), 1.42 (9H, s, CH; Boc),
1.20-1.05 (1H, m, CHH Ile,), 0.96 (6H, d, J 6.7, CH; Val,), 0.87
(3H, d, J 7.8, CH; Iley), 0.85 (3H, d, J 7.3, CH; Val;), 0.81 (3H,
t, J 7.6, CH; Ile)), 0.76 (3H, d, J 6.9, CH; Val,). d. (75 MHz;
CDCl,) 172.7 (C=0 Val,), 172.1 (C=0 Ile,), 171.6 (C=0 Val,),
156.5 (C=0 Boc), 135.4 (C,. —OBn), 128.7 (2 peaks) (CH,,), 79.4
(C, Boc), 67.3 (CH, —OBn), 63.3 (CH,, Val,), 56.8 (CH,, Val;), 54.4
(CH, Ile,), 36.9 (CHg, Ile,), 31.7 (CHj, Valy), 28.5 (CH; Boc),
27.7 (CHyp, Val,), 24.7 (CH, Ile,), 19.7 (2 peaks) (CH; Val,), 19.1,
17.7 (CH; Valy), 15.4, 11.2 (CH; Ile)). IR: 3388, 3303, 2964, 1748,
1716, 1626, 1522, 1178, 752. LRMS (DCI +) m/z: 536.8 (M +
H)*, 553.0 (M + NH,)*. HRMS (ESI +) m/z: found, 558.3163;
CxHysN;O;Na requires 558.3155.

Boc-Ala,~¥[CO-N(OH)]-p-Ala,—Val,—OEt ((S,R,S)-7").
The title compound was prepared as described for (S.,S,S)-
4’ using (S,R,S)-7 (16 mg, 52.7 umol). Purification by flash
chromatography (silica gel, CH,Cl,-MeOH 95 : 5) gave (S,R,S)-7"
(12 mg, 29.7 umol, 56%) as a white solid. Mp: 161 °C. R; 0.49
(CH,CL,-MeOH 95 : 5). [a]lp® +17.7 (¢ 0.62 in CHCL). dy
(300 MHz; CDCl,) 8.76 (1H, br s, NOH), 6.70 (1H, d, J 7.7, NH
Valy), 5.30-5.17 (2H, m, NH Ala,, CH, Ala,), 4.90-4.80 (1H, m,
CH, Ala,), 449 (1H, dd, J 5.1 and 7.7, CH,, Val;), 4.27-4.16 (2H,
m, CH, —OEt), 2.26-2.15 (1H, m, CHj, Val;), 1.46 (3H, d, J 6.9,
CH; Ala,), 1.42 (9H, s, CH; Boc), 1.34 (3H, d, J 7.2, CH; Ala,),
1.29 (3H, t, J 7.2, CH,; -OEt), 0.96 (3H, d, J 6.9, CH; Val,), 0.91
(3H, d, J 6.9, CH; Val,). dc (75 MHz, CDCl;) 176.3, 173.5, 171.7
(C=0), 156.0 (C=0 Boc), 80.2 (C, Boc), 62.1 (CH, —OEt), 57.8
(CH, Valy), 54.7 (CH, Ala,), 46.8 (CH, Ala,), 30.7 (CHj;, Val,),
28.5 (CH; Boc), 19.3, 18.0 (CH; Valy), 17.5 (CH; Ala,), 14.3 (CH;,
—-OEt), 13.4 (CH; Ala,). IR: 3281, 2966, 2921, 1745, 1670, 1614,
1524, 1164, 643. LRMS (DCI) m/z: 403.7 (M + H)*.

Fmoc-Val,—Ala,—~¥[CO-N(OH)]-p-Ala;-Val,-OEt  (8). A
mixture of (S,R,S)-7 (23 mg, 75.8 pmol), Fmoc-Val-OH (26 mg,
75.8 umol) and HOBt (10 mg, 75.8 pmol) in CH,Cl, (2 mL)
was cooled to 0 °C. EDCI (16 mg, 83.4 umol) was added and
the mixture was stirred for 1 h at 0 °C and for 1.5 h at room
temperature. Evaporation of the solvent under reduced pressure
followed by purification by flash chromatography (silica gel,
pentane-EtOAc 1 : 2) gave (S,S,R,S)-8 (36 mg, 57.6 umol, 76%)
as a white solid. Mp: 184 °C. R; 0.21 (CH,Cl,-MeOH 95 : 5).
[alo® —3.1 (¢ 0.90 in CHCI,). é; (300 MHz; CDCl;) 8.87 (1H,
br s, NOH), 8.12 (1H, d, J 8.2, NH Ala,), 7.75 2H, d, J 7.4,
CH,,),7.71 (1H, d, J 8.8, NH Val,), 7.61 (1H, d, J 7.4, CH,,), 7.57
(1H,d, J 7.4, CH,,), 7.39 (2H, dd, J 7.4 and 7.4, CH,,), 7.29 (2H,
dd, J 7.4 and 7.4, CH,,), 6.02 (1H, d, J 9.0, NH Val,), 5.67 (1H,
q, J 6.9, CH, Ala,), 5.40-5.25 (1H, m, CH,, Ala,), 4.56 (1H, dd,
J 5.8 and 9.0, CH,, Val,), 4.40 (1H, dd, J 5.9 and 8.8, CH,, Val,),
4.41-4.22 (3H, m, CH Fmoc, CH, Fmoc), 4.13 (2H, q, J 7.2, CH,
-OEt), 2.11-1.95 (2H, m, CHjp, Val,, CH;;, Val,), 1.48 (3H, d, J
6.9, CH; Ala,), 1.35 (3H, d, J 6.7, CH; Ala,), 1.20 3H, t, J 7.2,

CH, -OEt), 0.90 (3H, d, J 6.9, CH, Val), 0.89 (3H, d, J 6.8, CH,
Val), 0.87 (3H, d, J 6.9, CH; Val), 0.81 (3H, d, J 6.8, CH; Val).
Jc (75 MHz, CDCL;) 174.1 (C=0 Ala;), 171.7 (C=0 Ala,), 171.2
(C=0 Val,), 170.6 (C=0 Val,), 156.8 (C=0 Fmoc), 144.1, 144.0,
141.5, 141.4 (C,,), 127.9, 127.3, 127.2, 125.4, 125.2, 120.2, 120.1
(CH,,), 67.4 (CH, Fmoc), 61.3 (CH, -OEt), 59.4 (CH,, Val,), 57.6
(CH, Val,), 52.8 (CH, Ala;), 47.2 (CH Fmoc), 45.9 (CH, Ala,),
32.8 (CHp, Val)), 31.1 (CHjp, Val,), 19.2, 19.1 (CH, Val), 18.8
(CH; Ala,), 18.2, 18.0 (CH; Val), 16.2 (CH; Ala;), 14.3 (CH,
—OEd). IR: 3310, 2966, 1736, 1707, 1670, 1626, 1534, 1250, 1030,
741. LRMS (DCI) m/z: 642.0 (M 4+ NH,)*. Anal.: found, C63.6;
H7.2; N8.8. C3;3HyuN,Og requires C63.4; H7.1; N9.0%.

Synthesis of O-acylated-/N-hydroxy-peptides 9 to 27

Typical procedure for method A. To a solution of tripeptide
(70 pmol) in pyridine (4 mL) at room temperature was added
the anhydride (140 to 210 pmol). The reaction was monitored
by TLC. Evaporation of the solvent under reduced pressure
followed by purification by flash chromatography (silica gel)
allowed isolation of pure O-acylated-N-hydroxy-peptide.

Typical procedure for method B. To a solution of acid (200
umol) in CH,Cl, (1.5 mL) at room temperature was added DCC
(400 pmol). The mixture was stirred for 2 h and the resulting
suspension was directly filtered onto the tripeptide (50 pmol).
The solvent was evaporated, the residue taken up in pyridine
(1.5 mL) and the mixture stirred overnight. Evaporation of the
solvent under reduced pressure followed by purification by flash
chromatography (silica gel) allowed isolation of pure O-acylated-
N-hydroxy-peptide.

Typical procedure for method C. To a solution of tripeptide
(70 umol) in CH,Cl, (4 mL) at room temperature were added
DIEA (diisopropylethylamine; 77 umol) and the acyl chloride
(77 pmol). The mixture was stirred overnight. Evaporation of the
solvent under reduced pressure followed by purification by flash
chromatography (silica gel) allowed isolation of pure O-acylated-
N-hydroxy-peptide.

Typical procedure for method D. To a solution of tripeptide (50
pmol) and acid (55 pmol) in CH,Cl, (2 mL) at room temperature
was added BOP (55 pmol), then DIEA (110 umol). The reaction
was monitored by TLC. Evaporation of the solvent under
reduced pressure followed by purification by flash chromatogra-
phy (silica gel) allowed isolation of pure O-acylated-N-hydroxy-
peptide.

Typical procedure for method E. To a solution of tripeptide
(50 umol) in DMF (2 mL) at room temperature was added the
acid (55 pmol), then HATU (55 pumol) and DIEA (160 pmol).
The mixture was stirred for 5 h, then taken up in Et,O and washed
several times with a 5% aqueous solution of LiCl. The organic layer
was dried over Na,SO,. Evaporation of the solvent under reduced
pressure followed by purification by flash chromatography (silica
gel) allowed isolation of pure O-acylated-N-hydroxy-peptide.

Fmoc-Ile,—¥[CO-N(OAc)]-p-Val,—Val;—OBn (9). The title
compound was prepared from (S,R,S)-4 and acetic anhydride
using method A. Eluent for flash chromatography: pentane—
EtOAc 9 :1to 1 : 1; colourless oil, 86% yield. R; 0.65 (CH,Cl,—
MeOH 95 : 5). [a]p® +15.6° (¢ 2.40 in CHCL,). dy4 (300 MHz;
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CDCl,) 7.74 (2H, d, J 7.4, CH,, Fmoc), 7.55 (2H, dd, J 7.4 and
7.7, CH,, Fmoc), 7.40-7.15 (10H, m, CH,,, NH Val;), 5.40 (1H,
d, J 9.9, NH Ile,), 5.05 (2H, br s, CH, -OBn), 4.50 (1H, dd, J
4.7 and 8.3, CH, Val,), 4.44-4.11 (5H, m, CH, Ile,, CH, Val,,
CH Fmoc, CH, Fmoc), 2.50-2.35 (1H, m, CHj, Val,), 2.25-2.06
(4H, m + s (2.20), CHjp, Val;, CH; Ac), 1.90-1.70 (1H, m, CHg,
Ile,), 1.57-1.41 (1H, m, CHH Tle,), 1.16-0.76 (19H, m, CHH
Ile,, CH; Ile,, CH; Val,, CH; Valy). d¢ (75 MHz; CDCl,) 172.9,
171.5 (C=0 Ile,, C=0 Val,), 168.8 (C=0 Ac), 168.1 (C=0 Val,),
156.3 (C=0 Fmoc), 144.2, 143.9, 141.5, 141.4 (C,, Fmoc), 135.6
(C.. -OBn), 128.6, 128.4, 127.8, 127.2, 125.3, 120.1 (CH,,), 67.2,
67.0 (CH, Fmoc, CH, Val,, CH, -OBn), 57.5 (CH, Val;), 55.6
(CH, Ile,), 47.4 (CH Fmoc), 37.9 (CHg, Ile,), 31.5 (CH;, Valy),
26.4 (CHjp, Val,), 24.1 (CH, Ile)), 19.8, 19.4, 19.2 (CH,), 18.3 (CH;
Ac), 17.7,15.9 (CH,;), 11.4 (CH; Ile)). IR: 3339, 2966, 1807, 1721,
1661, 1531, 1148, 741. HRMS (ESI +) m/z: found, 700.3591;
C4HsN;Oq requires 700.3598.

Fmoc-lle,~¥[CO-N(OAc)]-Val,—Val;—OBn (10). The title
compound was prepared from (S.,S,S)-4 and acetic anhydride
using method A. Eluent for flash chromatography: CH,Cl,—
MeOH 99: 1 then 95 : 5; colourless oil, 94% yield. R;0.61 (CH,Cl,—
MeOH 95 : 5). [a]p® —41.9° (¢ 1.12 in CHCL). d4 (300 MHz;
CDCly) 7.75 (2H, d, J 7.6, CH,, Fmoc), 7.56 (2H, d, J 7.4, CH,,
Fmoc), 7.45-7.20 (10H, m, CH,,, NH Val;), 5.35(1H, d, 7 9.9, NH
Ile)), 5.11 (2H, ABq, J 12.2, 6, — 5 26.2, CH, —-OBn), 4.55 (1H,
dd, J 7.7, 4.2, CH, Val,), 4.45-4.10 (5H, m, CH, Ile,, CH, Val,,
CH Fmoc, CH, Fmoc), 2.65-2.50 (1H, m, CHjp, Val,), 2.32-2.11
(4H, m + s (2.23), CH;p, Val;, CH; Ac), 1.95-1.80 (1H, m, CHg,
Ile,), 1.60-1.45 (1H, m, CHH Ile;), 1.20-0.70 (19H, m, CHH
Ile,, CH; Ile,, CH; Val,, CH; Valy). d¢ (75 MHz; CDCl;) 172.5
(C=0 Ilg)), 171.8 (C=0 Val;), 169.2, 168.0 (C=0), 156.3 (C=0
Fmoc), 144.0, 143.9, 141.5 (C,, Fmoc), 135.6 (C,, —OBn), 128.7,
128.5, 127.9, 127.3, 125.2, 120.1 (CH,,), 67.2, 67.1 (CH, Fmoc,
CH, Val,, CH, -OBn), 57.4 (CH,, Val;), 55.6 (CH, Ile,), 47.4 (CH
Fmoc), 36.8 (CHg, Ile,), 31.1 (CHjp, Valy), 27.8 (CHjp, Val,), 24.0
(CH, Ile)), 20.0, 19.5, 19.0 (CH; Val), 18.6 (CH; Ac), 17.8 (CH;
Val), 16.1, 11.3 (CH, Ile)). IR: 3338, 2966, 1805, 1722, 1652, 1524,
1148, 758. HRMS (ESI +) m/z: found, 722.3417; C, HyN;OxNa
requires 722.3417.

Boc-lle,~Y[CO-N(OAc)}-Val,-Val;~OBn (11). The title
compound was prepared from (S,S,S)-4" and acetic anhydride
using method A. Eluent for flash chromatography: CH,Cl,—
MeOH 98 : 2; colourless oil, 99% yield. R; 0.64 (CH,Cl,-MeOH
95 : 3). [a]lp® —76.3° (¢ 1.60 in CHCL;). dy (300 MHz; CDCl;)
7.55-7.24 (6H, m, CH,,, NH Val;), 5.16 (2H, ABq, J 12.2, 6, —
0 26.2, CH,—OBn), 4.96 (1H, d, J 9.3, NH Ile,), 4.54 (1H, dd,
J 4.2 and 7.8, CH,, Valy), 4.25 (1H, dd, J 8.7 and 9.3, CH, Ile)),
4.18-3.97 (1H, m, CH, Val,), 2.67-2.46 (1H, m, CH;, Val,),
2.38-2.11 (4H, m + s (2.26), CH,p, Val;, CH; Ac), 2.00-1.73 (1H,
m, CHg, Ile)), 1.67-1.34 (10H, m + s (1.41), CHH Ile,, CH;
Boc), 1.26 — 0.77 (19H, m, CHH Ile,, CH; Ile,, CH; Val,, CH;
Val;). ¢ (75 MHz; CDCl;) 172.7 (C=O0 Ile,), 172.0 (C=0 Val),
169.6 (C=0 Ac), 168.1 (C=0 Val,), 155.7 (C=0 Boc), 135.9
(C,—OBn), 128.9, 128.7 (CH,,), 80.1 (C, Boc), 67.2 (CH, Val,,
CH,-OBn), 57.7 (CH, Val;), 55.0 (CH, Ile,), 36.9 (CHg, Ile)),
31.2 (CHj, Valy), 28.6 (CH; Boc), 27.7 (CHy, Valy), 24.2 (CH,
Ile,), 20.4, 19.6, 19.2 (CH; Val), 18.8 (CH; Ac), 18.0 (CH; Val),
16.3, 11.5 (CH; Ile)). IR: 3341, 2967, 1806, 1716, 1656, 1518,

1367, 1175, 752, 698. LRMS (DCI +) m/z: 595.7 (M + NH,)*.
HRMS (ESI +) m/z: found, 600.3264; C;,H,;N;O;Na requires
600.3261.

Fmoc-Ile,~¥|CO-N(OCOCH,CH;)]-Dp-Val,-Val;—-OBn (12).
The title compound was prepared from (S,R,S)-4 and propionic
anhydride using method A. Eluent for flash chromatography:
pentane-EtOAc 9 : 1 to 1 : 1; colourless oil, 99% yield. R,
0.67 (CH,Cl,-MeOH 95 : 5). [a]p® +24.4° (¢ 0.6 in CHCL). o4
(300 MHz; CDCl;) 7.74 (2H, d, J 7.4, CH,, Fmoc), 7.58-7.50 (2H,
m, CH,, Fmoc), 7.40-7.20 (10H, m, CH,,, NH Val;), 5.40 (1H, d,
J9.6,NHle,), 5.06 (2H, br s, CH, ~OBn), 4.50 (1H, dd, J 4.9 and
8.5, CH, Val,), 4.44-4.09 (5H, m, CH,, Ile,, CH, Val,, CH Fmoc,
CH, Fmoc), 2.54-2.39 (3H, m, CHjy, Val,, -COCH,CH,), 2.19—
2.10 (1H, m, CHjp, Val;), 1.81-1.63 (1H, m, CHg, Ile,), 1.54-1.40
(1H, m, CHH Ile)), 1.21 (3H, t, J 7.5, -COCH,CH;), 1.15-0.80
(19H, m, CHH Ile,, CH; Ile,, CH; Val,, CH; Valy). d¢ (75 MHz;
CDCly) 173.0, 172.3, 171.5, 168.1 (C=0), 156.3 (C=0 Fmoc),
144.2, 143.9, 141.5 (C,, Fmoc), 135.7 (C,, —-OBn), 129.0, 128.6,
128.4, 127.9, 127.3, 125.3, 120.1 (CH,,), 67.1, 67.0 (CH, Fmoc,
CH, -OBn, CH, Val,), 57.6 (CH, Val;), 55.6 (CH, Ile,), 47.4 (CH
Fmoc), 38.0 (CHg, Ile;), 31.5 (CHjp, Val;), 26.3 (CHp, Val,), 25.3
(-COCH,-), 24.2 (CH, Ile)), 19.8, 19.4, 19.2, 17.8, 15.8 (CH,;),
11.4 (CH; Ile)), 8.8 (-COCH,CH;). IR: 3339, 2964, 1805, 1721,
1661, 1528, 1239, 741. HRMS (ESI +) m/z: found, 714.3746;
C4 1 H5,N;Oq requires 714.3754.

Fmoc-Ile,—~¥[CO-N(OCOCH,CH;)]-Val,—Val;—OBn (13).
The title compound was prepared from (S,S,S)-4 and propionic
anhydride using method A. Eluent for flash chromatography:
CH,Cl,-MeOH 95 : 5; colourless oil, 97% yield. R; 0.65 (CH,Cl,—
MeOH 95 : 5). [alp® —36.5° (¢ 1.73 in CHCL). Jy (300 MHz;
CDCl) 7.75 (2H, d, J 7.4, CH,, Fmoc), 7.56 (2H, d, J 7.4, CH,,
Fmoc), 7.44-7.20 (10H, m, CH,,, NH Val,), 5.36 (1H, d, J 10.1,
NH Ile,), 5.10 (2H, ABq, J 12.3, 5, — J5 23.9, CH, —-OBn), 4.54
(1H, dd, J 4.5 and 8.1, CH, Val;), 4.45-4.05 (5H, m, CH, Ile,,
CH, Val,, CH Fmoc, CH, Fmoc), 2.63-2.45 (3H, m, CH;y, Val,,
-COCH,CH;), 2.25-2.10 (1H, m, CH;, Val;), 1.90-1.80 (1H,
m, CHg, Ile,), 1.60-1.45 (1H, m, CHH Tle,), 1.23 (3H, t, J 7.2,
-COCH,CH3,), 1.20-0.70 (19H, m, CHH Ile,, CH; Ile,, CH;
Val,, CH; Valy). 6. (75 MHz; CDCl;) 172.7 (2 peaks), 171.8,
168.0 (C=0), 156.3 (C=0 Fmoc), 144.0, 143.9, 141.5 (C,. Fmoc),
135.6 (C,. —-OBn), 129.3, 128.7, 128.5, 127.9, 127.2, 125.2, 120.1
(CH,,), 67.2 (CH, Fmoc), 67.0 (2 peaks) (CH, —-OBn, CH,, Val,),
57.5 (CH, Val,), 55.6 (CH, Ile,), 47.4 (CH Fmoc), 36.8 (CHg,
Ile,), 31.1 (CHy, Valy), 27.8 (CHyp, Valy), 25.4 (-COCH,-), 23.9
(CH, Ile)), 20.0, 19.5, 19.0, 17.8 (CH; Val), 16.1 (CH;), 11.2 (CH;
Ile,)), 8.8 (-COCH,CHs;). IR: 3338, 2964, 1800, 1723, 1654, 1525,
1236, 741. HRMS (ESI +) m/z: found, 736.3566; C,; H5;N;OsNa
requires 736.3574.

Fmoc-Ala,—¥[CO-N(OCOCH,CH;)]-p-Val,—Val,~OBn (14).
The title compound was prepared from (S,R,S)-5 and propionic
anhydride using method A. Eluent for flash chromatography:
CH,Cl,—acetone 99 : 1 to 90 : 10; colourless oil, 80% yield. R;
0.66 (CH,Cl,-MeOH 95 : 5). [a]p® +26.8° (¢ 1.58 in CHCL,). o4
(300 MHz; CDCl;) 7.74 (2H, d, J 7.4, CH,, Fmoc), 7.57 (2H, dd,
J 7.3 and 7.3, CH,, Fmoc), 7.40-7.22 (9H, m, CH,,), 7.21-7.12
(1H, br s, NH Val;), 5.70 (1H, d, J 7.2, NH Ala,), 5.13 (2H, ABq,
J 12.3, 0, — J3 11.4, CH, —-OBn), 4.52 (1H, dd, J 4.9 and 8.3,
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CH, Val;), 4.50-4.27 (4H, m, CH,, Ala,, CH,, Val,, CH, Fmoc),
4.27-4.15 (1H, m, CH Fmoc), 2.60-2.40 (3H, m, CH;, Val,,
-COCH,CH;), 2.25-2.10 (1H, m, CHj, Valy), 1.36 (3H, d, J 6.0,
CH; Ala)), 1.21 (3H, t, J 7.4, -COCH,CH,), 0.99 (6H, d, J 6.1,
CH; Val,), 091 (3H, d, J 6.8, CH; Val;), 0.86 (3H, d, J 6.8, CH;
Val;).dc (75 MHz; CDCl;) 173.4,172.3,171.4,167.9 (C=0), 155.5
(C=0 Fmoc), 144.1, 143.9, 141.4 (2 peaks) (C,, Fmoc), 135.6 (C,,
-OBn), 128.6, 128.4, 127.8, 127.2, 125.3, 125.2, 120.1 (CH,,), 67.2
(CH, Fmoc), 67.1 (2 peaks) (CH, -OBn, CH, Val,), 57.5 (CH,
Val;), 47.7 (CH, Ala,), 47.3 (CH Fmoc), 31.3 (CHj, Val;), 27.0
(CHjp, Val,), 25.3 (-COCH,-), 19.7, 19.1, 19.0, 17.8 (CH,), 8.7
(-COCH,CH,). IR: 3338, 2966, 1802, 1724, 1664, 1529, 1451,
1245, 1060, 740. LRMS (DCI) m/z: 689.1 (M + NH,)*. HRMS
(ESI +) m/z: found, 672.3292; C;xHyN;O; requires 672.3285.

Fmoc-Ile,—~¥[CO-N(OCO'Bu)]-bp-Val,-Val;—-OBn (15). The
title compound was prepared from (S,R,S)-4 and trimethylacetic
anhydride using method A. Eluent for flash chromatography:
CH,Cl,-MeOH 99.75 : 0.25 to 95 : 5; colourless oil, 87% yield. R;
0.71 (CH,Cl,-MeOH 95 : 5). [a]p® +31.3° (¢ 3.08 in CHCL,). 04
(300 MHz; CDCl,) 7.73 2H, d, J 7.2, CH,, Fmoc), 7.57 (1H, d, J
7.2, CH,, Fmoc), 7.51 (1H, d, J 7.2, CH,, Fmoc), 7.43-7.14 (10H,
m, CH,,, NH Val,), 547 (1H, d, J 9.1, NH Ile,), 5.07 (2H, ABq,
J 12.1, 6, — J5 26.9, CH, -OBn), 4.48 (1H, dd, J 4.7 and 7.7,
CH, Val,), 4.43-4.03 (5H, m, CH, Ile,, CH,, Val,, CH Fmoc, CH,
Fmoc), 2.53-2.37 (1H, m, CHj, Val,), 2.23-2.09 (1H, m, CHjp,
Val;), 1.89-1.60 (1H, m, CHg, Ile,), 1.59-1.41 (1H, m, CHH Tle,),
1.34 (9H, s, CH, ‘Bu), 1.16-0.70 (19H, m, CHH Ile,, CH; Ile,,
CH,; Val,, CH; Val,). éc (75 MHz; CDCL,) 175.7, 173.1, 171.4,
167.9 (C=0), 156.2 (C=0 Fmoc), 144.2, 143.9, 141.5 (C,, Fmoc),
135.8 (C,. —-OBn), 128.6, 128.4, 127.8, 127.2, 125.4, 120.1 (CH,,),
67.1, 66.9 (CH, Val,, CH, Fmoc, CH, -OBn), 57.6 (CH, Val,),
55.6 (CH, Ile,), 47.4 (CH Fmoc), 38.6, 38.4 (C '‘Bu, CHjy, Val,),
31.6 (CHyp, Val;), 27.2,27.0 (CH; ‘Bu), 26.1 (CHg, Ile,), 24.1 (CH,
Ile)), 19.9, 19.4,19.2, 17.8, 15.7 (CH5;), 11.4 (CH; Ile,). IR: 3342,
2966, 1795, 1732, 1661, 1520, 1228, 740. HRMS (ESI +) m/z:
found, 742.4061; C,;Hs,N;O4 requires 742.4067.

Fmoc-lle,~¥[CO-N(OCO'Bu)]-Val,—Val;-OBn  (16). The
title compound was prepared from (S,S,S)-4 and trimethylacetic
anhydride using method A. Eluent for flash chromatography:
pentane-EtOAc 9 : 1 to 1 : 1; colourless oil, 15% yield. R; 0.66
(CH,CL,-MeOH 95 : 5). [a]p® —38.8° (¢ 2.46 in CHCl,). oy
(300 MHz; CDCl,) 7.74 (2H, d, J 7.2, CH,, Fmoc), 7.56 2H, d, J
6.8, CH,, Fmoc), 7.45-7.15 (10H, m, CH,,, NH Val;), 5.42 (1H, d,
J9.1,NH Ile,), 5.12 (2H, ABq, J 11.9, 6, — 5 21.9, CH, -OBn),
4.69-4.46 (1H, m, CH, Val,), 4.45-4.25 (3H, m, CH, Ile,, CH,
Fmoc), 4.24-4.00 2H, m, CH, Val,, CH Fmoc), 2.55-2.40 (1H,
m, CHj, Valy), 2.25-2.10 (1H, m, CHjp, Val;), 1.90-1.70 (1H, m,
CHg, Ile)), 1.64-1.48 (1H, m, CHH Tle,), 1.36 (9H, s, CH; ‘Bu),
1.16-0.80 (19H, m, CHH Ile,, CH; Ile,, CH; Val,, CH; Val,). ¢
(75 MHz; CDCl;) 176.3, 172.6, 171.8, 167.5 (C=0), 156.2 (C=0
Fmoc), 144.1, 143.9, 141.5 (C,. Fmoc), 135.7 (C,, -OBn), 128.8,
128.7, 128.6, 128.4, 127.9, 127.2, 125.3, 120.1 (CH,,), 67.2, 67.0
(CH, Val,, CH, Fmoc, CH, -OBn), 57.6 (CH, Val;), 55.3 (CH,
Ile,), 47.3 (CH Fmoc), 38.6 (C '‘Bu), 37.1 (CHg, Ile,), 31.0 (CHjp,
Val;), 27.6 (CHjp, Valy), 27.0 (CH; ‘Bu), 23.7 (CHg, Ile;), 20.2
(CH, Tle)), 19.4, 19.1, 19.0, 17.8 (CH; Val), 16.0, 11.2 (CH; Ile,)).
IR: 3345, 2964, 1793, 1724, 1691, 1651, 1524, 1236, 1065, 741.

HRMS (ESI +) m/z: found, 764.3894; C,;HssN;OgNa requires
764.3887.

Fmoc-Ala,—~¥[CO-N(OCOPh)]-p-Val,—Val;—~OBn (17). The
title compound was prepared from (S,R,S)-5 and benzoic acid
using method B (93% yield) or benzoic chloride using method C
(83% yield). Eluent for flash chromatography: pentane-EtOAc 9
:1to 1: 1; colourless oil. R; 0.76 (CH,Cl,-MeOH 95 : 5). [a]p*
+26.9° (¢ 1.06 in CHCL;). 0y (300 MHz; CDCl;) 8.12-8.00 (3H, m,
CH,,), 7.77-7.25 (16H, m, CH,,, NH Val;), 5.75 (1H, d, J 7.8, NH
Ala,), 5.15(2H, ABq, J 12.6,6, — 5 10.1, CH, -OBn), 4.63-4.45
(2H, m, CH, Ala,, CH, Val;), 4.39-4.26 (3H, m, CH, Val,, CH,
Fmoc), 4.21-4.11 (1H, m, CH Fmoc), 2.70-2.55 (1H, m, CHjp,
Val,), 2.30-2.15 (1H, m, CHj;, Valy), 1.37 (3H, d, J 6.4, CH; Ala,),
1.08 (3H, d, J 6.7, CH; Val,), 1.02 (3H, d, J 6.8, CH; Val,), 0.94
(3H,d, J 6.8, CH; Val;), 0.90 (3H, d, J 6.8, CH; Val;). ¢ (75 MHz;
CDCl;) 171.6 (C=O0 Ala,), 171.0 (C=0 Val,), 168.0 (C=0 Val,),
164.9 (COPh), 155.6 (C=0 Fmoc), 144.1, 143.9, 141.4 (C,, Fmoc),
135.6 (C,, Ph), 135.0 (C,. —OBn), 133.7, 130.5, 129.7, 129.1, 128.8,
128.7, 128.6, 128.5, 128.4, 127.9, 127.2, 126.2, 125.4, 125.3, 120.1
(CH,,), 67.3, 67.1 (CH,, Val,, CH, -OBn, CH, Fmoc), 57.6 (CH,
Val;), 48.0 (CH, Ala,), 47.3 (CH Fmoc), 31.3 (CH;y, Valy), 27.2
(CHjp, Valy), 19.9, 19.5 (CH;), 19.2 (CH; Ala,), 18.9, 17.8 (CHj;).
IR: 3334, 2965, 1773, 1718, 1666, 1539, 1451, 1236, 1006, 705.
HRMS (ESI +) m/z: found, 742.3105; C,,H,sN;O¢Na requires
742.3104.

Fmoc-Ala,—~¥[CO-N(OCOPh)]-p-Ala,—Val,—OEt (18). The
title compound was prepared from (S,R,S)-7 and benzoic acid
using method D. Eluent for flash chromatography: pentane—
EtOAc 3 : 1; pale yellow oil, 60% yield. R; 0.33 (pentane-EtOAc 3 :
D). [a]p® +24.75 (¢ 0.99 in CHCL,). 4 (300 MHz; CDCl;) 8.11 (2H,
d, J 7.2, CH,, Fmoc), 7.76 2H, d, J 7.5, CH,, Fmoc), 7.70-7.30
(10H, m, CH,, Fmoc, Ph, NH Val;), 5.63 (1H, d, J 7.5, NH Ala,),
495 (1H, q, J 7.4, CH, Ala,), 4.65-4.45 (2H, m, CH, Ala,, CH,
Val;), 4.40-4.00 (SH, m, CH, Fmoc, CH Fmoc, CH, —-OEt), 2.35-
2.10 (1H, m, CHjp, Valy), 1.52 (3H, d, J 7.2, CH; Ala,), 1.42 (3H,
d, J 6.8, CH; Ala,), 1.35-1.10 (3H, m, CH; -OEt), 0.97 (3H, d, J
6.5, CH; Val;), 0.94 (3H, d, J 6.8, CH; Val;). d (75 MHz, CDCl;)
171.8, 169.3 (C=0), 165.6 (C=0 Ph), 155.7 (C=0 Fmoc), 144.0,
143.9, 141.4 (C,, Fmoc), 135.2 (C,, Ph), 130.6, 129.2, 127.9, 127.2,
125.3, 120.1 (CH,,), 67.3 (CH, Fmoc), 61.2 (CH, —OEt), 59.2
(CH, Ala,), 57.8 (CH, Val;), 47.8 (CH, Ala,), 47.2 (CH Fmoc),
31.1 (CHjp, Valy), 19.2 (CH; Valy), 18.2 (CH; Ala,)), 17.9 (CH;,
Val,), 14.3 (CH; —OEt), 13.4 (CH; Ala,). IR: 3350, 2957, 2928,
1765, 1683, 1534, 1447, 1232, 1009, 703. HRMS (ESI +) m/z:
found, 652.2635; C;sH3N;O¢Na requires 652.2635.

Fmoc-Ala,~¥[ CO-N( OCO( CH, ),CH=CH, ) |-p-Val,—Val,—
OBn (19). The title compound was prepared from (S,R,S)-5 and
4-pentenoic acid using method B. Eluent for flash chromatog-
raphy: pentane-EtOAc 9 : 1 to 1 : 1; colourless oil, 93%. R;
0.73 (CH,CLL,—MeOH 95 : 5). [a]p® +12.9° (¢ 1.87 in CHCL). dy
(300 MHz; CDCly) 7.75 (2H, d, J 7.6, CH,, Fmoc), 7.58 (2H, dd,
J 7.3 and 7.3, CH,, Fmoc), 7.45-7.25 (10H, m, CH,,, NH Val,),
5.95-5.72 (1H, m, -CH=CH,), 5.69 (1H, d, J 7.7, NH Ala,),
5.20-4.95 (4H, m, CH, -OBn, -CH=CH,), 4.51 (1H, dd, J 5.0
and 8.3, CH, Val;), 4.49-4.25 (4H, m, CH, Val,, CH, Ala,, CH,
Fmoc), 4.24-4.16 (1H, m, CH Fmoc), 2.65-2.35 (5H, m, CHjp,
Val,, -COCH,CH,-), 2.25-2.00 (1H, m, CHj;, Val;), 1.34 (3H, d,
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J 6.1, CH; Ala,), 0.98 (6H, d, J 6.4, CH; Val,), 091 (3H, d, J
6.8, CH; Val;), 0.86 (3H, d, J 6.9, CH; Val;). d¢ (75 MHz; CDCl;)
173.5 (C=0 Ala,), 171.4 (C=0 Val;), 171.1 (C=0), 168.0 (C=0
Val,), 155.6 (C=0 Fmoc), 144.3, 144.1, 141.5 (C,, Fmoc), 135.6
(-CH=CH,, Car -OBn), 128.7, 128.5, 127.9, 127.2, 125.3, 120.1
(CH,,), 116.7 (-CH=CH,), 67.2 (2 peaks) (CH, -OBn, CH, Fmoc,
CH, Val,), 57.6 (CH, Val;), 47.8 (CH, Ala,), 47.3 (CH Fmoc), 31.3
(CHjp, Valy), 31.1 (-COCH,-), 28.3 (-COCH,CH,-), 27.0 (CHjp,
Val,), 19.7,19.5,19.2,19.0, 17.8 (CHs;). IR: 3336, 2965, 1801, 1734,
1669, 1522, 1451, 1245, 1074, 741. HRMS (ESI +) m/z: found,
720.3255; C4H4;N3;OgNa requires 720.3261.

Fmoc-Ala, -¥Y[CO-N(OCO(CH,),,CH;)]-D-Val,—Val,—OBn
(20). The title compound was prepared from (S,R,S)-5 and
palmitoyl chloride using method C. Eluent for flash chromatog-
raphy (using a mixture of silica gel and Na,CO; (10%)): pentane—
EtOAc 9 : 1to 1: 1; colourless oil, 90% yield. R; 0.71 (CH,Cl,—
MeOH 95 : 5). [a]p® +24.4° (¢ 1.64 in CHCL,). 6, (300 MHz;
CDCl;) 7.68 (2H, d, J 7.4, CH,, Fmoc), 7.51 (2H, dd, J 7.4 and
7.4, CH,, Fmoc), 7.37-7.18 (9H, m, CH,,), 7.14-7.00 (1H, m, NH
Val;), 5.58 (1H, d, J 7.2, NH Ala,), 5.06 (2H, ABq, J 12.2,0, — s
12.6, CH, -OBn), 4.44 (1H, dd, J 4.9 and 8.5, CH, Val;), 4.41-4.19
(4H, m, CH, Ala,, CH, Val,, CH, Fmoc), 4.18-4.06 (1H, m, CH
Fmoc), 2.52-2.30 (3H, m, CHj,;, Val,, CH, o palmitoyl), 2.17-2.02
(1H, m, CHy, Valy), 1.70-1.51 (2H, m, CH, B; palmitoyl), 1.28
(3H, d, J 6.5, CH; Ala,), 1.24-1.13 (24H, m, CH, palmitoyl), 0.91
(6H, d, J 6.4, CH, Val,), 0.84 (3H, d, J 6.7, CH; Val;), 0.79 (3H,
d,J 7.6, CH; Val;).dc (75 MHz; CDCl;) 173.5, 171.7, 171.5, 167.9
(C=0), 155.5 (C=0 Fmoc), 144.1, 144.0, 141.5 (C,, Fmoc), 135.6
(C,; —OBn), 128.7, 128.5, 127.9, 127.3, 125.3, 120.1 (CH,,), 67.2,
67.1 (CH, Fmoc, CH, Val,, CH, -OBn), 57.6 (CH, Val;), 47.8
(CH, Ala,), 47.3 (CH Fmoc), 32.1 (CH, palmitoyl), 31.8 (CH,
palmitoyl), 31.4 (CHj;, Vals), 29.9, 29.8 (x3), 29.6, 29.5,29.3,29.2
(CH, palmitoyl), 26.9 (CH;p, Val,), 24.5, 22.9 (CH, palmitoyl),
19.8,19.3,19.2, 19.0, 17.8 (CHj;), 14.3 (CH; palmitoyl). IR: 3334,
2962, 1803, 1725, 1664, 1529, 1452, 1243, 1070, 740. LRMS (DCI)
m/z: 871.6 (M + NH,)*. HRMS (ESI +) m/z: found, 876.5136;
Cs5;H; N;O¢Na requires 876.5139.

Fmoc-Gly,—¥Y|CO-N(O-Ala,—Boc)]-pD-Ala,-Leu;—OEt  (21).
The title compound was prepared from (R,S)-6 and Boc-Ala-—OH
using method D (69% yield) or method E (84% yield). Eluent for
flash chromatography: CH,Cl,-MeOH 98 : 2; colourless oil. R,
0.49 (CH,Cl1,-MeOH 98 : 2). [a]p® —1.05 (¢ 2.09 in CHCL,). oy
(200 MHz; CDCl,) 7.76 (2H, d, J 7.2, CH,,), 7.60 (2H, d, J 7.2,
CH,,), 7.50-7.25 (4H, m, CH,,), 7.03 (1H, d, J 7.2, NH Leu,),
5.70-5.55 (1H, m, NH Gly,), 5.27 (1H, d, J 7.9, NH Ala,), 5.04
(1H, q,J 7.2, CH, Ala,), 4.65-4.30 (4H, m, CH, Fmoc, CH, Ala,,
CH, Leu,), 4.30-4.00 (5H, m, CH Fmoc, CH, -OEt, CH, Gly,),
1.75-1.35 (18H, m, CH; Ala,, CH; Ala,, CH; Boc, CH, Leu,,
CHjg, Leus), 1.25 (3H, t, J 7.2, CH; —OEt), 0.93 (3H, d, J 5.4,
CH; Leuw;), 0.91 (3H, d, J 5.8, CH; Leu;). dc (75 MHz, CDCl;)
172.9, 169.2 (C=0), 156.6, 155.3 (C=0 Fmoc, C=0 Boc), 143.9,
141.4 (C,)), 127.8, 127.2, 125.2, 120.1 (CH,,), 80.8 (C, Boc), 67.5
(CH, Fmoc), 62.1 (CH, —-OEt), 58.2 (CH,, Ala,), 51.4, 51.2 (CH,
Ala,, CH, Leus), 47.2 (CH Fmoc), 40.8, 40.9 (CH, Gly,, CH,
Leus), 28.4 (CH; Boc), 25.0 (CHyg, Leus), 22.9 (CH; Leus), 21.9,
21.7 (CH; Ala,, CH; Leu;), 14.2 (CH; —OEt, CH; Ala,). IR: 3333,

2955, 2929, 1700, 1651, 1543, 1164, 1052, 741. HRMS (ESI +)
m/z: found, 719.3272; C3,H,sN,ONa requires 719.3268.

Fmoc-Ala,—~¥[CO-N(O-Ala,—Boc)]-p-Ala,—Val,-OEt  (22).
The title compound was prepared from (S,R,S)-7 and Boc-Ala—
OH using method D (86% yield) or method E (56% yield). Eluent
for flash chromatography: CH,Cl,-MeOH 98 : 2; colourless oil.
R; 0.51 (CH,C1,-MeOH 95 : 5). [a]p® —1.34 (¢ 1.66 in CHCI;).
Jou (200 MHz; CDCl,) 7.76 (2H, d, J 7.2, CH,,), 7.58 (2H, d, J
7.2, CH,,), 7.50-7.25 (5H, m, CH,,, NH Val,), 5.58 (1H, d, J
7.0, NH Ala,), 5.30-5.10 (1H, m, NH Ala,), 5.05-4.85 (1H, m,
CH, Ala,), 4.70-4.00 (8H, m, CH Fmoc, CH, Fmoc, CH, Ala,,
CH, Val;, CH, -OEt, CH, Ala,), 2.30-2.05 (1H, m, CH;;, Val,),
1.60-1.10 21H, m + s (1.43) + t(1.24 J 7.1), CH; Ala,, CH; Ala,,
CH; Ala,, CH; Boc, CH; -OEt), 0.93 (3H, d, J 6.6, CH; Val,),
0.90 (3H, d, J 6.8, CH; Val,). d. (75 MHz, CDCl;) 172.8, 171.8,
169.1 (C=0), 155.8, 155.3 (C=0 Fmoc, C=0 Boc), 143.9, 141.4
(C.), 127.9, 127.2, 125.2, 120.1 (CH,,), 80.6 (C, Boc), 67.4 (CH,
Fmoc), 61.2 (CH, —OEt), 58.6, 58.0 (CH, Val;, CH, Ala,), 48.4,
47.7, 47.2 (CH, Ala,, CH, Ala,, CH Fmoc), 30.8 (CHj, Valy),
28.4 (CH; Boc), 19.2 (CH; Val,), 18.8 (CH; Ala,), 18.1 (CH;
Val;), 17.5 (CH; Ala,)), 14.3 (CH; -OEt), 13.5 (CH; Ala,). IR:
3334, 2972, 2920, 1793, 1695, 1524, 1250, 1049, 842, 738. HRMS
(ESI 4+) m/z: found, 719.3266; C;sH,sN,O,,Na requires 719.3268.

Fmoc-Ala,—¥[CO-N(O-Ala,—Fmoc)]-p-Ala,—Val,—OEt (23).
The title compound was prepared from (S, R,S)-7 and Fmoc-Ala—
OH using method D (61% yield) or method E (72% yield). Eluent
for flash chromatography: CH,Cl,-MeOH 97 : 3; colourless oil.
R; 0.55 (CH,Cl,-MeOH 95 : 5). [a]p® —2.58 (¢ 3.18 in CHCL,). dy
(300 MHz; CDCl;) 7.74 (4H, d, J 7.4, CH,,), 7.57 (4H, d, J 7.2,
CH,,), 7.45-7.25 (8H, m, CH,,), 7.21 (1H, d, J 8.7, NH Val;), 5.75—
5.45 (2H, m, NH Ala,, NH Ala,), 5.04-4.91 (1H, m, CH, Ala,),
4.75-4.60 (1H, m, CH, Ala, ), 4.55-4.05 (7TH, m, CH Fmoc, CH,
Fmoc, CH, Ala,,.;, CH, Val;, CH, —-OEt), 2.25-2.10 (1H, m, CHjp,
Val,), 1.60-1.25 (9H, m, CH; Ala,, CH; Ala,, CH; Ala,), 1.19 (3H,
t, J 7.2, CH; —OEt), 0.93 (3H, d, J 6.9, CH; Val,), 0.89 (3H, d,
J 6.9, CH; Valy). . (75 MHz, CDCl;) 172.0, 169.1 (C=0), 155.9
(2 peaks) (C=0 Fmoc), 143.9 (2 peaks), 141.5 (C,,), 127.9, 127.2,
125.2,120.1 (CH,,), 67.4 (2 peaks) (CH, Fmoc), 61.4 (CH, —OEt),
58.0 (CH, Val;, CH, Ala,), 48.8, 47.7, 47.2 (CH,, Ala,, CH, Ala,,
CH Fmoc), 30.7 (CHy, Val;), 19.2 (CH; Valy), 18.1, 17.8 (CH;
Val;, CH; Ala,, CH; Ala,), 14.3 (CH; —-OEt), 13.6 (CH; Ala,).
IR: 3330, 2965, 1790, 1695, 1530, 1445, 1245, 1050, 740. HRMS
(ESI +) m/z: found, 841.3435; C,sH5,N,O,(Na requires 841.3425.

Fmoc-Ala,—¥[CO-N(O-Leu-Boc)|-p-Ala,—Val,—OEt  (24).
The title compound was prepared from (S,R,S)-7 and Boc-Leu-—
OH using method D (67% yield) or method E (77% yield). Eluent
for flash chromatography: pentane-EtOAc 2 : 1; colourless oil.
R; 0.53 (pentane-EtOAc 2 : 1). [a]p® —9.57 (¢ 1.4 in CHCI,). dy
(300 MHz; CDCl;) 7.76 (2H, d, J 6.8, CH,,), 7.58 (2H, d, J 7.6,
CH,,), 7.50-7.20 (5H, m, CH,,, NH Val;), 5.57 (1H, d, J 7.8, NH
Ala,), 5.12 (1H, d, J 8.6, NH Leu), 5.00-4.80 (1H, m, CH, Ala,),
4.60-4.00 (8H, m, CH Fmoc, CH, Fmoc, CH, Ala,, CH, Val;,
CH, -OEt, CH, Leu), 2.30-2.10 (1H, m, CH,;, Val;), 1.90-1.60
(3H, m, CH, Leu,, CH;, Leu), 1.60-1.20 (18H, m, CH; Ala,,
CH; Ala,, CH; Boc, CH; —OEt), 1.10-0.80 (12H, m, CH; Val;,
CH; Leu). ¢ (75 MHz, CDCl;) 172.7,171.8, 171.3, 169.0 (C=0),
155.8, 155.6 (C=0 Fmoc, C=0 Boc), 144.0, 141.4 (C,,), 127.9,
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127.2,125.2, 120.1 (CH,,), 80.7 (C, Boc), 67.4 (CH, Fmoc), 61.2
(CH, -OEt), 60.5 (CH,, Leu), 57.9 (CH, Val;), 51.4 (CH, Ala,),
47.6, 47.2 (CH, Ala,, CH Fmoc), 40.3 (CH, Leu), 30.9 (CHj,
Val;), 28.4 (CH; Boc), 25.0 (CHg, Leu), 23.0, 21.5, 21.2, 19.2,
18.1 (CH;), 14.3 (CH; —OEt, CH; Ala,). IR: 3345, 2931, 1695,
1535, 1447, 1250, 1162, 1028, 738. HRMS (ESI +) m/z: found,
761.3739; C3,Hs,N,O,(Na requires 761.3738.

Fmoc-Ala,—¥Y|CO-N(O—pAla-Boc)]-p-Ala,—Val,—OEt  (25).
The title compound was prepared from (S, R,S)-7 and Boc—fAla—
OH using method D (88% yield). Eluent for flash chromatography:
CH,Cl,; colourless oil. R; 0.38 (CH,Cl,). [a]p® +3.38 (¢ 1.42 in
CHCl,). dy (300 MHz; CDCl,) 7.75 (2H, d, J 7.5, CH,,), 7.57 (1H,
d,J7.1,CH,,), 7.56 (1H, d, J 6.8, CH,,), 7.40-7.25 (SH, m, CH,,,
NH Val;), 5.70-5.50 (2H, m, NH Ala,, NH BAla), 4.99 (1H, q, J
7.1, CH, Ala,), 4.60-4.40 (2H, m, CH,, Val;, CH, Ala,), 4.40-4.30
(2H, m, CH, Fmoc), 4.30-4.10 (3H, m, CH Fmoc, CH, —OEt),
3.55-3.45 (2H, m, CH,NH), 2.80-2.70 (2H, m, CH,CH,NH),
2.30-2.10 (1H, m, CHj, Valy), 1.55-1.20 (18H, m, CH; Ala,,
CH; Ala,, CH; Boc, CH; -OEt), 0.94 (3H, d, J 6.9, CH; Val,),
0.90 (3H, d, J 7.2, CH; Valy). ¢ (75 MHz, CDCl;) 172.0, 169.3
(C=0), 156.1, 155.8 (C=0 Fmoc, C=0 Boc), 143.9, 141.4 (C,,),
127.9,127.3,125.3,120.2 (CH,,), 79.6 (C, Boc), 67.4 (CH, Fmoc),
61.4 (CH, —-OEt), 57.8 (CH, Val,), 47.6, 47.5, 47.3 (CH, Ala,,
CH, Ala,, CH Fmoc), 36.4 (CH,NH), 32.8 (CH,CH,NH), 29.9
(CHjp, Valy), 28.5 (CH; Boc), 19.2 (CH; Valy), 17.9, 17.8 (CH;
Val;, CH; Ala)), 14.4 (CH; —OEt), 14.3 (CH; Ala,). IR: 3347,
2963, 2923, 1793, 1694, 1515, 1246, 740. HRMS (ESI +) m/z:
found, 719.3268; C;,H,sN,O,(Na requires 719.3268.

Fmoc-Ala,—¥[CO-N(O-Gly-Boc)]-D-Val,—Val;—OBn (26).
The title compound was prepared from (S,R,S)-5 and Boc-Gly—
OH using method B (88% yield) or method D (74% yield). Eluent
for flash chromatography: pentane-EtOAc 9 : 1 to 1 : 1; white
solid. Mp: 66 °C. R; 0.35 (CH,Cl,-MeOH 95 : 5). [a],* +21.0°
(¢ 1.03 in CHCL,). 64 (300 MHz; CDCly) 7.75 (2H, d, J 7.4, CH,,
Fmoc), 7.58 (2H, dd, J 6.1 and 6.1, CH,, Fmoc), 7.42-7.18 (9H,
m, CH,,), 7.15-7.00 (1H, m, NH Val;), 5.62 (1H, d, J 8.1, NH
Ala,), 5.20-5.00 (3H, m, CH, -OBn, NH Gly), 4.50 (1H, dd, J
4.7 and 8.3, CH, Val;), 4.45-4.27 (4H, m, CH, Ala,, CH, Val,,
CH, Fmoc), 4.26-4.15 (1H, m, CH Fmoc), 4.05 (2H, d, J 8.1,
CH, Gly), 2.58-2.40 (1H, m, CHjp, Val,), 2.26-2.10 (1H, m, CHjp,
Val;), 1.43 (9H, s, CH; Boc), 1.36 (3H, d, J 5.8, CH; Ala,), 0.98
(6H, d, J 6.5, CH, Val,), 0.90 (3H, d, J 6.8, CH; Val;), 0.86 (3H,
d, J 6.8, CH; Val,). ¢ (75 MHz; CDCl;) 173.6 (C=0), 171.4
(C=0 Gly), 167.9 (C=0), 155.7, 155.6 (C=0 Fmoc, C=0 Boc),
144.0, 143.9, 141.4 (C,; Fmoc), 135.5 (C,, —-OBn), 128.6, 128.5,
127.8, 127.2, 125.3, 120.1 (CH,,), 80.5 (C, Boc), 67.2, 67.1, (CH,
Fmoc, CH, -OBn, CH, Val,), 57.6 (CH,, Val;), 47.9 (CH, Ala,),
47.2 (CH Fmoc), 41.4 (CH, Gly), 31.1 (CH;, Valy), 28.3 (CH;
Boc), 28.0 (CHj, Valy), 19.7, 19.1, 18.5, 17.8 (CH;). IR: 3338,
2967, 1803, 1716, 1694, 1524, 1251, 740. HRMS (ESI +) m/z:
found, 773.3786; C,,Hs;N,O,, requires 773.3762.

Fmoc-Ile,—~¥|CO-N(O-Gly-Boc)]-Val,—Val;—OBn (27). The
title compound was prepared from (S.,S,S)-4 and Boc-Gly-OH
using method B (85% yield). Eluent for flash chromatography:
pentane-EtOAc 9 : 1 to 1 : I; white fluffy solid. Mp: 71-72 °C. R;
0.50 (CH,Cl,-MeOH 95 : 5). [a]p® —42.5° (¢ 1.01 in CHCL,). 04
(300 MHz; CDCl,) 7.75 (2H, d, J 7.2, CH,, Fmoc), 7.56 (2H, d,

J 5.6, CH,, Fmoc), 7.46-7.20 (10H, m, CH,,, NH Val,), 5.50-5.36
(1H, m, NH Ile,), 5.29-5.24 (1H, m, NH Gly), 5.10 (2H, ABq, J
11.9,0, — 85 24.7, CH, —OBn), 4.60-3.90 (8H, m, CH, Ile,, CH,
Val,, CH, Val;, CH, Gly, CH Fmoc, CH, Fmoc), 2.60-2.40 (1H,
m, CHjp, Val,), 2.27-2.07 (1H, m, CHjp, Val;), 1.96-1.73 (1H, m,
CHg, Ile,), 1.58-1.30 (10H, m + s (1.40), CHH Ile,, CH; Boc),
1.17-0.75 (19H, m, CHH TIle,, CH; Ile,, CH; Val,, CH; Val;). d
(75 MHz; CDCl;) 172.6 (C=0), 171.9 (C=0 Val,), 169.4, 168.0
(C=0), 156.4, 155.7 (C=0 Fmoc, C=0 Boc), 143.8, 141.5 (C,,
Fmoc), 135.5 (C,, —OBn), 128.8, 128.7, 128.5 127.9, 127.2, 125.2
(2 peaks), 120.1 (CH,,), 80.4 (C, Boc), 67.3, 67.1 (CH, Fmoc,
CH, Val,, CH, -OBn), 57.4 (CH,, Val,), 55.6 (CH,, 1le,), 47.3 (CH
Fmoc), 41.5 (CH, Gly), 36.3 (CHg, Ile,), 31.1 (CH;, Val;), 28.4
(CH; Boc), 27.8 (CHjp, Valy), 24.1 (CH, Ile)), 19.8, 19.5, 19.0,
17.9 (CH, Val), 15.9, 11.1 (CH, Ile,). IR: 3341, 2966, 1801, 1718,
1653, 1521, 1244, 1155, 1086, 741. LRMS (DCI) m/z: 832.4 (M +
NH,)*. HRMS (ESI +) m/z: found, 837.4057; C,sH5xN,O,\Na
requires 837.4051.

Chemical modifications

Fmoc-Ala,-¥Y|CO-N(O-Gly,—Alas—Boc)]-D-Val,—Val;—OBn
(28). A solution of 26 (46 mg, 60 umol) in TFA (1.6 mL) was
stirred at room temperature for 1 h before volatile compounds
were evaporated under reduced pressure.

A mixture of Boc-Ala—OH (15 mg, 78 pmol) and HOBt (11 mg,
78 umol) in CH,Cl, (4.5 mL) was stirred at room temperature.
EDCI (15 mg, 78 umol) and DIEA (31 pL, 180 umol) were added
and the resulting solution was transferred on the trifluoroacetic
salt of deprotected 26. The mixture was stirred overnight at room
temperature. The solution was washed with brine and the organic
layer dried over Na,SO,. Evaporation of the solvent under reduced
pressure followed by purification by flash chromatography (silica
gel, pentane-EtOAc 9 : 1) gave 28 (36 mg, 43 umol, 72%) as a white
solid. Mp: 73 °C. R; 0.41 (CH,Cl,-MeOH 95 : 5). [a],* +10.6°
(¢ 1.02 in CHCL,). 64 (300 MHz; CDCl;) 7.75 (2H, d, J 7.3, CH,,
Fmoc), 7.62-7.53 (2H, m, CH,, Fmoc), 7.44-7.24 (9H, m, CH,,),
7.07 (1H, d, J 8.1, NH Val,), 7.02-6.88 (1H, br, NH Ala;), 5.64
(1H, d, J 8.1, NH Ala,), 5.36-5.22 (1H, br, NH Gly,), 5.13 (2H,
ABq,J 12.2,0, — 5 19.1,CH,-OBn), 4.55-4.43 (2H, m, CH, Val;,
CH, Ala), 4.40-4.27 (3H, m, CH,, Val,, CHH Gly, CHH Fmoc),
4.27-4.15 (3H, m, CH Fmoc, CHH Fmoc, CH, Ala), 4.08-3.97
(1H, m, CHH Gly), 2.57-2.41 (1H, m, CHj;, Val,), 2.26-2.11 (1H,
m, CHj;, Valy), 1.40 (9H, s, CH; Boc), 1.38-1.30 (6H, m, CH;
Ala,, CH; Alas), 0.97 (6H, d, J 6.8, CH; Val,), 0.90 (3H, d, J 6.9,
CH; Val;), 0.86 (3H, d, J 6.9, CH; Val;). . (75 MHz; CDCl;)
173.9, 173.5, 171.6, 168.5, 167.9 (C=0), 155.7 (2 peaks) (C=0
Boc, C=0 Fmoc), 144.0, 143.9, 141.5 (C,, Fmoc), 135.5 (C,—
OBn), 128.8, 128.7, 128.6 (2 peaks), 128.5, 127.9, 127.3, 125.3,
120.2 (CH,,), 80.4 (C, Boc), 67.3, 67.2 (CH, Fmoc, CH, Val,, CH,
-OBn), 57.8 (CH, Val;), 50.0 (CH, Alas), 47.9 (CH, Ala,), 47.3
(CH Fmoc), 40.2 (CH, Gly), 31.1 (CH;, Val;), 28.5 (CH; Boc),
27.2 (CHy, Valy), 19.8,19.3,19.2, 18.8, 17.9 (CH,). IR: 3328, 2967,
2930, 1801, 1711, 1696, 1670, 1535, 1452, 1248, 741. LRMS (DCI)
m/z: 861.5 (M + NH,)*. HRMS (ESI +) m/z: found, 882.3690;
C4sHs;N;O, K requires 882.3692.

Boc-Ile,—¥|CO-N(OAc)]-Val,—Val;—-OH (29). A mixture of
11 (21 mg, 37 umol) and Pd/C (12 mg, 10%) in EtOH (2 mL)
was placed under an atmosphere of hydrogen. The suspension
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was stirred at room temperature for one hour, then filtered.
Evaporation of the solvent under reduced pressure followed by
purification by flash chromatography (silica gel, CH,Cl,-MeOH
95 : 5) gave 29 (16 mg, 34 umol, 91%) as a colourless oil. R,
0.04 (CH,Cl,-MeOH 95 : 5). [a]p® —52.4° (¢ 1.04 in CHCL,). oy
(300 MHz; CDCl;) 7.55-7.45 (1H, br, NH Val;), 4.99 (1H, d, J 9.6,
NHIle,), 4.55-4.40 (1H, m, CH,, Val;), 4.35-4.20 2H, m, CH, Ile,,
CH, Val,), 2.66-2.43 (1H, m, CHj, Val,), 2.39-2.10 (4H, m + s
(2.26), CHjp, Val;, CH; Ac), 1.92-1.71 (1H, m, CHg, Ile,), 1.66—
1.37 (10H, m, CH, Ile,, CH; Boc), 1.15-0.80 (19H, m, CH, Ile,,
CH,; Ile,, CH; Val,, CH; Valy). 6. (75 MHz; CDCl,) 175.0, 172.9
(C=0), 169.5(C=0 Ac), 168.2 (C=0), 155.6 (C=0 Boc), 80.1 (C,
Boc), 61.8 (CH, Val,), 57.6 (CH, Val;), 54.8 (CH, Ile,), 36.7 (CHg,
Ile,), 30.6 (CHjp, Val;), 28.4 (CH; Boc), 27.5 (CHjp, Val,), 24.0 (CH,
Ile)), 20.0, 19.2 (CH,; Val), 18.9 (CH; Ac), 18.6, 17.9 (CH, Val),
16.1,11.3 (CH; Ile,). IR: 3333, 2966, 2931, 1807, 1717, 1656, 1524,
1392, 1368, 1173. LRMS (DCI) m/z: 504.9 (M + NH,)*. HRMS
(ESI +) m/z: found, 510.2783; C,;H4; N;OsNa requires 510.2791.

Boc-Ile,—¥|CO-N(OAc)]-Val,—Val;—Phe,~OBn (30). To a
mixture of 29 (17 mg, 34 umol), L-phenylalanine benzyl ester
hydrochloride (11 mg, 37 pmol), EDCI (8 mg, 41 umol) and HOBt
(6 mg, 41 pmol) in CH,Cl, (1.5 mL) was added DIEA (7 uL, 38
pmol). The solution was stirred overnight at room temperature,
washed with brine and the organic layer dried over Na,SO,.
Evaporation of the solvent under reduced pressure followed by
purification by flash chromatography (silica gel, pentane-EtOAc
9:1to1:1)gave 30 (18 mg, 25 pmol, 74%) as a white-yellowish
solid. Mp: 133 °C. R; 0.37 (CH,CL,-MeOH 95 : 5). [a],* —28.5°
(¢ 0.46 in CHCL,). oy (300 MHz; CDCl;) 7.55-7.40 (1H, br, NH
Val;), 7.37-7.15 (8H, m, CH,, Phe,, -OBn), 7.10-7.00 (2H, m,
CH,, Phe,), 6.52 (1H, d, J 5.9 Hz, NH Phe,), 5.10 (2H, ABq, J
12.3 Hz, d, — d3 11.8 Hz, CH, —-OBn), 4.96 (1H, d, J 9.9 Hz, NH
Ile,), 4.90-4.80 (1H, m, CH, Phe,), 4.32-4.15 (2H, m, CH, Ile,,
CH, Val;), 4.00-3.90 (1H, m, CH,, Val,), 3.20-3.05 (2H, m, CH,
Phe,), 2.65-2.50 (1H, m, CHj;, Val,), 2.30-2.10 (4H, m + s (2.22),
CHjp, Val;, CH; Ac), 1.90-1.70 (1H, m, CH, Ile,), 1.60-1.45 (1H,
m, CH, Ile)), 1.38 (9H, s, CH; Boc), 1.15-0.80 (19H, m, CH, Ile,,
CH; Ile,, CH; Val,, CH; Valy). o (75 MHz; CDCly) 172.7, 171.2,
170.8, 169.5, 168.4 (C=0), 155.5 (C=0 Boc), 136.1 (C,, Phe,),
135.4 (C,, —OBn), 129.5, 128.7, 128.6, 127.1 (CH,,), 80.0 (C, Boc),
67.3 (CH, Val,, CH, -OBn), 58.9 (CH, Val;), 54.9 (CH,, Ile,), 53.5
(CH, Phe,), 37.9 (CH, Phe,), 36.8 (CH, Ile,), 30.1 (CH;p, Val;),
28.4 (CH; Boc), 27.4 (CH;p, Val,), 23.9 (CH, Ile)), 20.0, 19.6, 19.4,
18.6,17.7 (CH; Val,, CH; Val;, CH; Ac), 16.2, 11.3 (CH, Ile)). IR:
3310, 2964, 2928, 1807, 1714, 1650, 1524, 1176, 698. LRMS (DCT)
m/z: 742.3 (M + NH,)*. HRMS (ESI +) m/z: found, 747.3948;
C3HsN,OyNa requires 747.3945.

CH,CH,CO-Ala,—¥[CO-N(OH)]-D-Val,—Val;—OBn 3.
To a solution of 14 (56 mg, 83 umol) in THF (1 mL) was added
diethylamine (52 uL, 500 umol). The mixture was stirred for 4 h
at room temperature. Evaporation of the solvent under reduced
pressure followed by purification by flash chromatography (silica
gel, pentane-EtOAc 9 : 1 to 1 : 1) gave 31 (35 mg, 78 umol, 94%)
as a white solid. Mp: 190 °C. R; 0.78 (CH,Cl,-MeOH 95 : 5).
[a]p® 4+24.0° (¢ 1.28 in CHCL,). dy (300 MHz; CDCl;) 8.96 (1H, s,
NOH), 7.45-7.25 (5H, m, CH,,), 6.98 (1H, d, J 8.3, NH Val,),
6.55 (1H, d, J 7.3, NH Ala,), 5.20-5.08 (1H, m, CH,, Ala,), 5.15
(2H, ABq, J 12.2, 6, — 6y 24.2, CH, —-OBn), 4.74 (1H, d, J 9.6,

CH, Val,), 4.54 (1H, dd, J 4.8 and 8.3, CH,, Val,), 2.54-2.39 (1H,
m, CHjp, Val,), 2.30-2.15 (3H, m + q (2.23, J 7.5), CH;, Val,,
-COCH,-), 1.37 (3H, d, J 6.9, CH; Ala,), 1.12 (3H, t, J 7.5,
_COCH,CHS), 1.03 (3H, d, J 6.9, CH, Val,), 0.97 3H, d, J 6.8,
CH, Val,), 0.92 (3H, d, J 6.8, CH; Val,), 0.88 (3H, d, J 6.9, CH,
Val,). dc (75 MHz; CDCl;) 173.9 (C=0 Val,), 173.0 (-COCH,-),
172.0 (C=0 Ala,), 170.4 (C=0 Val,), 135.1 (C,, -OBn), 128.5
(CH,,), 67.3 (CH, —~OBn), 64.4 (CH, Val,), 57.5 (CH, Val,), 45.4
(CH, Ala,), 30.7 (CHj, Val,), 29.4 (-(COCH,-), 27.4 (CHjp, Val,),
19.6,19.0, 17.8, 17.7, 17.6 (CH,), 9.6 (-CH, CH,;). IR: 3256, 3062,
2965, 2934, 2876, 1734, 1675, 1645, 1611, 1550, 1456, 1268, 735.
LRMS (DCI) m/z: 466.4 (M + NH,)". HRMS (ESI +) m/z:
found, 472.2415; C,;;H3sN3O¢Na requires 472.2424.

PhCO-Ala,~¥[CO-N(OH)]-D-Val,—Val;—OBn (32). The title
compound was prepared as described for 31 using 17 (26 mg, 37
umol) and, after flash chromatography (silica gel, CH,Cl,-MeOH
99.5:0.5t0 98 : 2), was obtained as a white solid (17 mg, 34 umol,
79%). Mp: 174 °C. R; 0.45 (CH,Cl,-MeOH 95 : 5). [a]p® +57.2°
(¢ 1.02 in CHCL,). 6, (300 MHz; CDCl;) 9.12 (1H, s, NOH), 7.86—
7.80 2H, m, CH,,), 7.54-7.23 (9H, m, CH,,, NH Ala,), 7.10 (1H,
d, J 8.3, NH Val,), 5.45-5.32 (1H, m, CH,, Ala,), 5.07 (2H, ABq, J
12.2,0, —d5 25.4, CH, -OBn), 4.75 (1H, d, J 9.7, CH,, Val,), 4.52
(1H, dd, J 4.9 and 8.3, CH, Val,), 2.50-2.31 (1H, m, CHj, Val,),
2.27-2.10 (1H, m, CH;p, Valy), 1.49 (3H, d, J 6.9, CH, Ala,), 1.00
(3H, d, J 6.8, CH; Val,), 0.93 (3H, d, J 6.8, CH; Val,), 0.91 (3H,
d, J 6.9, CH; Val;), 0.86 (3H, d, J 6.9, CH; Val;). dc (75 MHz;
CDCly) 173.0, 171.7, 171.1, 167.3 (C=0), 135.3 (C,, —-OBn), 134.2
(C.. —Ph), 131.8, 128.8, 128.6 (2 peaks), 127.5 (CH,,), 67.4 (CH,
-OBn), 64.1 (CH, Val,), 57.8 (CH, Val;), 46.4 (CH, Ala,), 31.0
(CHjp, Valy), 27.7 (CHyp, Valy), 19.6, 19.2, 18.2, 18.0 (CH,). IR:
3272, 3063, 2963, 2925, 1742, 1670, 1644, 1611, 1543, 1463, 1267,
1185, 694. LRMS (DCI) m/z: 497.7 [M]*. HRMS (ESI +) m/z:
found, 520.2424; C,;H;5sN;04Na requires 520.2424.

Boc-Leu,—Ala,—~¥Y|CO-N(OH)]-p-Ala;-Val,—OEt (33). To a
solution of 24 (34 mg, 45 pmol) in THF (1 mL) was added
diethylamine (29 puL, 278 umol). The mixture was stirred overnight
at 40 °C. After evaporation of the solvent under reduced pressure,
the residue was taken up in CH,Cl, and the solution was washed
with brine. The organic layer was dried over Na,SO,. Evaporation
of the solvent under reduced pressure followed by purification by
flash chromatography (silica gel, CH,Cl,L-MeOH 100 : 0 to 98 : 2)
gave 33 (17 mg, 33 pumol, 71%) as a yellowish oil. R; 0.21 (CH,Cl,—
MeOH 95:5).[a]lp® +5.7° (¢ 0.86 in CHCI,). 6, (300 MHz; CDCl;)
8.6 (1H, s, NOH), 7.35-7.22 (1H, m, NH Ala,), 7.10-6.95 (1H, m,
NH Val,), 5.40-5.25 (1H, m, CH, Ala;), 5.15-4.95 (2H, m, NH
Leu,, CH, Ala,), 4.41 (1H, dd, J 5.4 and 8.3, CH, Val,), 4.30-4.20
(1H, m, CH, Leu,), 4.20-4.05 (2H, m, CH, —OEt), 2.20-2.06 (1H,
m, CHjp, Val,), 1.65-1.48 (2H, m, CH, Leu,), 1.43 (3H, d, J 6.5,
CH; Alas), 1.38 (9H, s, CH; Boc), 1.29 (3H, d, J 6.7, CH; Ala,),
1.23-1.15 (4H, m, CH, Leu,, CH; —OEt), 0.89 (3H, d, J 6.1, CH;
Val,), 0.86 (3H, d, J 6.9, CH; Val,), 0.82 (6H, d, J 5.8, CH; Leu,).
dc (75 MHz; CDCl;) 172.7, 172.4 (C=0), 155.8 (C=0 Boc), 80.0
(C, Boc), 61.8 (CH, —OEt), 57.7 (CH, Val,), 54.0 (CH, Ala;), 53.0
(CH, Leu,), 45.9 (CH, Ala,), 42.4 (CH, Leu,), 31.0 (CH;, Val,),
28.5 (CH; Boc), 24.8 (CHyg, Leu)), 23.0 (CH; Leu,), 22.4 (CH;
Leu,), 19.2 (CH; Val,), 18.2 (CH; Val,), 17.9 (CH; Ala,), 14.7
(CH; Ala;), 14.3 (CH; —OEt). IR: 3310, 2964, 2929, 1736, 1670,
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1630, 1528, 1170, 1025. HRMS (ESI +) m/z: found, 539.3046;
C,,Hy4N,O¢Na requires 539.3057.

Ac-Ile,—¥|CO-N(OH)]-Val,—Val;-Phe,~OBn (34). A solu-
tion of 30 (14 mg, 19 umol) in TFA (1 mL) was stirred at room
temperature for 2 h before volatile compounds were evaporated
under reduced pressure. The residue was taken up in CH,Cl,
(5 mL) and an aqueous solution of NaHCO; (1 M, 5 mL) was
added. The biphasic solution was vigorously stirred overnight
at room temperature. The organic layer was dried over Na,SO,.
Evaporation of the solvent under reduced pressure followed by
purification by flash chromatography (silica gel, CH,Cl,-MeOH
100 : 0 to 95 : 5) gave 34 (8 mg, 13 umol, 70%) as a white solid.
Mp: 235-236 °C. R; 0.16 (CH,CL,-MeOH 95 : 5). [a]p® —23.5°
(¢ 0.76 in CHCI,). 6, (300 MHz; CDCl;) 8.70-8.45 2H, m + s
(8.53), NH Val;, NOH), 7.50-7.40 (1H, m, NH Ile,), 7.38-7.15
(8H, m, CH,,), 7.05-6.95 (2H, m, CH,, Phe,), 6.85-6.75 (1H, br,
NH Phe,), 5.25-5.05 (4H, m, CH, -OBn, CH, Ile,, CH, Val,),
4.95-4.85 (1H, m, CH,, Phe,), 4.40-4.30 (1H, m, CH,, Val;), 3.10-
3.02 (2H, m, CH, Phe,), 2.40-2.25 (1H, m, CH,;, Val,), 2.10-1.90
(4H, m + s (1.94), CH;, Val;, CH; Ac), 1.85-1.75 (1H, m, CHg,
Ile,), 1.55-1.40 (1H, m, CHH Ile,), 1.20-1.10 (1H, m, CHH Ile,),
0.95-0.75 (18H, m, CHj; Ile,, CH; Val,, CH; Valy). 6. (75 MHz;
CDCl,) 172.4, 171.8, 171.3, 171.0, 170.9 (C=0), 135.4 (C,, Phe),
135.0 (C,; —OBn), 129.3, 128.9, 128.8 (2 peaks), 127.5 (CH,,), 67.7
(CH, -OBn), 63.7 (CH,, Val,), 58.4 (CH, Val,), 53.5 (CH, Ile,),
53.2 (CH, Phe,), 38.1 (CH, Phe,), 37.4 (CHg, Ile,), 31.6 (CHjp,
Val,), 27.7 (CHyp, Val,), 24.9 (CH, Ile,), 22.9 (CH; Ac), 19.9, 19.2,
19.0 (CH; Val,, CH; Valy), 14.3, 11.3 (CH; Ile)). IR: 3294, 3060,
2961, 2925, 2854, 1741, 1651, 1628, 1548, 1455, 1378, 1186, 698.
HRMS (ESI +) m/z: found, 647.3416; C;,H,xN,O,Na requires
647.3421.

Ac-Ile;~¥|CO-N(OH)}-Val,—Val;—OBn (35). The title com-
pound was prepared as described for 34 using 11 (9 mg, 16 umol).
Purification by flash chromatography (silica gel, CHCl;—acetone
10:0t09: 1) gave 34 (7 mg, 14 umol, 92%) as a white solid. Mp:
137 °C. R; 0.23 (CH,Cl,-MeOH 95 : 5). [a]p® —25.4° (¢ 0.56 in
CHCl,). dy (300 MHz; CDCl;) 8.51 (1H, s, NOH), 8.40-8.23 (1H,
m, NH Val;), 7.40-7.30 (5H, br s, CH,, -OBn), 7.05-6.90 (1H,
m, NH Ile,), 5.28-5.05 (4H, m, CH, -OBn, CH, Ile,, CH, Val,),
472 (1H, dd, J 4.6 and 9.2, CH,, Val;), 2.45-2.30 (1H, m, CHjp,
Val,), 2.25-2.10 (1H, m, CHj, Val;), 2.00 (3H, s, CH; Ac), 1.85-
1.72 (1H, m, CHg, Ile,), 1.47-1.32 (1H, m, CHH Ile,), 1.10-0.70
(19H, m, CHH Ile,, CH; Ile,, CH; Val,, CH; Val). dc (75 MHz;
CDCl;) 172.9,172.3,171.4,170.8 (C=0), 135.2 (C,, —OBn), 128.9,
128.8, 128.5 (CH,,), 67.7 (CH, -OBn), 63.5 (CH,, Val,), 56.6 (CH,,
Val,), 53.3 (CH, Ile,), 37.4 (CHg, Ile,), 32.0 (CH;, Valy), 27.7
(CH,, Val,), 24.7 (CH, Ile)), 22.9 (CH; Ac), 19.8, 19.2, 18.9, 17.5
(CH; Val,, CH; Valy), 15.7, 11.4 (CH; Tle,). IR: 3397, 3307, 3170,
3089, 2962, 2931, 2875, 1731, 1686, 1627, 1526, 1463, 1394, 1306,
1187, 1145, 751, 698. LRMS (DCI+) m/z: 477.9 (M + H)*, 494.9
(M + NH,)*. HRMS (ESI +) m/z: found, 516.2482; C,;H3yN;OsK
requires 516.2476.

Boc-Leu,—Ala,—¥Y|CO-N(OCOPh)|-p-Ala;—Val,—~OEt  (36).
The title compound was prepared from 33 (35 mg, 68 umol) and
benzoic acid using method B. Eluent for flash chromatography:
pentane-EtOAc 9 : 1 to 1 : 1; yellowish oil (42 mg, 67 pmol, 99%).
R; 0.32 (CH,CL,-MeOH 95 : 5). [a]p® +4.8° (¢ 1.15 in CHCL,).

Jn (300 MHz; CDCL,) 8.13 (2H, d, J 7.6, CH,,), 7.75-7.65 (2H,
m, NH Val,, CH,,), 7.52 (2H, dd, J 7.7 and 7.7, CH,,), 6.71 (1H,
d, J 6.8, NH Ala,), 4.95-4.76 (2H, m, NH Leu,, CH, Ala;), 4.69
(1H, dq, J 6.8 and 6.8, CH, Ala,), 4.49 (1H, dd, J 5.1 and 8.5,
CH, Val,), 4.27-4.02 (3H, m, CH, Leu,, CH, —-OEt), 2.34-2.18
(1H, m, CHjp, Val,), 1.75-1.20 (21H, m, CHjp, Leu,, CH, Leu,,
CH; Ala, (1.51,d, J 6.8), CH; Boc (1.42, s), CH; Ala, (1.38,d, J
6.8), CH, —OEt), 0.98 (3H, d, J 6.4, CH; Val,), 0.96 (3H, d, J 6.0,
CH,; Val,), 0.92 (6H, d, J 6.2, CH; Leu,). dc (75 MHz; CDCl;)
173.7 (C=0 Ala,), 172.2 (C=0 Ala;), 171.7, 169.3 (C=0 Leu,,
C=0 Val,), 165.6 (COPh), 155.7 (C=0 Boc), 135.2 (C,,), 130.6,
129.2, 125.8 (CH,,), 80.1 (C, Boc), 61.1 (CH, —OEt), 59.4 (CH,
Ala;), 57.9 (CH, Val,), 53.0 (CH, Leu,), 46.3 (CH, Ala,), 41.6
(CH, Leu,), 31.0 (CHj, Val,), 28.4 (CH; Boc), 24.8 (CH;3, Leu,),
23.2 (CH; Leu,), 22.0 (CH; Leu,), 19.2 (CH; Val,), 18.0 (CH;
Val,), 17.9 (CH; Ala;), 14.3 (CH; -OEt), 13.5 (CH; Ala,). IR:
3314, 2962, 2929, 1771, 1741, 1655, 1534, 1452, 1368, 1238, 1170,
1016 710. HRMS (ESI +) m/z: found, 643.3315; C;,H;xN,OyNa
requires 643.3319.

Fmoc—Phe,—Leu,—Ala;—¥|CO-N(OCOPh)|-p-Ala,—Val;—OEt
(37). The title compound was prepared as described for 28 using
36 (21 mg, 34 pmol). Purification by flash chromatography (silica
gel, pentane-EtOAc 9 : 1) gave 37 (22 mg, 25 umol, 74%) as a
white solid. Mp: 86-88 °C. R; 0.33 (CH,Cl,~-MeOH 95 : 5). [a]p*
+1.48° (¢ 0.90 in CHCl,). dy (300 MHz; CDCl,) 8.13 (2H, d, J
7.6, CH,, -COPh), 7.78-7.62 (4H, m, NH Val,, CH,,), 7.57-7.45
(4H, m, CH,,), 7.42-7.10 (9H, m, CH,,), 6.85-6.75 (1H, br s,
NH Ala;), 6.40-6.28 (1H, br s, NH Leu,), 5.45-5.30 (1H, br s,
NH Phe,), 5.00-4.87 (1H, br, CH, Ala,), 4.70-4.57 (1H, m, CH,
Alay), 4.55-4.34 (3H, m, CHH Fmoc, CH, Phe,, CH, Leu,), 4.49
(1H, dd, J 5.2 and 8.4, CH, Val;), 4.34-4.23 (1H, m, CH Fmoc),
4.23-4.17 (3H, m, CHH Fmoc, CH, -OEt), 3.12-2.98 (2H, br,
CH, Phe,), 2.34-2.16 (1H, m, CHj;;, Valy), 1.63-1.15 (12H, m,
CHjs, Leu,, CH, Leu,, CH; Ala,, CH; Ala;), 0.97 (3H, d, J 6.5,
CH,; Valy), 0.95 (3H, d, J 6.5, CH; Vals), 0.85 (6H, br s, CH;
Leu,). dc (125.9 MHz; CDCl;) 173.6 (C=0), 171.8 (C=0 Valy),
171.0, 170.9, 169.3 (C=0), 165.6 (COPh), 156.2 (C=0 Fmoc),
143.8, 141.5 (CH,, Fmoc), 136.3 (C,, Phe,), 135.3 (C,, —-COPh),
130.6, 129.5, 129.3, 128.9, 127.9, 127.3, 125.7, 125.3, 125.2, 120.2
(CH,,), 67.3 (CH, Fmoc), 61.2 (CH, —OEt), 59.2 (CH,, Ala,), 57.8
(CH, Valy), 56.2 (CH,, Phe,), 51.7 (CH, Leu,), 47.3 (CH Fmoc),
46.4 (CH, Ala;), 41.3 (CH, Leu,), 38.3 (CH, Phe,), 31.0 (CHjp,
Vals), 24.7 (CHj, Leu,), 23.1 (CH; Lew,), 22.0 (CH; Leu,), 19.3,
18.1 (CH; Valy), 17.8 (CH; Ala,), 14.4 (CH; —OEt), 13.5 (CH;
Ala;). TR: 3295, 3063, 2959, 2927, 2868, 2855, 1736, 1647, 1535,
1451, 1237, 1038, 1015, 741, 706. HRMS (ESI +) m/z: found,
912.4159; C5,HsNsO,(Na requires 912.4160.
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A short synthetic protocol leading to HIV-1 protease in-
hibitors with a tertiary alcohol based transition-state mim-
icking unit and different P2 side chains has been developed.

HIV-1 protease inhibitors (PIs) are important in the most
frequently used regimen for the treatment of HIV/AIDS, the
highly active antiretroviral therapy (HAART), and have improved
the quality of life and prolonged the lifetimes of infected
patients.! Seven PIs have reached the market so far,>® and in
addition, tipranavir has been granted accelerated approval by
the FDA.* All PIs currently available for therapy are peptide-like
and suffer from shortcomings related to their pharmacokinetic
properties. Low membrane permeability, high protein binding and
rapid metabolism have been reported for almost all approved
inhibitors.** In addition, considering the increasing numbers of
HIV-1 strains resistant to the present PI generation,*’ the need
for new structural themes and unique chemical entities to combat
HIV/AIDS is obvious.?

We recently described a new class of HIV-1 PIs containing
a tertiary alcohol, a component which has rarely been used
in transition-state analogs.”® These inhibitors, exemplified by
1 in Fig. 1, exhibited low K; values and, notably, excellent
membrane permeation properties in a Caco-2 assay. The latter
observation was accounted for by anticipating that participation
in intramolecular hydrogen bonding could mask the tertiary
hydroxyl group. The stereochemistry of the tertiary alcohol was
critical for inhibition, with the (S)-isomer being considerably
more potent than the corresponding (R)-isomer. The transition-
state mimicking unit in these inhibitors was synthesized by ring
opening of a 2,2-disubstituted epoxide comprising an amido-
indanol moiety, present in the approved PI indinavir as shown
in Fig. 1.'»2 Unfortunately, results from the first two series
of inhibitors indicated high intrinsic clearance (Cl,,) in liver
microsomes. This could be attributed to degradation of the
P2 indanol group, known to be metabolized by CYP enzymes
via benzylic oxidation in related systems.'>* We were therefore
encouraged to develop an alternative synthetic route that would
allow the incorporation of other P2 groups in a straightforward
manner. Herein we present a new protocol and enzyme inhibition
data from a series of P2-varied compounds.
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T Electronic supplementary information (ESI) available: Experimental
details and spectroscopic data for all new compounds, elemental analysis
data, procedures for enzyme assays and liver microsome stability evalua-
tion. See DOI: 10.1039/b606859f
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Fig. 1 Structures of HIV-1 protease inhibitor 1, containing a tertiary
alcohol-derived transition-state mimic, and indinavir.

We were interested in using (2S)-2-benzyloxirane-2-carboxylic
acid ((S)-5) as a key intermediate in the synthesis of the new
HIV-1 protease inhibitors (Scheme 1). Amide coupling of (S)-5 to
different amines followed by epoxide ring opening would afford
inhibitors encompassing various P2 groups. Thus, a synthetic
protocol starting from 2-benzylacrylic acid (2), prepared according
to a literature procedure,'® was developed (Scheme 1). Compound
2 was activated by SOCI, and then coupled with ethyl-(S)-
lactate producing ester 3 in 75% isolated yield. Epoxidation by
3-chloroperoxybenzoic acid (mCPBA) followed by flash chro-
matography gave the pure diastereomers (S)-4 and (R)-4, in

(@)

lO
¢

o}
Ho N

(S)-4 (8)-5
+ (R)-diastereomer
Scheme 1 Reagents and conditions: (1) SOCl,, room temp and then

ethyl-(S)-lactate, DMAP, CH,Cl,, room temp, 75%; (ii)) mCPBA, CH,Cl,,
reflux, 77%; (iii) NaOH, THF, room temp, quantitative yield.
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addition to a mixed fraction (in a 4 : 5 : 1 ratio) in a total yield
of 77%. The lactate unit was cleaved from the epoxide part using
NaOH in water—THF, providing the free acid in quantitative yield.
The absolute configuration of (S)-5 was confirmed by coupling
with (1S,2R)-2-aminoindanol followed by comparison of NMR
data and optical rotation of the isolated compound with the
reported values.’

Initially, (S)-5 was coupled with different amines using
EDC (1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride), NMM (N-methylmorpholine) and HOBT (1-hydroxy-
benzotriazole), resulting in the corresponding amides at low to
moderate yields (6a, b, f-h, Scheme 2). For the more sluggish
aromatic amines this system did not promote any coupling and in-
stead PyBOP ((benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate) and (i-Pr),NH were used, which resulted
in compounds 6¢ and 6d in 46% and 39% isolated yields, re-
spectively (Scheme 2). With L-valine-methylamide, HATU (O-(7-
azabenzotriazole-1-yl)-N,N,N',N'-tetramethyluronium hexafluo-
rophosphate) together with (i-Pr), EtN provided the most efficient
coupling reaction in this series and amide 6e was generated in
60% yield (Scheme 2). The amino acid a-carbon partly racemized
during the amide couplings and mixtures of amides 6e-h with
minor amounts of the corresponding (R)-isomers (as determined
by NMR) were isolated. These impurities were removed by reverse-
phase LC-MS of the final products. Coupling between 2 and
L-tert-leucine-methylamide, followed by epoxidation yielded a 50 :
50 mixture of (S)-8 and (R)-8, which was separated by flash
chromatography (Scheme 2). The absolute configuration at the
quaternary carbon atom in (S)- and (R)-8 was determined using
X-ray crystallographic data from the corresponding (S)-inhibitor
18, obtained by ring opening of (S)-8 (Fig. 2, Table 1).'
Interestingly, in this X-ray structure, a hydrogen bond was revealed
between the tertiary alcohol and the prime side hydrazide carbonyl
group (distance 1.8 A). This observation further supports our
hypothesis that intramolecular hydrogen bonding to the tertiary

O

o
P2. )KQD
HOM i NS

—

@ a
(S)-5 6ah

\_/

H :
My
(6]

e

ok

18

Fig. 2 X-Ray crystal structure of compound 18.

alcohol in the transition-state mimic is present in these molecules,
which, in turn, could contribute to efficient membrane permeation.

Hydrazide 9, prepared as previously reported® was used to open
disubstituted epoxides 6a—h and 8 (Table 1). Surprisingly, attempts
to use Ti(Oi-Pr), as a catalyst, successfully applied in the earlier
studies using indanol-amide epoxides,®!® rendered the extensive
formation of by-products. An uncatalyzed protocol provided clean
product patterns, but required longer reaction times (4-8 days).
Purification by reverse-phase LC-MS resulted in moderate to
good yields of most target compounds. However, the products
derived from epoxides 6¢ and d comprising aromatic amides were
recovered in very poor yields (Table 1).

Enzyme inhibition data and anti-HIV activity in cell culture
for structures 10-19 are summarized as K; and ECs, values
in Table 1. The amido-indanol derivative, 1, is included as a
reference compound. Evaluation of inhibitors 10-13, with cyclic
P2 groups, resulted in poor to moderate inhibitory potencies,

O,

O

R
VRS s

O/\/N\n/\r‘: - \n/\fr’ /N\n/:g
(o]
f 9 h

o L

(e}
> H : i
HO ii - \“/\ Lg NM . /N\([)]/\HJI,I
2 (S)-8 @ (R)-8

50:50 mixture, separated by flash chromatography

Scheme 2 Reagents and conditions: (i) 6a, b, f-h: P2-NH,, EDC, HOBT, NMM, EtOAc, room temp, 17-45%; 6¢, d: P2-NH,, PyBOP, (i-Pr),NH,
CH,Cl,, room temp, 46%, 39%; 6e: P2-NH,, HATU, (i-Pr),EtN, CH,Cl,, room temp, 60%; (ii) L-fert-leucine-methylamide, EDC, HOBT, NMM, EtOAc,
room temp, 54%; (iii) mCPBA, AIBN (2,2’-azobis(2-methylpropionitrile), CICH,CH,Cl, reflux, 76%.
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Table 1 Synthesis and enzyme inhibition data for compounds 10-19*

Br
/

(o}

SN
N | H H
S N\NJ\(N o —
H
AN ©

6a-h, 8 9 10-19
Compound P2 group From epoxide Yield (%) K; (nM) ECs (uM)
1 @ — — 2.4 1.1
S
OH

6a 54 88 >10

\ 7/

11 0

)

-~

12 6c 7 480 >10
HO % ~
13 m 6d 11 1140 >10
N0

6b 52 110 >10

i)

14° ~

H 6e 46 7.4 7.3
/N
(o]
15¢ 9y \/ of 734 5.1 3.1
(o]
16 \ 6g 35 81 >10
Ho
Ay
(o]
17 a ) 6h 39 860 >10
S
Ho
Ay
(6]
18 (S)-8 49 180 >10
H \i/
o
s
(o]
19 P (R)-8 69 >5000 >10

H =
N :,ﬁf
f

« Conditions: i-PrOH, 80 °C, 4-8 days. * Cl;,, = 160 uL min~' mg~". ¢ Cl;,, = 230 uL min~' mg~". “ Based on the amount of converted epoxide.
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K; =88-1140 nM (Table 1). Compounds 14-18, comprising amino
acid-derived P2 units, displayed large variability of the K; values
depending on the size of the amino acid side chain (Table 1).
The iso-propyl group in compounds 14 and 15 seemed to be well
tolerated in the enzyme S2 pocket affording highly potent HIV-1
protease inhibitors with K; = 7.4 and 5.1 nM, respectively. On
the other hand, the iso-butyl, tert-butyl and benzyl side chains
afforded several times less potent inhibitors as deduced from the
corresponding K; values (16-18, Table 1). As expected, the (R)-
analogue 19 was not active in the enzyme assay at concentrations
below 5000 nM. Surprisingly, most of the inhibitors did not exhibit
any cellular antiviral activity (Table 1). Only the best enzyme
inhibitors, 14 and 15, were active in this assay with EC5, = 7.3 and
3.1 uM, respectively. Compound 14 and 15 were further evaluated
for stability in the presence of liver microsomes (Table 1). Slightly
lower intrinsic clearance was observed for these two compounds
(Clyy = 160 and 230 uL min~' mg~', respectively), lacking the
metabolically unstable indanol-amide P2 group compared to
inhibitor 1 (Cl,, = 266 uL min~' mg™").

Several of the approved HIV-1 protease inhibitors comprise
relatively small, cyclic P2 structural elements. This is the case
for example with amprenavir, containing tetrahydrofuran as the
P2 group and for nelfinavir with a phenol-related structure in
this position.> On the other hand, the most recently launched
inhibitor atazanavir, carries N-derivatized amino acid residues in
the P2/P3 and P2'/P3’ positions."” We were encouraged to evaluate
structural units representing both these types of substituents as
potential P2 groups in our new inhibitors. The HIV-1 protease
inhibition data summarized in Table 1 suggest that the size and
polarity of the P2 substituent are crucial to allow proper accom-
modation in the S2 sub-site. Small P2 groups, unable to reach the
enzyme S3 pocket, furnish poor to moderate inhibitory potencies
(10-13). Furthermore, the distance between the transition-state
mimicking tertiary hydroxyl group and P2 aromatic ring structures
in 10, 12 and 13 proved to be of importance. A methylene spacer
between the amide bond and the P2 aryl group as in compound
10 afforded a 5 to 13 times more potent inhibitor than 12 and 13
(Table 1). The amino acid-derived P2 substituents in compounds
14-18 have the potential of reaching both the enzyme S2 and S3
pockets, which could be beneficial for efficient binding. However,
the bulkiness of the P2 side chain strongly affected inhibition
and only the iso-propyl group present in compounds 14 and
15 provided highly potent inhibitors (Table 1). The fact that
compound 18 was devoid of activity in the cellular assay was
somewhat surprising and is difficult to rationalize since a similar
tert-leucine-derived P2/P3 group present in the approved inhibitor
atazanavir has been reported to afford both excellent potency in
cell culture and high oral bioavailability."”

In summary, an enantiomerically pure epoxy carboxylic acid
was identified as the key building block in a novel synthetic
strategy delivering HIV-1 protease inhibitors with a tertiary

alcohol in the transition-state mimicking scaffold and comprising
various P2 groups. The inhibitors were prepared applying four
or five synthetic steps and no protecting groups were required.
Compound 15 exhibited the lowest K; value (5.1 nM) in the series
and also demonstrated the highest activity in cell culture (ECsy =
3.1 uM).

We thank the Swedish Research Council (VR), the Swedish
Foundation for Strategic Research (SSF), Dr Gunnar Lindeberg
and Mr Christian Skold.
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a-Diphenylphosphinoyl ketones are selectively and sequentially alkylated at the a-position. Double
lithiation and selective alkylation occurs at the less stabilised y-position. Dephosphinoylation of the
alkylation products gives ketones. Mono-alkylation is selective, highly crystalline intermediates are

formed and a one-pot strategy is possible. The method is ideally suited for the preparation of

acid-sensitive ketones.

The two-step synthesis of ketones via the addition of a carbon-
centred nucleophile to a carboxylic acid, or equivalent, followed
by enolate generation and reaction with electrophiles is one of the
most important reaction sequences in synthetic chemistry. Gener-
ally, the addition of organolithium reagents to simple carboxylate
esters or acyl chlorides is complicated by the tendency of the
nucleophile to react with the ketone generated if the tetrahedral
intermediate decomposes during the reaction.! Grignard reagents
do react with acid chlorides at low temperature to make ketones
selectively.? Tt is possible to acylate other organometallic species
with acid chlorides and thioesters via a C-Cl or C-S bond
insertion mechanism: magnesium,** copper,® tin,” and zinc'*"
organometallics selectively produce ketones, often with palladium
catalysis. Alternatively, good yields of ketone can be ensured by
trapping'>"® or by stabilisation of the tetrahedral intermediate
through chelation of the metal to the leaving group (Weinreb
amides,™ or thiopyridyl esters'®) or the nucleophile. Sulfoxides,
sulfones and sulfonamides,'® sulfinamides,’” phosphinates and
thiophosphinates,'” and phosphine oxides'! are good chelating
groups for hard metal ions and also act as electron-withdrawing
groups (EWGs) in the generation of carbon nucleophiles by
deprotonation. In the reactions of these stabilised anions over-
addition is rarely observed (Scheme 1).

o) o) 0
i i
L ' EWG EWG
R’ X R’ R’
M_ _EWG
R2 R2 R3

(o} o}
2
R1)H R1JJ\(R

R? R3

Scheme 1 Ketone synthesis: (i) acylation; (ii) alkylation; (iii) deprotec-
tion. X = OR; M = Li, Na, K; EWG = CO,R, S(O)R, SO,R, S(O)NR,,
SO,NR,, PO(OR),, P(O)R,.

In many cases the regioselective generation of enolates from
near-symmetrical ketones can be problematic, and the yields
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T Electronic supplementary information (ESI) available: experimental and
analytical details for all compounds. See DOI: 10.1039/b606873a.

observed in the alkylations of simple lithium enolates with alkyl
halides are not always high.?® The use of other metal counterions
(e.g. boron,? tin,”** zinc,* or manganese**") or masked ketone
equivalents such as hydrazones®* can give synthetically useful
yields of alkylated products but many of these methods still
require the use of strong bases and/or low temperatures and
the difficult drying of metal salts for transmetallation. Alter-
natively, the activation of ketones with electron-withdrawing
groups allows milder and regioselective enolate generation. In
particular, B-keto-esters,***" B-keto-sulfoxides,*? B-keto-sulfones,**
B-keto-phosphonates®* and B-keto-phosphine oxides* can all be
alkylated (Scheme 1). In these cases the bases used in the alkylation
are weaker than the lithium amide bases needed for the alkylation
of unactivated ketones or hydrazones. The activating ester,***!
sulfoxide, sulfone, sulfonamide,'® sulfinamide,'” phosphonate,* or
phosphine oxide® groups can be removed with a variety of reagents
to give simple ketones (Scheme 1). The use of a phosphine oxide
as an auxiliary activating group is of particular benefit because
B-keto-diphenylphosphine oxides are easy to make, are highly
crystalline and are not hydroscopic.

The diphenylphosphinoyl group can facilitate carbon—carbon
bond formation and then be removed to give olefins’ and
cyclopropanes.® Both cases involve an intramolecular oxygen
nucleophile and a carbon leaving group from phosphorus. The
removal of the phosphinoyl group may also occur with an
intermolecular nucleophile as long as the leaving group ability
is maintained. This suggestion prompted the first experiment: the
treatment of B-keto-phosphine oxide*® 3e [Scheme 2, eqn. (1)] with
aqueous sodium hydroxide in ethanol, similar conditions to those
reported for the analogous intramolecular phosphoryl transfer
[Scheme 2, eqn. (2)].%*

© o o)
Il (e}
P S @ ! Ph Ph,P O]
PRED P T PNP
3e Ph 5a Ph

(O o] 0]
PPh, i
A
Ph 2 1 lpn O |—Ph @
0 OPPh, OH
H
Scheme 2 Reagents and conditions: NaOH, H,0, EtOH: (i) reflux;
(i) 60 °C.
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This reaction produced ketone 5a cleanly and in high yield,
with the sodium diphenylphosphinate by-product easily removed
by aqueous base. Taken in conjunction with the acylation’®"
and alkylation reactions, this promised to be a simple, powerful
and general ketone synthesis (Scheme 3).

ﬂ o , | o O
I I
Ph,P. R2 <—R1=Alk thp\/w —’R1 " thp\/lLRz
1]
. 11}
l" o o o0
RwQL i I
ﬁ o N Ph,P. r2
thP»%J\R2 5 3
4 R RS ii lii
9 o'o
R1 i
\H‘kRz <«—— PhyP. R?
R3 6 4 R' R3

Scheme 3 (i) Acylation; (ii) alkylation; (iii) dephosphinoylation.

Table 1 Acylation of phosphine oxides 1 (Scheme 3)*

Entry R' R? Product Yield (%)
1 H Me 2a* 52
2 H Et 2b" 46
3 H i-Pr 2c® 49
4 H Ph 24" 77
5 H Furan-2-yl 2e 76
6 H PhCH,CH, 2f*4 69
7 Me Me 3a" 62
8 Me Et 3p" 63
9 Me i-Pr 3c 65

10 o/_\O Ph 344 74

25 e

“ Conditions: THF, —78 °C, n-BuLi (1.05 equiv.), methyl ester (1.1 equiv.)
except for entries 1, 6 and 7 where the ethyl ester was used.

A series of B-keto-phosphine oxides was synthesised by the
method of Warren and Torr (Table 1)." With the exception of
entries 5 and 9, all these B-keto-phosphine oxides are known
compounds prepared by a similar method. Typically, these re-
actions never go to completion. However, it is usually simple to
separate unreacted starting material from the product by column
chromatography or crystallisation. Bartoli et al. have developed
conditions that improve the yield of the acylation of phosphine
oxides by using an excess of base and acylating agent.* However,
as it is simple to separate starting material from product, the less
wasteful Warren procedure, which employs stoichiometric base
and acylating agent, was used.

Selective mono-alkylation is difficult with, for example, tra-
ditional acetoacetate chemistry in particular with reactive elec-
trophiles such as allylic halides. We hoped that our method would
provide a more reliable method for this purpose. As can be seen
from Table 2, selective mono-alkylation occurs in good yields with
sodium methoxide as base and activated electrophiles at room
temperature. Despite their reactivity and base sensitivity, even a-
bromo esters and ketones react only once in high yield (entries
6 and 7). Most reactions are complete within a few hours and
products are easily isolated by column chromatography.

The alkylation products are generally highly crystalline due to
the diphenylphosphinoyl group making it possible to crystallise
the product directly from the crude reaction mixture. This is
particularly useful when the reactions are performed on a large
scale. Owing to the moderate reactivity of B-keto-phosphine oxides
towards very reactive electrophiles, we suspected that they would
be unreactive towards less reactive alkyl halides. Attempts at
alkylating methyl ketone 2a (Table 2, entry 13) and phenyl ketone
2d (entry 9) with an alkyl iodide showed that the nature of the
enolate nucleophile has a strong influence on the reaction outcome.
Whereas, phenyl ketone 2d produces the desired mono-alkylated
product in good yield no reaction occurs with methyl ketone
2a. The same trend is observed with alkyl bromides (Table 2,
entries 8 and 14) which give only low conversions even at elevated
temperature. The alkylation reactions of methyl ketone 2a and

Table 2 Selective mono-alkylation of B-keto-phosphine oxides 2 (Scheme 3)

Entry 2R? Alkylating agent R'-X Product (method®) Yield (%)
1 Ph (E)-PhCH=CHCH,Br 3e (a) 99
2 Ph (E)-PhCH=CHCH,CI 3e (b) 97
3 Ph (Z2)-PhCH=CHCH,Br 3f(a) 85
4 Ph CH,=CHCH,Br 3g (a) 74
5 Ph PhCH,Br 3h (a) 75
6 Ph PhC(O)CH,Br 3i(a) 86
7 Ph BrCH,CO,#-Bu 3 (a) 84
8 Ph PhCH,CH,Br 3k () <17
9 Ph CH;(CH,), 1 3l(c) 71

10 2-Furanyl (E)-PhCH=CHCH,Br 3m (a) 83

11 Me (E)-PhCH=CHCH,Br 3n(a) 87

12 Me PhCH,Br 30 (a) 72

13 Me CH,(CH,),,1 3p(d) 0

14 Et MeO,C(CH,),,Br 3q (e) <10°

15 PhCH,CH, (E)-PhCH=CHCH,Br 3r (a) 95

16 S ~pn CH,=CHCH,Br 3s (a) 82

&j\/\

“ Conditions: (a) NaOMe (1.1 equiv.), R'-X (1.2 equiv.), THF; (b) as in (a) with Nal (1 equiv.) added; (c) NaH (1.1 equiv.), R'-X (1.2 equiv.), DMF,
80 °C; (d) NaH (1.1 equiv.), R'-X (1.2 equiv.), DMF; (e) as in (c) with Nal (1 equiv.) added. ®* Conversion by NMR.
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Table 3 Alkylation of 2a and 2d with butyl halides

nof pof
2a: R=Me Conditi 3t R=Me
2d:R=Ph PhZP\)J\R R PhQP\HJ\R 3u:R=Ph
Bu
Yield (%)”
Entry Bu-X Method*/°C 3t 3u
1 BuCl a,b,c.d (RT/60) 0 0
2 BuBr  abcd (RT) <14 <4
3 BuBr a (60) 0 4
4 BuBr b (60) 20 35
5 BuBr ¢ (60) 23 42
6 BuBr d (60) 41 49
7 Bul a (RT) 5 4
8 Bul ¢ (RT) 73 39
9 Bul a (60) 24 1
10 Bul ¢ (60) 67 57

“Conditions: (a) NaOMe (1.1 equiv.), THF, Bu-X (1.1 equiv.), 20 h;
(b) as in (a) with Nal (20 mol%) added; (c) NaH (1.1 equiv.), DMF, Bu-X
(1.1 equiv.), 20 h; (d) as in (c¢) with Nal (20 mol%) added. ® Conversion by
NMR; RT = room temperature.

phenyl ketone 2d were investigated further using butyl chloride,
bromide and iodide as electrophiles, and NaOMe/THF and
NaH/DMF as base (with and without added sodium iodide)
at room temperature and at 60 °C (Table 3). All reactions were
examined by NMR after 20 h. Butyl chloride was completely
inert under all the studied conditions (entry 1) and butyl bromide
gave hardly any conversion at room temperature and only poor
conversion at elevated temperature (entries 2-6). The addition of
sodium iodide did not have any significant effect on conversion
rates. Only butyl iodide gave conversions that could be considered
useful from a synthetic point of view when sodium hydride in
DMF was employed (entries 8 and 10). Both the methyl ketone 2a
and phenyl ketone 2d gave good conversions.

Introduction of a second substituent at the a-position of mono-
alkylated B-keto-phosphine oxides 3 might be difficult due to the
complete absence of dialkylated side-products previously (Table 2).
As foreseen, the first attempt at alkylating a phenyl ketone failed to
give any product (Scheme 4). However, when the same reaction was
attempted with methyl ketone 3a, and sodium hydride in DMF,
the dialkylated product was obtained in a good yield (Table 4,
entry 2) and when sodium methoxide in THF was employed the
product was obtained in excellent yield (entry 3). This prompted

Table 4 Alkylation of B-keto-phosphine oxides 3 (Scheme 3)

"8 bof
Ph,P R=Me /. PheP
Ph — Ph
R iorii Me _
0% Ph
4a
R=H i iii
o i
1]
Ph,P. _ . PnP
Ph ) h
46%
|
49

Scheme 4 Reagents and conditions: 1) NaOMe, THEF, (E)-cinnamyl
bromide; ii) NaH, DMF, (E)-cinnamyl bromide, 80 °C; iii) NaH, DMF,
1,4-diiodobutane.

us to perform a number of experiments with alkyl ketones (entries
4-7) that all produced the dialkylated products 4 in moderate to
good yields.

To establish if it was possible to do a double alkylation of phenyl
ketones, we made the second alkylation intramolecular producing
cyclic phenyl ketone 4g (Scheme 4), giving the product in moderate
yield.

Using phosphine oxide 3e as a model compound, a number
of different dephosphinoylation conditions were examined: (a)
sodium hydroxide in refluxing water and ethanol; (b) potassium
hydroxide in refluxing methanol; (c) sodium methoxide in refluxing
methanol; (d) potassium fluoride in refluxing water and ethanol;
(e) potassium carbonate in refluxing water and ethanol. With the
exception of potassium fluoride (Table 5, entry 5), all of these de-
phosphinoylation conditions resulted in conversion to the desired
ketone in excellent yield. In many instances, the ‘crude’ reaction
product 6 was analytically pure. It is noteworthy that the acetal-
protected phosphine oxide 5i (entry 14) was dephosphinoylated in
good yield, demonstrating that this method is ideally suited for
the synthesis of acid-sensitive ketones. Moreover, (Z)-alkene Sk
(entry 16) did not isomerise to the (E)-isomer under the reaction
conditions, and furan 5Sm (entry 18) was stable giving a good yield
of ketone.

It was also possible to apply the method to the synthesis of
deuterium labelled ketones by performing the dephosphinoyla-
tion in deuterated solvents. For example, ketones 5Sn and 5o
(Scheme 5) were synthesised in good yield by treating the respective
B-keto-phosphine oxides with sodium deuteroxide in refluxing
deuterium oxide and ethanol-d.!

Starting material 3

Entry R! R? Alkylating agent R*-X Product (method®) Yield (%)
1 Me Ph (E)-PhCH=CHCH,Br 4a (a,b) 0
2 Me Me (E)-PhCH=CHCH,Br  4b (c) 7
3 Me Me (E)-PhCH=CHCH,Br 4b (a) 97
4 Me Et (E)-PhCH=CHCH,Br 4c (a) 81
5 Me i-Pr (E)-PhCH=CHCH,Br  4d (a) 80
6 (E)-PhCH=CHCH, Me CH,=CHCH,Br 4e (a) 54
7 (E)}-PhCH=CHCH,  (CH,),Ph  (CH:)C=CHCH,Br 4f (a) 87
8 H Ph ICH,CH,CH,CH,I 4g (d) 46

« Conditions: (a) NaOMe, R*-X, THF, 20 °C; (b) NaH, R*~X, DMF, 80 °C; (c) NaH, R*-X, DMF, 20 °C; (d) NaH (2.2 equiv.), R*-X (1.2 equiv.), DMF.
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Table 5 Dephosphinoylation of phosphine oxides 3 and 4 (Scheme 3)

Starting material 3/4

Entry R! R? R Product (method®) Yield (%)
1 H Ph (E)-PhCH=CHCH, 5a (a) 99
2 H Ph (E)-PhCH=CHCH, 5a (b) 96
3 H Ph (E)-PhCH=CHCH, 5a (c) 95
4 H Ph (E)-PhCH=CHCH, 5a (d) >95b
5 H Ph (E)-PhCH=CHCH, 5a (e) 0
6 H Me (E)-PhCH=CHCH, 5b (a) 92
7 H Me (E)-PhCH=CHCH, 5b (c) 95
8 H Me PhCH, 5c (a) 86
9 H Ph PhCH, 5d (a) 96

10 H Ph CH,=CHCH, 5e (a) 78

11 H Ph CH}(CHZ)II 5f (d) 68

12 H Ph PhC(O)CH, 5g (a) 67

13 H Ph +-BuOC(O)CH, 5h (a) 77

14 H Ph O/_\O 5i (b) 82

:"‘:\><Me

15 H PhCH,CH, (E)-PhCH=CHCH, 5j (b) 81

16 H Ph (Z)-PhCH=CHCH, 5k (a) 93

17 H S ~pn CH,=CHCH, 51 (a) 78

TMj\/\

18 H Furan-2-yl (E)-PhCH=CHCH, 5m (b) 72

19 Me Me (E)-PhCH=CHCH, 6a (a) 96

20 Me Et (E)-PhCH=CHCH, 6b (a) 91

21 Me i-Pr (E)-PhCH=CHCH, 6¢ (a) 97

22 CH,=CHCH, Me (E)-PhCH=CHCH, 6d (b) 71

23 (CH;),C=CHCH, PhCH,CH, (E)-PhCH=CHCH, 6e (a) 80

“ Conditions: (a) 4 M aq. NaOH, EtOH, reflux; (b) KOH (10 equiv.), MeOH, reflux; (c) K,CO; (10 equiv.), H,O, EtOH, reflux; (d) NaOMe (10 equiv.),
MeOH, reflux; (e) KF (10 equiv.), H,O, EtOH, reflux. * Conversion by NMR with Ph,P(O)OMe as the other product. ¢ The carboxylic acid was obtained.

(e}

i} o
Ph,P:. 7 i W
Ph ———
DD
Me o 3n 5n
o]

(|)| (0]
Ph,P. i
Ph ——
81%
/
3r Ph 50

D DD D

Scheme 5 Reagents and conditions: i) NaOD, D,0, EtOD, reflux.

The synthesis and dephosphinoylation of B-keto-phosphine
oxides can also be combined into a one-pot reaction with
no purification of intermediates. As described above, B-keto-
phosphine oxides can be constructed in a number of ways. For
example, phosphine oxide 1a (Scheme 6) was acylated followed by
dephosphinoylation of the crude product 3v to give a moderate
yield of ketone 5p over two steps.

Alternatively, alkylation of B-keto-phosphine oxides can be
accomplished first followed by dephosphinoylation. For example,
phosphine oxide 2d (Scheme 6) was alkylated with prenyl bromide
followed by dephosphinoylation of the crude product 3x to give a
high yield of ketone 5q over two steps.

Alkylation of a-,y-dilithiated B-keto-phosphine oxides can also
lead to the synthesis of interesting ketones.* The treatment of var-
iously substituted B-keto-phosphine oxides with two equivalents
of LDA produces a dilithium derivative, which selectively reacted

(o} (o} [0}
Ph lF[' i Ph H% i i
2 2
—_— Ph| ———> /U\/CsH 1
D 66%  Ph 1
1a CsHyy 3v Gty (2 steps) 5p
i
0 0 Ph,P.
oh IFl\/U\ i ‘ Ph i Ph
’ Ph 89%
2d 3x | (2 steps) | 5q
Me Me Me Me

Scheme 6 Reagents and conditions: i) n-BuLi, THF, PhCO,Me, —78 °C;
ii) NaOH, H, O, EtOH, reflux; iii) NaOMe, THF, (CH;),C=CHCH,Br.

at the less stabilised y-position. Systematic investigation into the
effect that the substitution pattern of the phosphine oxide has on
the reaction outcome was conducted using cinnamyl bromide as
the electrophile (Table 6). This revealed that increased methylation
at either the a- or y-position reduces the yield of the y-alkylation.
The introduction of one methyl group at either the o- or y-position
reduced the yield by 10-20% (entries 2-4) and the introduction of
methyl groups at both the a- and y-positions reduced the yield by
approximately 40% (Entry 5).

Bis-methylation at the vy-position irrespective of the o-
substitution gives only trace amounts of alkylated products 8e
and 8f by NMR (entries 6 and 7). Hence, only one of the
lithiated centres can carry an alkyl group for the reaction to
be synthetically useful (entries 1-3). The synthesised y-alkylated

This journal is © The Royal Society of Chemistry 2006
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Table 6 y-Alkylation of dilithiated B-keto-phosphine oxides 6 and dephosphinoylation of products 7

o o0 ) o o " o
1l Conditions Il Conditions
PhyP_ o, y_R? PhyP. Pz —  » R Pz
\)J\I/ g th \/lg(\ﬁph
R' R® PN R! RZ R3 R? R?
6 9 7 8
Starting material

Entry R! R? R} Product (method®) Yield 7a—f (%) Product (method) Yield 8a—d (%)
1 H H H 7a (a) 65 8a[d (e)] 91 (86)
2 Me H H 7b (a) 55 8b (d) 85
3 H Me H Tc (a) 45 8c (e) 93
4 H Me H 7c (b) 48 8c —
5 Me Me H 7d (a) 22 8d (d) 70
6 H Me Me 7e (a) <5° 8e —
7 Me Me Me 7f (a,c) <5b 8f —

« Conditions: (a) LDA (2 equiv.), 9 (1 equiv.), THF, —78 °C; (b) LDA (2 equiv.), 9 (1 equiv.), THF, =78 to 0 °C; (¢) LDA (2 equiv.), 9 (1 equiv.), THF,
—78 °C to room temperature; (d) 4 M aq. NaOH, EtOH, reflux; (¢) KOH (10 equiv.), MeOH, reflux. ® Conversion by NMR.

products were easily dephosphinoylated to give ketones in high
yield (Table 6). As a consequence, the same a-,y-disubstituted -
keto-phosphine oxide 3r can be produced via alkylation in either
order. Comparison of the two routes to B-keto-phosphine oxide
3r (Scheme 7) showed that both alkylation yields are higher if the
y-substituent is introduced first.

I I
thp\)k : thP\)J\A
Me Ph
2a

0,
69% of
87% | ii 95% | ii
0o i
Ph,P. . Ph,P
Me i Ph
3n Z 52% 3r %

Ph

Scheme 7 Reagents and conditions: i) LDA, THF, BnBr, —78 °C;
ii) NaOMe, THF, PhCH=CHCH,Br.

o-,y-Dilithiated -keto-phosphine oxides also add to aldehydes
to produce B-keto-6-hydroxy phosphine oxides in high yield
(Scheme 8). The double anion equivalent of phosphine oxide 2a
and benzaldehyde gave phosphine oxide 7g in high yield. However,
this compound gave a complex mixture when dephosphinoylation
was attempted.

IR i
i
thPvlk —— Ph,P
Me 90%
2a

Scheme 8 Reagents and conditions: 1) LDA, THF, PhCHO, —78 °C;
ii) KOH, MeOH, reflux.

(0] OH . 0] OH
”76 > )J\/l\
Ph Me Ph
8e

79

Taking the acylation, o- and y-alkylation and dephosphinoy-
lation reaction in conjunction, this method has proved to be a
general, practical method for the synthesis of branched ketones,
which has several advantages over existing methods.
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The asymmetric synthesis of y-azido trans-cyclopropyl ketones is accomplished via a short, simple and
efficient sequence. The cyclopropanation step is achieved by an intramolecular nucleophilic ring
closure, with a diphenylphosphinate leaving group, to give trans-cyclopropane exclusively.
B-Keto-diphenylphosphine oxides cyclise to form optically active dihydrofurans. All possible
diastereoisomers of dihydrofurans can be prepared selectively starting from the same olefin.

Although the cyclopropane ring is a highly strained structure, it
is found in a wide variety of naturally occurring compounds in-
cluding terpenes, pheromones, fatty acid metabolites and unusual
amino acids.’? The rigidity of the three-membered ring makes
it an appealing structural unit for the preparation of molecules
with defined orientation of pendant functional groups. The
stereocontrolled synthesis of cyclopropanes has therefore been the
centre of much research effort.> The area of homogeneous metal-
catalysed asymmetric addition of carbenes to olefins has been
explored vigorously since the first examples were reported by Noy-
ori and co-workers.** Methods involving palladium,® copper,™!
cobalt,”*™ ruthenium," and rhodium!****'7 have been reported.
Asymmetric versions of the Simmons-Smith reaction'®?' have
also been used extensively in synthesis.?> Michael-induced ring
closure reactions to produce enantio-enriched cyclopropanes have
also been studied using chloro-allyl amides,?** sulfur ylides,**
sulfoxonium and sulfonium ylides,®*° sulfoximines,® nitrogen
ylides,*>%% phosphorus ylides,*** and phosphonates.’*® Cascade
ring closing reactions involving phosphorus transfer, to generate
both nucleophile and leaving group, have yielded cyclopropanes
generally with high stereospecificity and selectivity. Phosphine
oxides,”™ phosphonates,'”*** and phosphonium salts*® have
been employed in this manner. We have previously reported that
lithiated y-benzoyloxy phosphine oxide 1 (Scheme 1) undergoes
a three-step cascade reaction to produce trans-cyclopropane 4 in
high yield without loss of stereochemical information.*
Subjecting independently synthesised intermediates 2 and 3 to
the same reaction conditions also produced cyclopropyl ketone 4.
Hence, three different precursors of the same cyclopropyl ketone
product are possible. To determine if this approach to cyclopropyl
ketones is a general synthetic concept we decided to explore
the reaction in more detail. In particular, we were interested
in introducing an amino group at the benzylic position to give
us protected y-amino frans-cyclopropane ketones 8 (Scheme 2).
Moreover, we decided to invert the stereochemistry at the benzylic
position to see what consequences this would have for the reaction
outcome. Rather than a free amine we chose to use an azide

University Chemical Laboratory, Lensfield Road, Cambridge, UK CB2
1EW. E-mail: djf34@cam.ac.uk

T Electronic supplementary information (ESI) available: experimental and
analytical details for all compounds. See DOI: 10.1039/b606874;.

OBz

o.
Il ~Li i H, H
PhaP Pp — F’h\”)AQ/Ph
050 :
1 % O 4 OBz

| !
o 0Bz )
Ph,P
Ph Ph o Ph
Q
o %© , 3 OPOPh,

Scheme 1 Reagents and conditions: i) LDA, THF, =78 to 0 °C, 95%
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Scheme 2

substituent, which could be transformed into the desired amine
equivalent at a later stage by a catalytic hydrogenation or a
Staudinger reaction.*

We set out to synthesise three cyclopropane precursors 5, 6
and 7 relying on chemistry developed by Chang and Sharpless.*
They have demonstrated that styrenes 9 (Scheme 3) can be
dihydroxylated and the product diols 10 converted to cyclic
carbonates 11. Regioselective benzylic ring opening with azide
then produces anti-azido alcohols 12.

The synthesis of cyclopropane precursor 5 (Scheme 4) was ac-
complished from the optically active diol*® 13, which was converted
to cyclic carbonate 14 by treatment with 1,1’-carbonyldiimidazole
in dichloromethane. Ring opening of the cyclic carbonate
produced the desired regioisomer 15 exclusively and benzoylation
of the alcohol produced cyclopropane precursor 5.
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Scheme 3 i) Asymmetric dihydroxylation; reagents and conditions: ii)
(Et0O),CO, NaOH; iii) NaN;, H,O, DMF.
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i s Q N3
thp\/\.)\Ph n thP\/\)\Ph
OH :
15 5 OCOPh

Scheme 4 Reagents and conditions: 1) 1,1'-carbonyldiimidazole, CH,Cl,,
97%; ii) NaN;, H,O, DMF, 110 °C, 87%; iii) PhCOCIl, DMAP, Et;N,
CH,Cl,, 73%.

The synthesis of cyclopropane precursor 6 was attempted by
the same method starting from phosphine oxide*’ 16 (Scheme 5).
Sharpless asymmetric dihydroxylation of olefin 16 produced a
mixture of the open-chain diol (4R,5R)-17 and the cyclic hemi-
ketal (55,1’ R)-18, which was treated with 1,1’-carbonyldiimidazole
in dichloromethane to give cyclic carbonate 19. However, when
ring opening was attempted none of the desired azide 6 was
obtained. Instead, dihydrofuran 20 was formed as the only product
in high yield. We suspected that the dihydrofuran was formed
via intramolecular ring opening of the cyclic carbonate by the
carbonyl oxygen with inversion of configuration at C4. An X-
ray crystal structure of dihydrofuran 20 confirmed that this was
indeed the case*® (Scheme 5). Interestingly, when bis-benzoylation
of diol*® (4S5,55)-17 was attempted dihydrofuran 23 was isolated.
However, in this instance the dihydrofuran was formed with
retention of configuration at C4 by dehydration of cyclic ketal

e)
I

i i
Ph,P. = i Ph,P. i
I\/\Ph - I\/\Pn —
OH
o]

P~ Y0 Ph
16 (4R,5R)-17

R £ Ph,P.
~ald Y
A Al HO
= PH
20 (55,1'R)-18
I
0 oH PhP.
Ph,P. c4
Ph =——— HoM/ph —V,.
OH H
PR~ O
P 0 .
(45,59)-17 (55,1'5)-18

(58,1'S)-18, which was confirmed by comparison of NMR data
of dihydrofurans 21 and 23.

Ring opening of cyclic carbonates according to the procedure
by Chang and Sharpless* requires forcing conditions (110 °C
for 48 h) and we hoped that we could suppress dihydrofuran
formation by using milder conditions. Hence, the cyclic carbonate
was replaced with a more reactive cyclic sulfite. Treatment of diol
(4R,5R)-17 (Scheme 6) with thionyl chloride in dichloromethane
produced the cyclic sulfite 24. Treatment of the cyclic sulfite with

Ph —= 7 (37%)

ph —= 25 (18%)

Scheme 6 Reagents and conditions: 1) SOCl,, pyridine, CH,Cl,, 47%; ii)
NaNj;, DMF, 60 °C. Inset: X-ray crystal structure of azide 25 with ellipsoids
at 50% probability.

OCOPh

OCOPh

Scheme 5 Reagents and conditions: i) AD-mix-p, 74%; ii) 1,1’-carbonyldiimidazole, CH,Cl,, 98% (>95% ee); iii) NaN;, H,O, DMF, 110 °C, 89%; iv)
PhCOCI, pyridine, 95%; v) PhCOCI, DMAP, Et;N, CH,Cl,, 67%. Inset: X-ray crystal structure of alcohol 20 with ellipsoids at 50% probability.
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sodium azide in DMF at 60 °C did indeed produce the desired
anti-azido alcohol 6. However, under the reaction conditions
the reaction did not stop but proceeded to give a mixture of
ketone 7 and azido dihydrofuran 25 as well as a small amount
(6%) of the previously observed dihydrofuran 20. Ketone 7 and
dihydrofuran 25 can be formed after ring opening of the cyclic
sulfite by either phosphinoyl transfer or dehydration of the cyclic
ketal (Scheme 6). An X-ray crystal structure of dihydrofuran 25
confirmed the proposed stereochemistry.*® Ketone 7 is one of
the desired cyclopropane precursors and was spectroscopically
identical to the same compound synthesised by a different method
(vide infra).

In the light of these experiments we concluded that it was
unlikely that cyclopropane precursor 6 would provide an easy
entry to cyclopropyl ketones and the approach was abandoned
in favour of the remaining two cyclopropane precursors S and
7. However, the discovery that dihydrofurans such as 20 and 23
(Scheme 5) can be obtained as single diastereoisomers is of some
interest and will be discussed in more detail below.

Olefin*” 26 was the starting point for the synthesis of the
remaining cyclopropane precursor 7 (Scheme 7). Asymmetric
dihydroxylation of olefin 26 gave diol 27 in excellent enantiomeric
excess. Conversion of diol 27 to cyclic carbonate 28 using 1,1'-
carbonyldiimidazole in dichloromethane followed by regioselec-
tive ring opening of the cyclic carbonate with sodium azide
gave exclusively the desired regioisomer 29. Phosphinoylation
of alcohol 29 with diphenylphosphinoyl chloride in pyridine
produced cyclopropane precursor 7.

[0} H

(0]
)J\/\/\ i )J\/\/\ i
Ph Ph — Ph Ph —>
26

27 OH

fite)

Ph
o WH o N3
‘ i )J\/\/l\ v
Phwo — Ph " ph —
28 « 20 OH
o

o] N3
Ph)J\/\:/'\Ph
7 OPOPh,

Scheme 7 Reagents and conditions: 1) AD-mix-B, 94% (>95% ee); ii)
1,1'-carbonyldiimidazole, CH,Cl,, 92%; iii) NaN;, DMF, H,0, 110 °C,
92%; iv) Ph,POCI, pyridine, 83%.

Cyclopropane precursors 5 and 7 were treated with LDA in
THF at —78 °C and slowly allowed to warm to room temperature
(Scheme 8). Phosphine oxide 5 underwent the three-step cascade
reaction to give the desired cyclopropane 8 and ketone 7 produced
the desired cyclopropane 8 by anionic ring closure to give the
target cyclopropane. No cis-cyclopropane product was observed,
presumably because the two substituents on the forming ring
prefer to be anti in the transition state. In both cases the
enantiomeric excess of cyclopropane 8 was determined to be >92%
by NMR of Mosher’s amide derivatives. The free amine necessary
for this purpose was obtained by converting azide 8 to the amine
by a Staudinger reaction (PPh;, THF, H,0).*

I
Ph,P

(@]
z
; w

Y Ph i
: \ J
5 OCOPh 65% Ph\ﬂBN/Ph
j\/\/'Ni / © 3 N
Ph T Ph oo% >92% ee
OPOPh,

7

Scheme 8 Reagents and conditions: i) LDA, THF, —78 °C to room
temperature.

From the results above it is evident that cyclopropane precursor
7 is ideally suited for our purpose. The synthetic sequence is
short with an excellent overall yield (five steps, 62%, >92% ee)
from easily prepared starting materials. Moreover, all experimental
procedures are simple and inexpensive and the products are easily
purified using conventional techniques. The method was applied
to the synthesis of cyclopropane 35 starting from olefin® 30
(Scheme 9). Asymmetric dihydroxylation of olefin 30 gave diol
31 in excellent enantiomeric excess. Owing to the sensitive furan
we anticipated that the Sharpless procedure for ring opening cyclic
carbonates with sodium azide might prove too harsh. Hence, we
decided to convert diol 31 to a cyclic sulfite, which could be ring
opened using milder conditions. Reaction of diol 31 with thionyl
chloride and pyridine in dichloromethane gave cyclic sulfite 32.
Ring opening of the cyclic sulfite using sodium azide in DMF
at 60 °C produced the desired anti-azido alcohol 33 as a single
regioisomer. Treatment of alcohol 33 with diphenylphosphinoyl
chloride, triethylamine and DMAP in dichloromethane produced
cyclopropane precursor 34. Cyclopropanation of phosphinate 34
using LDA in THF gave the target cyclopropane 35 albeit in
a low yield. However, no optimisation was undertaken and we
expect that the final cyclopropanation step could be improved.
The enantiomeric excess of cyclopropane 35 was determined to be
>96% by NMR analysis of Mosher’s amide derivatives made from
the free amine obtained by a Staudinger reaction.*

o) 0 OH
o) — i o) 2 i
Ph I = Ph ——
\ \ /) :
30 31 OH
o) Ph 0 N;
o) ii o) o
\ S A\ R
32 2 33
o)
o) N3 y 4
o v o\ Ph
v Sph T
\_/ : 0 :
" OPOPh, 0 35 N

Scheme 9 Reagents and conditions: i) AD-mix-B, 65% (>93% ee); ii)
SOCl,, pyridine, CH,Cl,, 99%; iii) NaN;, DMF, 60 °C, 84%; iv) Ph,POCI,
Et;N, DMAP, CH,Cl,, 88%; v) LDA, THF, —78 °C to room temperature,
30% (>96% ee).

As described above (Scheme 5) the treatment of cyclic carbonate
19 with sodium azide resulted in the formation of dihydrofuran 20
with inversion of stereochemistry at the C4 position. Moreover,
we found that it was possible to prepare the diastereomeric
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Table 1 Synthesis of dihydrofuran 20 from cyclic carbonate 19 (Scheme 5)

Entry Base Solvent Time Temp/°C Conversion (%) Isolated yield (%)
1 NaN; DMF 48 h 110 100° 89
2 NaH DMF 19h 110 100 80
30 — DMEF-d’ 15d 70 62¢ —
4b — CD,CN 48 h 70 0° —
5 Et;N CD;CN 19d 70 66¢ —
6 DBU CD;CN I5h rt 100¢ —
7 DBU CH,Cl, S5h rt 100* 85

“ Monitored by TLC. * Experiments performed in NMR tubes containing 5 mg of 19 in 0.5 cm?® solvent, heated oil bath. ¢ Monitored by '"H NMR.

dihydrofuran 23 with retention of configuration at C4 starting
from diol (4S,55)-17. Because the stereochemistry of the diol
is controlled in the asymmetric dihydroxylation this potentially
gives a method for the selective synthesis of all four possible
dihydrofuran diastereoisomers starting from the same olefin.
In addition, the synthetic route makes it possible to vary the
C4- and Cl’-substituents considerably. Hence, a wide range of
dihydrofurans should be readily accessible by this approach. The
cyclisation of cyclic carbonate 19 to give dihydrofuran 20 was
studied using a range of conditions (Table 1).

As it can be seen from Table 1 the cyclisation will occur even in
neat DMF (entry 3). However, dimethylamine, a common impurity
in DMF, may be acting as a base to accelerate the cyclisation.
For comparison the same reaction conditions were examined with
acetonitrile as the reaction medium (entry 4), which resulted in
no detectable dihydrofuran formation by NMR. NaH (entry 2),
triethylamine (entry 5) and DBU (entries 6 and 7) produced the
desired dihydrofuran 20 in moderate to high yields. However
conditions using DBU in dichloromethane (entry 7) proved to be
superior due to ease of handling, short reaction time and simple
purification to give dihydrofuran 20 in high yield. Optimised
conditions for the synthesis of dihydrofuran diastereoisomer 36
and 20 starting from diol (4R,5R)-17 (Scheme 10) were identified.
Treatment of the diol with a small amount of thionyl chloride
in methanol resulted in the rapid formation of dihydrofuran
36. Alternatively, conversion to the cyclic carbonate followed by
addition of DBU in situ gives dihydrofuran 20.

The stereochemistry of dihydrofuran 36 was confirmed by
conversion to the previously described azide 25 (Scheme 6) by
mesylation of the Cl’-alcohol and displacement of the mesylate
with sodium azide. This proved to be a simple method for
derivatisation at the Cl’-position, which was demonstrated by
the synthesis of sulfides 37 and 38 via displacement of the
mesylates with benzene thiolate. The possibility of reducing the
dihydrofurans to give tetrahydrofurans was also investigated. We
anticipated that good facial selectivity could be achieved due
to the substituent at the C2-position. Catalytic hydrogenation
of dihydrofuran 20 with Pearlman’s catalyst in a mixture of
methanol and acetic acid at atmospheric pressure as expected gave
exclusive reduction from the face opposite the C2-substituent. The
stereochemistry of tetrahydrofuran 39 was confirmed by X-ray
crystallography*® (Scheme 10).

Similar methods for the synthesis of dihydrofurans have been re-
ported for the cyclisation of the oxygens of stabilised enolates unto
iodonium ions,**** seleniranium ions,*** Michael acceptors.®!
and epoxides.®? However, unlike the previously reported strategies
the present method has the advantage that it is ideally suited for

i i
PhyR Ph,R
Ph 0 Ph o :
36 OH 37 SPh
l i iv, vi
0 OH I
1 E Ph,R
PhaP- -
H
Ph (4R,5R)-17 o -
' 25 Ns
ii, ii ﬂ
Ph,R
v, v M/Ph
i 5
Ph o
g SPh
-,"‘.-‘Af‘]";
_ig‘ v
- > l‘i?‘
\’__‘,)*-"_"( CH
(] \_ \ - -
B B A
—‘7‘74;-:‘“.'._‘ o
AT 39

Scheme 10 Reagents and conditions: 1) SOCl,, MeOH, 63%; ii)
1,1'-carbonyldiimidazole, CH,Cl,; iii) DBU, 63% (2 steps); iv) MsCl, Et;N,
CH,Cl,; v) PhSH, NaH, THE, 37: 45% (2 steps), 38: 40% (2 steps); vi)
NaNj;, DMF, 60 °C, 62% (2 steps); vii) Pd(OH),/C, H,, MeOH, AcOH,
58%. Inset: X-ray crystal structure of THF 39 with ellipsoids at 50%
probability.

making optically active dihydrofurans. We are currently seeking
to extend this methodology to the synthesis of other substituted
heterocycles.
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The synthesis of enantiomerically-enriched trans-cyclopropane amino- and hydroxy-acids can be
achieved by intramolecular ring closure in moderate to good yields. The optically active cyclopropane
precursors are easily prepared in a short sequence from inexpensive, commercially available olefins and
tert-butyl acetate. Several leaving groups and bases were compared for the cyclopropanation step,
showing that the diphenylphosphinate and tosyl leaving groups give the best results when used in

combination with either LDA or NaHMDS.

Cyclopropane amino acids are an important class of biologically
active compounds with unique properties.”™ In recent years
cyclopropane amino acids have shown promise as therapeutics for
the treatment of various neurological diseases and disorders and
much research effort has been invested in identifying new drug can-
didates within this area.>"* Moreover, cyclopropane amino acids
are useful for studying structure-activity relationships, because
in addition to exerting conformational constraints they maintain
the hydrophobic character of the linear alkyl chains.*'*!¢!" The
stereocontrolled synthesis of cyclopropanes is challenging and
much energy has been devoted to develop new methods for
the synthesis of optically active cyclopropane amino acids.®!7-3¢
However, there are still many problems associated with the current
methodology, particularly the use of transition metals at a late
stage of the synthetic sequence, making the rapid identification
of new drug candidates costly and difficult. The asymmetric
synthesis of cyclopropanes via intramolecular ring closure has
received less attention. Starting from optically active cyclopropane
precursors this approach has been demonstrated to work for
lithiated diphenylphosphine oxides displacing mesylates,*”* lithi-
ated sulfones displacing tosylates,* amide enolates opening cyclic
sulfites,* and carboxylic ester enolates opening epoxides.** We
envisaged that the asymmetric synthesis of orthogonally protected
trans-cyclopropane y-hydroxy- and amino-acids might be achieved
by a short synthetic sequence starting from easily obtained olefins
1 (Scheme 1). Sharpless asymmetric dihydroxylation® of olefins
1 gives a wide range of diols 2 with high enantiomeric excess.
Double activation of the diols with diphenylphosphinoyl chloride
followed by intramolecular ring closure by the carboxylic ester
enolates would generate cyclopropanes 4. Exclusive formation of
trans-cyclopropanes is expected as the substituents on the new
ring prefer to be anti in the transition state. The remaining leaving
group can finally be displaced with azide to produce protected
trans-cyclopropane y-amino acids 5. Alternatively, transesterifi-
cation of the phosphinate ester would yield trans-cyclopropane
v-hydroxy carboxylic esters 6. We have previously shown that the
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T Electronic supplementary information (ESI) available: experimental and
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Scheme 1 Synthetic outline: i) Sharpless asymmetric dihydroxylation; ii)
double activation; iii) base induced cyclisation; iv) displacement with azide;
v) double transesterification. R = Et and Ph.

diphenylphosphinoyloxy group is a suitable leaving group for the
formation of cyclopropanes by intramolecular ring closure and
confers a high degree of crystallinity to compounds.***

The use of a tert-butyl ester prevents lactonisation of the
diol during the dihydroxylation step and produces orthogonally
protected amino acids. Initially, we synthesised the doubly phos-
phinoylated cyclopropane precursor 10 from enantiomerically
enriched diol 9 (Scheme 2).

7

o) o]
—>i )J\/\/\ —»ii
PZ
t-BuO)LMe t-BuO Ph
8
o)

o) OH OPOPh,

t_Bqu Ph — » tBUO <" ph

: SPOPh,

9 OH 10

Scheme 2 Reagents and conditions: i) LDA, HMPA, THF, (E)-cinnamyl
bromide, —78 °C, 96%; ii) AD-mix-f, 86% (>95% ee); iii) Ph,POCI, Et;N,
DMAP, CH,Cl,, 52%.
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Treatment of bis-phosphinate 10 with LDA or KHMDS in THF
only gave small amounts (<10%) of the desired cyclopropane 11.
However, NaHMDS in THF produced the desired cyclopropane
in moderate yield and excellent enantiomeric excess (Scheme 3).

Table1 'H NMR data for epoxides 20 and 21

(o} Ph (¢} Ph

HP HP
t-BuO Ph
(¢} (0]

The purified cyclopropane product was surprisingly stable and » " n H
could be stored at room temperature for several days with no 5/ppm J/Hz
observed decomposition. Attempted double transesterification
with sodium methoxide in methanol to give y-hydroxy methyl ester 20 1 3.26 td 6.5 and 4.0
gvey-lydroxy methy A0 337 ddd 7.5, 5.5and 4.5
20 H° 4.08 d4.0
_ H H ) H H 20 H° 414 d4.0
10 — t-BuO\[RA{(Ph g meo < ph
(o} OPOPh, (o} OH

1"

jii
Ho A M Ho A H
t-Buo\[APh MerA/Ph
3 3
0 13 OMe O 44 OMe

Scheme 3  Reagents and conditions: i) NaHMDS, THF, —78 °C to rt, 41%
(>95% ee); ii) NaOMe, MeOH, reflux.
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9 15 R-R = SO
16 R=Ms
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Scheme 4 Reagents and conditions: 1) SOCl,, pyridine, CH,Cl,, 15 85%;
i) MsCl, pyridine, CH,Cl,, 16 73%; iii) TsCl, pyridine, 17 72%. SO = cyclic
sulfite (ca 1:1 mixture of epimers at sulfur).

o] OTs 0 Ph
i )J\/\/k
7 + H
17 — tBuwO Ph t-Buow
0
19 20 H

Scheme5 Reagents and conditions: 1) LDA, NaHMDS or KHMDS, THF,
—78 °C to rt, 30% with NaHMDS; ii) KHMDS —78 °C to rt 19 10%, 20
trace, recovered 17 47%.

12 unfortunately resulted in substitution at the benzylic carbon,
with loss of stereochemistry to give four cyclopropanes 13 and 14.

To compare diphenylphosphinate with sulfur-based leaving
groups in the ring closure reaction cyclic sulfite 15, bis-mesylate 16
and bis-tosylate 17 were also synthesised from diol 9 (Scheme 4).
Upon treatment with base neither the cyclic sulfite 15 nor bis-
mesylate 16 gave cyclopropane, the mesylate producing only the
elimination product 18 (30% yield using NaHMDS, Scheme 5).
While treatment of the bis-tosylate 17 with LDA also failed to
produce any cyclopropane (only starting material was identified
in the complex NMR spectrum of the crude product), the crude
product from using KHMDS contained, along with elimination
product 19, a small quantity of a compound proposed as epoxide
20. The epoxide’s '"H NMR spectroscopic data are very similar to
those of the known phenyl ketone 21 (Table 1).*

When bis-tosylate 17 was reacted with NaHMDS two diastere-
omeric cyclopropanes 24 and 25 were obtained in a 57 : 43 ratio
(Scheme 6). We have previously reported the formation of mixtures
of trans-cyclopropyl phenyl ketones by a related method*! and the
NMR spectra of cyclopropanes 24 and 25 were similar to the those
for these cyclopropanes ketone (Scheme 7). Hence, based on this
observation and the previously detected epoxide 20 we propose a
similar explanation for the outcome of this reaction. In the first
step a tosyl group is cleaved by the base (Scheme 6). This could
occur either by ortho-metalation of the tosyl group followed by
elimination of benzyne or by a single electron transfer reduction.
Each would produce two regioisomeric mono-tosylates 22 and 23.
Tosylate 22 can cyclise with displacement of the tosylate to give
cyclopropane 24 or epoxide 20a, whereas tosylate 23 can ring close
only to form an epoxide 20b. In a final step the two enantiomeric
epoxides can be ring opened by the ester enolate to form the two
cyclopropanes 25a and 25b.

0 oTs : 0
t—BuO)J\/\:/\Ph — t-BuO)k/\:/\Ph t-BuOMPh

17 OTs 22 OTs
0 l Ph 0 l Ph
H H
B woH H
t-BuO X Ph t—BUOW t—Buow
g o /o
O 24 OH 20a l 20b j
H H H, H
t-BuO < _Ph tBUO_ _~ Ph
O 54 OH O 25, OH

Scheme 6 Reagents and conditions: i) NaHMDS, THF, —78 °C to rt, 24 + 25 36%.
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Scheme 7 R = phenyl (95%, >95% ee), furan-2-yl (30%, >96% ee).

We have previously reported an asymmetric synthesis of trans-
cyclopropane y-azido ketones where the cyclopropane is formed
via intramolecular ring closure by a ketone enolate to displace a
diphenylphosphinate leaving group (Scheme 7).*!

We envisaged circumventing the problems associated with the
bis-activation strategy by installing the benzylic azide prior to
cyclisation. Hence, diol 9 (Scheme 8) was converted to the cyclic
sulfite using thionyl chloride and pyridine in dichloromethane
followed by treatment of the crude cyclic sulfite with sodium azide
in DMF at 60 °C to give the desired regioisomer of anti-azido
alcohol 26 exclusively. Activation of alcohol 26 gave cyclopropane
precursors 27 to 29 ready for the final cyclisation step.

[0} N3 o N3
i, ii M iii or iv )w
9 —_» tBuO < Ph — tBuO " “Ph
H orv H
OH OR
26 27 R = POPh,
28 R=Ms
29R=Ts

Scheme 8 Reagents and conditions: 1) SOCl,, pyridine, CH,Cl,; ii) NaNj,
DMEF, 60 °C, 65% (2 steps); iii) Ph,POCI, DMAP, Et;N, CH,Cl,, 27 67%;
iv) MsCl, pyridine, CH,Cl,, 28 94%; v) TsCl, Et;N, DMAP, CH,Cl,, 29
73%.

Treatment of phosphinate 27 with LDA, NaHMDS or KHMDS
in THF resulted in recovery of the starting material, even after pro-
longed reaction times at room temperature. This was unexpected
given the cyclopropanation of the related ketones (Scheme 7).
Treatment with potassium fert-butoxide produced cyclopropane
30 along with the two geometrical isomers of elimination product
31 (Scheme 9, Table 2). When treated with LDA, mesylate 28
produced the desired cyclopropane 30 as well as side-products 31
and 32. The formation of a 7-membered cyclic sulfonate 32 shows
that the mesyl group is deprotonated by LDA to some extent.
A higher yield of cyclopropane was obtained using NaHMDS,
but the product again contained elimination product 31. This
side-product could be removed by catalytic hydrogenation to give
the free amine 34. Tosylate 29 gave the desired cyclopropane 30
with lithium and sodium bases in moderate yield and free of any
unwanted by-products in the case of the lithium enolate.

zr H H H H
or i t-BuO {_ _Ph i t-BuO {_ _Ph
28 — ~ —_— Y
or :
29 O 34 NH,
0
o 7 H H
W Y0 tBuo <__Ph
t-BuO Ph
31 32 O 33 O

Scheme 9 Reagents and conditions: 1) see Table 2; ii) Pd(OH),/C, H,,
MeOH, 91% (>92% ee).

Table 2 Cyclopropanation of phosphinate 27, mesylate 28 and tosylate

29
Substrate Yield (%), isolated
Substrate Base® 27/28/29 30 31 32/33
27 t-BuOK 21% 18° 61° —
28 LDA 41° 36° 5b 188
28 LDA? 22 13 e —
28 NaHMDS 14 62 2 —
28 KHMDS 16 44 7 —
29 LDA — 48 — —
29 NaHMDS — 52 — 1
29 KHMDS 63° 220 15 —

“Reaction conditions: THF, —78 °C to rt. * By '"H NMR. ¢ Compound 32.
4Reaction conditions: THF —78 °C. ¢ Observed in '"H NMR spectrum of
the crude product.” Compound 33.

Finally, we explored the double activation strategy with a
terminal ethyl group. Bis-phosphinate 37, bis-mesylate 38 and bis-
tosylate 39 were synthesised from enantiomerically-enriched diol
36 (Scheme 10). When cyclopropanation of bis-phosphinate 37
was attempted all the reaction conditions produced the desired
cyclopropane (Scheme 11). LDA proved to be superior and gave
cyclopropane 40 in good yield and excellent enantiomeric excess.

0 0
i )J\/\/\ i
t-BuO)J\Me — tBuO A g L,
7 35
0 OH 0 OR!
t—BuO)WEt iii or iv or v t-BuO)J\/\:/\Et
OH OR!
36 37 R =POPh,
38R=Ms
39R=Ts

Scheme 10 Reagents and conditions: i) LDA, HMPA, THF, —78 °C,
1-bromo-2-pentene, 91%; i) AD-mix-B, 81%; iii) Ph,POCI, Et;N, DMAP,
CH,Cl,, 37 74% (>85% ee); iv) MsCl, pyridine, CH,Cl,, 38 67%; v) TsCl,
Et;N, DMAP, CH,Cl,, 39 64%.

37 . H H H H
a8 i t-BuO < Bt _ WV t-BuO < _Et
ii R=Ts

39 —— o} OR (0] N3
40 R = POPh,
41R=Ms
42R=Ts

R= POPhgl v

: H H A T
e MeO Bt | B/ &
OMs A S 40

Scheme 11 Reagents and conditions: i) base, THF, —78 °C to rt giving
40, LDA: 75% (>96% ee), NaHMDS: 18%, KHMDS: 23%; ii) NaHMDS,
THEF, —78 °C to rt giving 41 and 45 (41 : 45 = 3 : 1 by 'H NMR); iii)
NaHMDS, THF, —78 °C to rt giving 42; iv) NaN,, DMF, 60 °C, 62%
(>94% ee, 2 steps from 39); v) NaOMe, MeOH, reflux, 72%. Inset: X-ray
crystal structure of cyclopropane 40 with ellipsoids at 50% probability.
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The absolute stereochemistry of cyclopropane 40 was confirmed
by X-ray crystallography*® (Scheme 11). Displacing phosphinate
40 with azide was not possible even under forcing conditions
(DMF, 110 °C) and mostly starting material was retrieved.
However, double transesterification with sodium methoxide in
refluxing methanol gave the desired y-hydroxy methyl ester 44
in a moderate yield.

Cyclopropanation of bis-mesylate 38 to produce target cyclo-
propane 41 was best achieved with NaHMDS, although cyclic
sulfonate 45 was a by-product. The cyclic sulfonate was assigned
as the 7-membered rather than the 8-membered compound due
to striking similarities between the '"H NMR spectrum of this
compound and the previously isolated 7-membered sulfonate 32
(Scheme 9). Cyclopropane 41 was quite unstable and decomposed
during purification. Bis-tosylate 39 cyclised very cleanly using
NaHMDS (LDA and KHMDS returned the majority of starting
material) and mono-tosylate product 42 could be treated with
sodium azide without prior purification to give trans-cyclopropane
v-azido ester 43 in good yield and high enantiomeric excess.

In brief, we have demonstrated that one-step intramolecular
cyclisation is a useful way of constructing trans-cyclopropane
products devoid of any cis-cyclopropane side-products. The
synthetic routes presented herein are short (5-6 steps), starting
from cheap, commercially available starting materials, giving
orthogonally protected trans-cyclopropane y-amino acids in useful
overall yields (19-31%) and high enantiomeric excess (>92%
ee). Moreover, when bis-phosphinate activation is employed the
method can yield trans-cyclopropane y-hydroxy carboxylic esters
with terminal alkyl groups in good yield and high enantiomeric
eXCess.
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Treatment of 1,2-diols with diphenylphosphinoyl chloride in pyridine produces B-chloroethyl
phosphinates which react with complete control of stereochemistry to give epoxides and azido-alcohols,

useful intermediates in cyclopropane synthesis.

Stereochemically pure 1,2-diols, derived either from the catalytic
asymmetric dihydroxylation of olefins' or from other sources, are
important intermediates in asymmetric synthesis. The hydroxy
groups can be activated and differentially displaced by a variety of
nucleophiles, often with high levels of regiocontrol due to adjacent
electronic conjugating groups. Cyclic acylium ions, most often
generated by reaction of diols with orthoesters** or equivalents,’®
can be ring opened with fluoride,’ chloride** and bromide to give
vicinial halo-acylates.> Along with cyclic carbonates,® sulfites™
and sulfates,'®"* chloro- and bromo-ethyl esters are valuable
intermediates in the stereoselective synthesis of epoxides,®" B-
amino-alcohols®*** diamines and amino-acids.”'*'*"" In this
paper we describe a new and simple method that provides not
only the regioselective differentiation of 1,2-diols but also selective
bis-activation.

During synthesis of cyclopropane-containing y-amino ketones'®
and esters" the attempted bis-diphenylphosphinoylation of diols
1 and 2 with diphenylphosphinoyl chloride in pyridine resulted in
inclusion of only one phosphinoyl group. Initially it was assumed
that only one hydroxy group had reacted, but mass spectrometry
and X-ray crystallography indicated that chlorine had replaced the
hydroxy at the benzylic position with stereochemical inversion to
give chloro-phosphinates 5 and 6 (Scheme 1). Methyl and diphenyl
substituted diols”® 3 and 4 also react selectively (Table 1). Only
the reaction of diol 1 produced a small amount (3%) of bis-
phosphinate product’® 9. The reactions of diols 1, 2 and 3 produced
only single stereo- and regioisomers of chloro-phosphinates.

The reaction of methyl cinnamate-derived diol’” 10 produced a
mixture of chloro-phosphinate regioisomers 11 and 12 along with
bis-phosphinate 13 (Scheme 2). This result indicated that esters
can also mediate the adjacent introduction of chlorine into 1,2-
diols. This was confirmed when non-aryl diol* 14 produced only
the 2-Cl isomer of chloro-phosphinate 15.

X-Ray crystallography of chloro-phosphinate 6 (Scheme 1)
showed that the introduction of chlorine occurred with inversion
of stereochemistry, probably by Sy2 reaction of chloride ion
with the activated diol at the more activated position adjacent
to either the aryl or ester groups. Hydrobenzoin 4 was chosen as
a substrate to test the mechanism as it had substituted only once

University Chemical Laboratory, Lensfield Road, Cambridge, UK CB2
1EW. E-mail: djf34@cam.ac.uk
T Electronic supplementary information (ESI) available: experimental

procedures and analytical details for new compounds and crystallographic
data. See DOI: 10.1039/b606881b.

OH cl Ph,PO, 0
R i = R
Ph . Ph/\l/ Ph Ph
1-4 OH 5-8 OPOPh, 9 OPOPh,
cl 0 -_/
=4 L N
H Nt
Ph/\l/\)J\otBu R 4 Ysd
N
o. -0 —\/ R
P iy N
Ph, 6 a

Scheme 1 Reagents and conditions: 1) Ph,POCI, pyridine, see Table 1.
Inset: X-ray crystal structure of chloro-phosphinate 6 with thermal
ellipsoids at 50% probability.

Table 1 Chloro-phosphinoylation of diols (see Scheme 1)

R Diol Chloro-phosphinate Yield (%)*
(CH,),COPh 1 5 66°
(CH,),CO,'Bu 2 6 83

Me 3 7 60

Ph 4 8 71

“Isolated yield of chloro-phosphinate. ® 3% biphosphinate 9 also isolated.

cl
3 CO,Me
o Ph
, 11 OPOPh,  FMePQ:
Cco,Me N + CO,Me
Ph Ph
Ph,PO,
10 OH CO,Me Ph,PO, 13
PR Y
12 Gl
OH Ph,PO,
CO,Et

WCOZEt U
14 OH

Scheme 2 Reagents and conditions: 1) Ph,POCI, pyridine, 11 : 12 : 13 =
52:17:31 (by '"H NMR); ii) Ph,POCI, pyridine, 45%.

15 G

despite containing two benzylic alcohols. Two possible reaction
pathways are either phosphinoylation of both alcohols followed
by displacement of one phosphinate by chloride, or alternatively,
reaction of the mono-phosphinate 16 with chloride, followed by a
second phosphinoylation (Scheme 3).
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Ph
Ph
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N
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18 OH

Ph
8 OPOPh,

Scheme 3 i) Phosphinoylation; ii) Sy2 diplacement by chloride.

The mono- and bis-phosphinates 16 and 17 were therefore syn-
thesised from diol 4 to investigate their reactions with chloride ions
in pyridine. Interestingly, neither the mono- nor bis-phosphinate
reacts with pyridinium chloride, suggesting that these reactions do
not take place in the chloro-phosphination reaction (Scheme 4).
Unlike bis-phosphinate 17, the mono-phosphinate 16 does react
with diphenylphosphinoyl chloride to give chloro-phosphinate 8.
Finally, diol 4 does not react directly with pyridinium chloride.

OH
Ph
Ph
4 OH
OPOth\/:
16 OH
Ph,PO,
Ph ¢
ph iii : R
Ph
17 OPOPh,
- 18 OH
v
:k cl
3 Ph
Ph
8 OPOPh,

Scheme 4 Reagents and conditions: 1) Ph,POCI, Et;N, DMAP, THF, 36%;
ii) Ph,POCI, Et;N, DMAP, CH,Cl,, 24%; iii) Ph,POCI, pyridine, >95%
(by '"H NMR); iv) pyridine-HCI, pyridine, or Ph,POCI, pyridine, 0%; v)
pyridine-HClI, pyridine, 0%; vi) pyridine-HCl, pyridine, 0%.

Given that mono-phosphinate 16 reacts with diphenylphos-
phinoyl chloride to give chloro-phosphinate 8, but that bis-
phosphinate 17 is not an intermediate, an alternative pathway
to those suggested above must be sought. In addition, as chloride
seems not to be nucleophilic enough to displace diphenylphosphi-
nate in these reaction conditions, a more electrophilic intermediate
must be involved. Cyclic phosphonium ion 20, formed via phos-
phinoylation of phosphorane 19, is suitably reactive (Scheme 5).

Ph,PO, Cl

i R
Ph R —' . Ph
16 OH 8 OPOPh,
HO_ F/hPh Ph\%/Ph
o \O Ca/ \O
}—{ 19 20
Ph R Ph ) R
O
\ Ph / Cl
-\ 1_Ph
thﬁ P
o O O
Ph ??

Scheme 5 Reagents and conditions: 1) Ph,POCI, pyridine.

Independent synthesis of phosphonium ion 20 and reaction
with chloride ion was achieved via the reaction of diol 4 with
Ph,PCl; in pyridine (Scheme 6).2 Along with unreacted diol, the
major product of the reaction is chloro-phosphinate 8. Peaks due
to mono-phosphinate 16 can also be observed in the 'H NMR
spectrum of the crude reaction mixture. These products provide
good evidence for the participation of phosphonium ion 20 in
the chloro-phosphinoylation of diols with diphenylphosphinoyl
chloride according to the mechanism proposed in Scheme 5.

cl
o - Ph
®
e on P;? (OPh — 8 OPOPh,
Ph 4
4 OH } Lo T~ QH
Ph Ph Ph
20 Ph
16 OPOPh,

Scheme 6 Reagents and conditions: 1) Ph,PCl;, pyridine (4: 8 : 16 =43 :
31:26, by '"H NMR).

Finally, the reactions of the chloro-phosphinates were studied
(Scheme 7). Displacement of the benzylic chlorides 5, 7 and 8
with azide produced mono-azide phosphinates 21-23 as single
diastereoisomers; the phosphinate neither acts as a leaving group
nor participates in the displacement of chloride. As with the
related anti-azido-phosphinate,'® syn-azido-phosphinate 21 could
be converted into mainly trans-cyclopropane 31. anti-Chloro-
phosphinates can also be converted into anti-epoxides 27 and
29: treatment with potassium carbonate in methanol’® results
in removal of the diphenylphosphinate group? and ring closure.
The synthesis of cyclopropane** 30 results from the in situ base-
mediated reaction of epoxide 29. Overall, change in the order of
reagents in the conversion of chloro-phosphinate 8 into azido-
alcohols 26 and 28 reverses the stereochemistry of the final prod-
uct. Overall reaction occurs with maintenance of stereochemistry
via epoxide 27, but with inversion of stereochemistry at the
benzylic position if the diphenylphosphinate is removed as the
last step.

We hope to extend the simple chloro-phosphinoylation of 1,2-
diols to the synthesis of more complex and widely functionalised
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5 R=(CHp,COPh 2167% 24 75%
7 R=Me 2274% 25 86%
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Scheme 7 Reagents and conditions: 1) NaN;, DMF; ii) K,CO;, MeOH;
iii) K,CO;, MeOH, 86%; iv) NaN;, DMF, 75%; v) K,CO;, MeOH, 79%;
vi) LDA, THF, 47% (31:32=9:1).

molecules where the introduction of two different leaving groups
with defined stereochemistry will have significant use.
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The product of an episulfonium ion-mediated cyclotrimerisation, previously reported as being a
15-membered ring trilactam, has now been shown to be a 1,3,5-triazine. Smaller medium-ring bilactams
have, however, been synthesised from linear precursors using the sulfur-based methodology.

We have previously reported that the reaction of hydroxynitrile
1 in acidic conditions produced a trimer with the proposed
structure of the 15-membered ring trilactam 2 (Scheme 1).! It
was assumed that the nitrile starting material was dimerising and
then cyclotrimerising via intermolecular capture of episulfonium
ions,! producing secondary amides in a Ritter-type reaction. We
considered that the simple intramolecular Ritter reactions of the
monomer 4 and dimer 5 episulfonium ions, giving 5- and 10-
membered rings respectively, were too strained and that the large-
ring trimer cyclisation of episulfonium ion 6 was relatively fast
compared with polymerisation. Lactone* 3 was thought to be
the product of simple nitrile hydrolysis followed by episulfonium-
mediated lactone ring closure. We now report further investiga-
tions that establish the correct structure for this trimer which is
not a macrocyclic trilactam.
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This extremely interesting, and yet surprising, result prompted
our continuing investigation of this process. Here, we report that
after screening of the reaction solvent and the concentrations
of acid catalyst and starting nitrile 1, the trimer (assumed at
the time to be macrocycle 2) could be synthesised without the
addition of water in an optimised yield of 63% (Scheme 2). We
sought to improve this yield further by using primary amide 7 as
starting material instead of the nitrile 1. We hoped that the amide
nitrogen would act as an intermolecular nucleophile initiating an
oligomerisation in an analogous fashion to nitrile 1. Amide 7 was
synthesised via aldol reaction and, after the screening of reaction
conditions, gave the same trimer product with acid catalysis, but
this time in excellent yield (Scheme 2). In incomplete trimerisations
of both nitrile 1 and amide 7, isomeric amide 8 and lactone 3 could
be isolated.

PhS

R M .
|
7

o 2 SPh
PhS OH
o~ ~© Phs g O
Scheme 2 Reagents and conditions: i) TFA-hexanes (1 : 5 v/v), 60 °C

63%; ii) EtOAc, LDA, THF, 48%; iii) KOH, H,0, MeOH, 98%; iv) DCC,
NHS, THF; then NH;, H,O0, 92%; v) TFA-toluene (1 : 10 v/v), 40 °C,
92%. NHS = N-hydroxysuccinimide.

The formation of the same sized ring by the ring closure of
both nitrile and amide nucleophiles seemed unlikely and prompted
analysis of the crude reaction products from both reactions by '"H
NMR spectroscopy. The similarity in the reactions was explained
by the identification of a common intermediate from both nitrile
and amide substrates in less complete reactions. The intermediate,
imidate 9 (Scheme 3) has a similar "H NMR spectrum to that of
lactone 3 (Scheme 1). The mechanism of formation of the imidate
from the amide was a simple capture of the episulfonium ion by
the acyl oxygen. The B-hydroxy group of the nitrile 1 can migrate
to the y-position via episulfonium ion 4 and add to the nitrile with
acid catalysis to give the imidate. The nitrogen of imidate 9 was
potentially a better nucleophile than the nitrogens of either the
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primary amide or nitrile, and may provide a common route to a
linear trimer that can then cyclise to give the proposed macrocycle
(Scheme 3). Lactone 3 is a simple hydrolysis product of the imidate
and is generally the major by-product in unoptimised reactions.

Further investigations sought to discover why the trimer, rather
than say the dimer, tetramer or polymer, is the major product. In
fact, no other cyclic oligomers could be identified in the reaction
product mixture.

It seemed possible that the oligomerisation and ring closure
were reversible, as for other nitrogen ring closures,® and the trimer
product was significantly more stable than the alternative products
in the equilibrating system. To test the reversibility of the imidate
trimerisation, a three-way cross-over experiment was designed to
discover whether or not the individual units of the cyclic trimer
could exchange between different trimer molecules under the
reaction conditions. Two trimers with labelled monomer units,
differentiated by alkyl group substitution on the phenyl rings,
were synthesised. Differently substituted arylsulfanyl amides 14
and 15 were synthesised from 4-methyl- and 4-butyl-benzenethiols
10 and 11 via aldehydes* 12 and 13 (Scheme 4). Amides 14 and
15 were independently treated with TFA in toluene, as for amide
7, producing trimethyl- and tributyl-substituted trimers 16 and
17 respectively, which were originally thought to be macrocyclic

HSQ_»%O ﬁMw

OH O
10R=Me 12R=Me 14R =Me
11 R =n-Bu 13 R =n-Bu 16 R=n-Bu

v
OH
ArS,
MNHZ +
SAr O o (¢}
Cyclic trimer
20 Ar = 4-MeCgHy 18 Ar = 4-MeCgH4 R =Me 16
21R = 4-n-BuCgH, 19R=4-n-BuCeH, ~ R=Bu17

Scheme 4 Reagents and conditions: 1) SO,Cl,, Et;N then
Me;SiOCH=CMe,, THF 12 92%, 13 79%; ii) EtOAc, LDA, THF;
iii) KOH, H,0, MeOH; iv) DCC, NHS, THF; then NH;, H,O, 14 49%, 15
41% (over 3 steps); v) TFA—-toluene (1 : 10 v/v), 40 °C, 16 65%, 18 12%,
20 15% and 17 44%, 19 15%, 21 30%.

trilactams similar to structure 2. In each reaction the respective
substituted version of lactone 3 and the amides 20 and 21 were
also produced as by-products by unwanted imidate hydrolysis.

Before the cross-over experiment was performed, a mixture
of all of the possible differently alkyl-substituted trimers was
independently synthesised by treating a mixture of amides 7, 14
and 15 with TFA. Analysis of the crude reaction product from
this reaction by LCMS identified all ten of the possible trimers
from all combinations of hydrogen-, methyl- and butyl-substituted
monomers (including trimers with proposed structures 2, 16 and
17) by their distinct mass spectra. The key cross-over experiment
was then performed: a mixture of ‘symmetrical’ trimers 2, 16 and
17 was treated with TFA and the product mixture analysed by
LCMS. All ten of the possible trimers were observed, as in the
previous experiment, showing that monomer exchange is possible,
that the reaction is reversible, and that the synthesis of the trimers
is under thermodynamic control (Scheme 5). Simpler experiments
involving the mixture of only two starting amides or two trimers
were performed and also indicated that the trimerisation is
reversible.

Mixture of 3 monomers Mixture of 3 trimers

Monomer7 R=H Mixture of all 10 Trimer2R=H
Monomer 14 R = Me possible trimers Trimer 16 R = Me
Monomer 16 R = n-Bu R = H, Me or n-Bu Trimer 17 R = n-Bu

Scheme 5

The ease and selectivity of the synthesis of the ring-forming
trimerisation led to consideration of other related macrocyclisa-
tion experiments. The first aim for this part of the study was to
synthesise and cyclise linear peptides closely related to the possible
intermediates in the synthesis of originally proposed macrocyclic
trimer 2. 2-Nitropropane was converted into fert-butyl amino-
ester® 22, which was coupled onto the hydroxy acid 23, previously
used in the synthesis of amide 7 (Scheme 6). Conversion of the
tert-butyl ester 24 into the primary amide 27 had to be performed
without initiating episulfonium ion generation. Acid-catalysed
trans-esterification in methanol occurred cleanly, as higher tem-
peratures are usually needed to generate these episulfonium ions
in alcohol solvents.® Base-mediated saponification of methyl ester
25, followed by primary amide formation, produced possible 10-
membered ring precursor 27. The coupling of acid 26 to amino-
ester 22 led to linear trimer 31. In addition structurally-related
8-membered ring precursor 32 was synthesised from 2-amino-
isobutyric acid (Scheme 6). The secondary amide product of the
initial coupling had to be purified from unreacted hydroxy acid
23, via conversion to their methyl esters.

Treatment of linear dimer 27 with TFA in toluene produced
10-membered ring dimer 34 in very low yield, and it could be
purified only after desulfurisation with Raney nickel to give bis-
lactam’ 35 (Scheme 7). The other products of the ring closure
reaction were the product of benzenethiol elimination (36) from
the intermediate imidate 33 and lactone 3. The linear trimer 31
was also treated with acid but the expected 15-membered ring
was not formed. The only observed product was the initially
formed imidate 37. Neither the primary nor the secondary amides
made a lactam. The failure of the cyclisation of linear trimer 31
was surprising given its similarity to the proposed intermediate
in the synthesis of trimer 2 (Scheme 1). It seemed possible, but
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Scheme 6 Reagents and conditions: 1) tert-butyl acrylate, DBU, CH,Cl,,
95%,; ii) H,, Raney Ni, EtOH, 60%; iii) DCC, HOBt, THF, 79%; iv) MeOH,
SOCl,, 69%; v) KOH, H,0, MeOH, 82%; vi) CDI, HOBt, THF then NHj,
H,0, 72%; vii) DCC, HOBt, THF then 22, 67%; viii) HCI, MeOH, 62%;
ix) KOH, H,0, MeOH, 74%; x) CDI, HOBt, THF then NH;, H,0, 63%;
xi) DCC, HOBt, THF then H,NC(CHj;),CO,H, H,O0; xii) HCI, MeOH;
xiii) KOH, H,0, MeOH; xiv) CDI, HOBt, THF then NH;, H,0, 22%
(from 23).

unlikely, that the two phenylsulfanyl groups missing from amide
31 were responsible for the failure in the cyclisation. Dimer 32 did
form some 8-membered ring 38 with acid catalysis, but the major
products were the intermediate imidate 39 and its elimination (41)
and hydrolysis (3, 40) products (Scheme 7).

An explanation for the failure of the cyclisation of linear trimer
31 was provided by an attempted N-benzylation of the compound
we thought was macrocycle 2 with sodium hydride and benzyl
bromide. This reaction resulted only in the elimination of three
equivalents of benzenethiol and the formation of a symmetrical
molecule containing three (E)-olefins. X-Ray crystallography of
the product (structure not fully reported here) indicated that
the eliminated product was triazine 43, and not a 15-membered
ring trilactam (Scheme 8). Therefore the precursor to triazine
43, previously reported to have the structure trilactam® 2, is the
isomeric triazine 42. Extensive attempts finally yielded crystals of
triazine 42 with the quality required for X-ray analysis® (Scheme 8).
This confirms that the trimers formed in this study, compounds
2, 16 and 17 as well as all of the ‘mixed’ compounds formed in
the cross-over study, are in fact triazines such as 42, not trilactams
such as macrocycle 2 as previously reported.!

Such marked differences between the previously reported and
actual structures of the cyclic trimers require explanation. The
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Scheme 7  Reagents and conditions: i) TFA-toluene (1 : 10 v/v), 40 °C; ii)
Raney Ni, EtOH, 40%.

observed NMR spectra of the trimers is largely consistent with
the chemical shifts predicted for the originally proposed trilactam
structure 2. The quaternary *C NMR resonance at 176 ppm is
consistent with that expected for an amide, and the phenylsulfanyl
group is bonded to a tertiary carbon (Scheme 9). Both lactam and
triazine structures also include similar CH, and diastereotopic
methyl groups. The remaining quaternary carbon C4 bears an
acylated nitrogen in structure 2, but a hydroxy group in triazine
42. In the BC spectrum of the trimer, the chemical shift of the
tertiary carbon (73.1 ppm) is more consistent with that of the
alcohol 8 than that of the amide' 44 (57.6 ppm) (Scheme 9).
One additional inconsistency is the strong 1538 cm™' peak in the
infra-red spectrum (previously assigned as an amide C=0) which
matches that of other 2,4,6-trialkyl triazines®' (ca. 1540 cm™).
The corrected triazine structure 42 is consistent with the number
of sets of CHCH, spin system peak collections observed in the high
field "H NMR spectrum of the trimer.! We previously reported!
that there were two sets of CHCH, peaks in the NMR, but closer
inspection has revealed a third set of peaks. The intensities of the
three peaks occur in the ratio 8 : 4 : 3. As nitrile 1 and amide 7
are racemic, triazine 42 is formed as mixture of diastereoisomers
(Scheme 10). One isomer 42a, with all (R)- or all (S)-stereocentres,
is C; symmetric and results in only one set of observable NMR
peaks. The (R,R,S)- and (R,S,S)-isomers 42b produce two spin
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42a Ar=Ph

16a Ar = p-CBH4CH3

17a Ar = p-CgHy4(CH,)3CH;
C3 symmetric diastereoisomers
with one set of CHCH, "H NMR

42b Ar = Ph

16b Ar = p—C6H4CH3

17b Ar = p-CgH4(CH,)3CH;
non-symmetric diastereoisomers
with 2 different sets of CHCH, 'H

Scheme 8 Reagents and conditions: i) TFA—toluene (1 : 10 v/v), 40 °C; ii)
NaH, THF >95%. Inset: X-ray crystal structure of one of the stereoisomers
of triazine 42 with thermal ellipsoids shown at 50% probability.
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systems in a 2 : 1 ratio. Owing to the different topology of the
cyclo-trilactam, while the C; stereoisomer should produce one set
of peaks, the (R,R,S)- and (R,S,S)-isomers would produce three
sets of peaks. This total of four different CHCH, spin systems
is not observed in a 500 MHz NMR spectrum of the trimeri-
sation product. It should be noted that only the unsymmetrical
(RS,RS,SR) diastereoisomer of triazine 42 crystallised from the
diastereoisomeric product mixture (Scheme 8).

The importance of cyclic imidate 9 becomes apparent when it
is noted that non-cyclic imidates are used in the acid-catalysed
synthesis of triazines.”'*> Imidate 9 trimerises with ring opening
rather than loss of a simple alcohol (Scheme 11). The availability of
the pendant hydroxy group to add as a nucleophile to the triazine

resonances NMR resonances in 2: 1 ratio
Scheme 10
ArS OH
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—
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ArS ®H t/
@
H
OH ‘ SAr

ArS {22
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N” N SAr NH NHY SAr
! — ! —
N N
HO OH HO OH
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Scheme 11

ring explains the ready reversibility of the triazine synthesis
observed in the cross-over experiments of trimers 42, 16 and 17.
Substitution of imidates into unsubstituted 1,3,5-triazine, but not
trialkyl-triazines, has been reported.®

In an attempt to study this intramolecular-hydroxy-faciliated
equilibration, alcohol 45 was synthesised from 1,3,5-trimethyl
triazine® and then subjected to the triazine equilibration conditions
used above (Scheme 12). The major products of the reaction were
dehydrated starting material 47, and lactone 3. The formation
of the lactone indicated that imide 9, formed by opening of
the triazine ring, could be an intermediate. The precursor to
imide 9, the amidine 46 formed by the hydroxy-mediated cleavage
of acetonitrile from triazine 45, was also isolated. Such an
intermediate has not been isolated from triazine synthesis before
and it may have a longer reaction lifetime in this instance as
it lacks the additional pendant hydroxy group necessary for
the rapid decomposition into two stable cyclic imidates. Most
interestingly, the isolation of diene 49 suggests that amidine 46
can react with imide 9 to form a new triazine 48 which dehydrates
(Scheme 12).
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Scheme 12 Reagents and conditions: 1) BuLi, PhSC(Me),CHO, 49%;
ii) TFA—toluene (1 : 10 v/v), 40 °C.

In conclusion, we have discovered that the trimer of nitrile 1
is not a cyclic tripeptide but triazine 42, via the sulfur-mediated

synthesis of a stable cyclic imidate. This imidate cyclisation is
reversible and isolated intermediates have supported the proposed
reaction mechanism. This methodology may prove useful for the
synthesis of ‘dynamic’ libraries of aromatic heterocycles, medicinal
chemistry intermediates, and molecular scaffolds.'®
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A highly diastereoselective organocatalytic synthesis of
unique functionalised vinyl epoxides, displaying a Morita—
Baylis—Hillman backbone, has been developed by means of an
user friendly sulfonium ylide epoxidation of aldehydes from a
readily available o-(bromomethyl)acrylamide derivative. The
first result in the asymmetric version is discussed.

The construction of useful chiral building blocks from readily
available starting materials is a pivotal endeavour in organic
synthesis. In this context, the vinyl oxirane architecture has
been flourishing in many transformations based on Sy2,' Sy2',2
rearrangements,’® etc.* The development of a synthesis towards
this challenging target, with the control of the relative and/or the
absolute stereochemistry, has motivated many research groups.
The two most successful approaches so far are based on the
oxidation of alkenes,® and the nucleophilic addition of substituted
allylic metal reagents to aldehydes.® Alternatively, the reaction
between an aldehyde and the vinyl sulfonium ylide 2,7 generated
in situ from the corresponding allylic sulfonium salt 1, provides a
connective access to vinyl oxiranes 3 (Fig. 1, path A).* Despite
the first reports, which appeared in the 1970s," the development
of this methodology was limited by the relative instability of the
allylic sulfonium ylide intermediate 2, undergoing the competitive
2,3-sigmatropic rearrangement subsequently to a proton transfer
(Fig. 1, path B)."

1 1
:e\g/R R2CHO R‘\g%j\) A AR
H Base © \H/‘ R2 (LA/
I 1 | 2 3
Proton transferJ B
R2

R3
(@k%/r_‘ﬂ s— R?
@ DENFTEREN

Fig. 1 Vinyl sulfonium ylide chemistry.

Recently, we'?> and others' reported on a one pot asymmetric
epoxidation of aldehydes to vinyl epoxides (Fig. 2). This process
is performed in the presence of a stoichiometric or a catalytic
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amount of chiral sulfides (as epoxidation mediators) and does not
require the pre-formation of the sulfonium salt in a separate step.
These studies pointed out that the asymmetric outcome is strongly
dependent upon the substitution pattern of the alkene pendant of
4. For instance, the allylic derivative 4a (R = H) furnished the vinyl
epoxide with low diastereo- and enantioselectivities. In contrast,
good enantioselectivities were obtained for the major trans-vinyl
oxirane constructed from the a-substituted methallylic precursors
4b (R = Me). Moreover, the yields were markedly dependent on
the structure of the targeted epoxide and the amount of sulfide
used.'>

In order to extend the scope towards the formation of valuable
chiral synthetic intermediates, we recently became interested in
the reactivity of substituted allylic sulfonium ylides 5 (formed in
a catalytic amount in situ from the corresponding allyl halide
4c) towards aldehydes (Fig. 2). Our purpose was to develop a
connective synthesis of vinyl epoxides 6 with an acrylic pendant. A
literature screen revealed only few studies dealing with these kind
of densely functionalised intermediates,’” although one would
recognise the a-methylene-B-hydroxycarbonyl backbone substruc-
ture, the so-called Morita—Baylis—Hillman adduct. Together with
the vinyl epoxide moiety, this architecture would offer a valuable
building block suited for a variety of synthetic transformations.¢
This motif is an element of pharmacologically active molecules.!”
In this context, analogues of epoxide 6 (Y = OH) have also
been reported to give, by cyclization, a straightforward access
to B-hydroxy-o-methylenelactones, core structures of naturally
occurring compounds.’® With respect to the above-mentioned
instability of vinyl sulfonium ylide intermediates such as 5, a major
concern was the integrity of the activated C—C double bond of 4c,
5 or 6 throughout the epoxidation process. Another issue was the
influence of the acrylic moiety connected to the sulfonium ylide
species 5 upon the selectivity. This paper will outline our first
results towards the diastereoselective synthesis of vinyl oxiranes 6
by means of a catalytic sulfonium ylide epoxidation methodology.

In order to evaluate various acrylic moieties 4¢ in the epox-
idation reaction (Fig. 2), we needed a robust procedure to
synthesize the corresponding 2-(halogenomethyl)-acrylamides 8
and 9 (Scheme 1). We have shown that DABCO was competent
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Scheme 1 (i) PBr;, DMF, 61%; (ii) Nal, acetone, 89%.

to perform a Morita—Baylis—Hillman reaction (MBH) between
dimethylacrylamide and paraformaldehyde to give the allylic
alcohol 7 in 1 d, based on Connon’s procedure.” Acrylamides
are challenging substrates for the MBH reaction,’® and this
outcome with a tertiary acrylamide is noteworthy. In fact, most
of the examples in the literature so far deal with the primary
derivatives.'? A straightforward bromination and iodination
reaction was subsequently carried out on the alcohol 7 to yield
the desired allylic halides 8 and 9.2' After optimisation, we were
able to perform the MBH-bromination sequence on a 6.5 g scale
with only one purification step (see the ESI).

At the onset, the epoxidation reactions were carried out in an
open vessel with benzaldehyde in the presence of a base (Cs,COs,
K,CO;, NaOH) and 20% of thiolane as depicted in Scheme 2.
In our hands, every attempt to transfer an allyl bromide 10 (with
an acrylate backbone) did not lead to any epoxide formation, as
detected on the crude product (Table 1, entry 1). It became obvious
that the activated C-C double bond was not compatible with the
one-pot procedure and instead underwent rapid polymerisation
or addition reactions.”

X { ) (¢}
0.2 o} Ph

0 o ]
Y * )k — vy
H™ “Ph Base, t, 24h (%)

8 Y =NMe,. X=Br
9 Y =NMey X=1
10 Y =OEt; X=Br

11a (Y = NMey)

Scheme 2 Optimisation of the epoxidation process.

Then, we turned our attention to the allyl iodide 9, displaying
an acrylamide backbone. Pleasingly, this sulfonium ylide precursor
effected a complete epoxidation of benzaldehyde in 24 h to give
11a with a good yield of 76% (entry 2). First of all, this reaction
required only 0.2 eq. thiolane. Therefore, an organocatalytic cycle
is validated with respect to the sulfide.?®* This methodology allows
the synthesis of such vinyl oxiranes with a unique Morita—Baylis—
Hillman backbone. Next, this process achieved the formation of

the trans-epoxide with a diastereoisomeric ratio higher than 95 :
5, as determined on the '"H NMR of the crude product. The
more readily available allyl bromide 8 led to a slower reaction
rate (entry 3). The addition of 20% sodium iodide allowed the in
situ formation of the more electrophilic allyl iodide 9, affording
a smooth reaction in 1 d (entry 4).* The use of allyl bromide
8 in the presence of Nal also improved the epoxidation yield
(entries 2 vs 4). We believe that allyl iodide 9 is slightly light-
sensitive and somewhat hydrolytically unstable in the reaction
media in comparison to its bromide analogue 8. Nevertheless,
in the presence of Nal, only a small quantity of the allylic iodide
9 is generated and consumed in the catalytic cycle before giving
any decomposition. Tetrabutylammonium iodide was also used
instead of Nal, but a somewhat lower yield was obtained (entry
5). The less soluble potassium carbonate was also effective as
a base, but the reaction was not completed after 1 d (entry 6).
We carried on the optimisation and observed that the yield of
the epoxide decreased with the solvent polarity (entries 7-9).
Interestingly, a strong base such as sodium hydroxide in polar
protic solvents allowed a smooth epoxidation process, albeit with
lower diastereoselectivity (entry 10). This points out the stability
of both the substrate 8 and the epoxide 11a in basic conditions.
This organocatalytic epoxidation protocol offers operational
simplicity, does not require exclusion of air and offers mild reaction
conditions.{ Thus, we evaluated the addition of this original vinyl
sulfonium ylide reagent, generated from 8, onto various aldehydes
in the presence of 0.2 equivalent of thiolane and Cs,CO; in 24 h
(Scheme 3). A smooth diastereoselective epoxidation took place
with benzaldehyde derivatives bearing an electron-withdrawing
group (Table 2, entries 1-2). These conditions were also successful
with the electron-rich para-anisaldehyde but the reaction needed
2 d for completion (entry 3). We were able to form the trans-
epoxide 11e from furylaldehyde with a good diastereoselectivity
and purity according to the '"H NMR spectra of the crude
product. As expected, this oxirane was highly unstable on column
chromatography (alumina or silica gel) and could not be purified
thereby.® Interestingly, this method allowed the formation of the
bis-vinyl oxirane 11f by effecting the chemoselective addition
of the vinyl sulfonium ylide to cinnamaldehyde (entry 5). This
epoxide is flanked by two alkene moieties with different electronic
properties, and would allow further selective functionalisations.?
This example sheds light on one advantage of the sulfonium ylide
epoxidation over the electrophilic epoxidation of alkenes, which
would have to select between three types of C-C double bonds to

Table 1 Optimisation of the epoxidation process*

Entry Y X (1.3eq.) Solvent RI(0.2eq.) Base (1.8 eq.) Yield (%) dr (trans : cis)
1 OEt Br MeCN — Cs,CO, —b
2 NMe, 1 MeCN — Cs,CO;, 76 >95:5
3 NMe, Br MeCN — Cs,CO; 63¢ >95:5
4 NMe, Br MeCN Nal Cs,CO;, 90 >95:5
5 NMe, Br MeCN n-Bu,NI Cs,CO, 794 >95:5
6 NMe, Br MeCN Nal K,CO; 514 >95:5
7 NMe, Br CH,Cl, Nal Cs,CO;, 65 93:7
8 NMe, Br THF Nal Cs,CO; 14 >95:5
9 NMe, Br Toluene Nal Cs,CO, 16 >95:5

10 NMe, Br t-BuOH® Nal NaOH 6 85:15

“ General reaction conditions: benzaldehyde (0.5 M), allylic derivative (1.3 eq.), thiolane (0.2 eq.), base (1.8 eq.), iodide (0.2 eq.), rt. ® Polymerisation. ¢ A
conversion of 77%. ¢ NMR yield with an internal standard. ¢ --BuOH-H,O (9 : 1)./ A conversion of 80%.
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Scheme 3 Epoxidation of various carbonyl derivatives.

give this oxirane. The softness of these conditions was exemplified,
with cesium carbonate as a base, by the epoxidation of a long
chain enolisable aldehyde such as valeraldehyde, albeit with a slight
decrease in diastereoselectivity (entry 6). Eventually, we tested an
acetophenone derivative. A moderate yield of the corresponding
epoxide was obtained, even after a prolonged reaction time, and
a poor diastereoselective induction in favor of the cis isomer was
measured (entry 7).% This more-hindered carbonyl group would
deserve further optimisation. The stability of the vinyl epoxides
is also an important issue.?? In our hands, these epoxides were
rather air stable, and could be stored for weeks in the fridge. The
'H NMR of crude products hardly showed any impurities and
most of them could be purified on silica gel. When the oxirane
ring was substituted with an electron-rich aryl group (11d), or
another vinyl substituent (11f), these structures turned out to be
acid-sensitive and had to be purified on neutral alumina with a
somewhat decreased yield.

Table 2 Epoxidation of various carbonyl derivatives®

Entry R! R? Product  dr (trans : cis)  Yield® (%)
1 H 4-CF;C4H, 11b 93:7 92

2 H 4-NO,C4H, 11c 94:6 83

3 H 4MeOCH, 11d >95:5 734 (33¢)
4 H 2-Furyl 11e 95:5 751

5 H A P 1f 92:8 857 (67°)
6 H  n-Butyl 11g 77:23 78

7 Me 4-NO,C¢H, 11h 41:59 32

“General reaction conditions: 0.25 mmol of benzaldehyde (0.5 M),
allylbromide (1.3 eq.), thiolane (0.2 eq.), Cs,CO; (1.8 eq.), Nal (0.2 eq.),
MeCN, rt, 24 h. ®Isolated yield after column chromatography on silica
gel. < After 48 h. “NMR yield with a internal standard. ¢ Purification on
neutral alumina.

The presence of the amide group in alkene 8, and its derivatives,
was crucial to the success of this epoxidation without any
damage of the acrylic moiety. On one hand, we assume that
the amine pair of electrons conjugates with the carbonyl group
preventing any activation of the alkene part, leading to further
polymerisation events. On the other hand, the robustness of these
structures could be explained by the known non-planarity of
the methacrylamides.” For steric reasons, the amide group is
out of the plane of the alkene, and, therefore, minimises the
overlapping between the orbitals of the C=0 and the C=C bonds.
Moreover, the amide group on the alkene 8 allowed a good
diastereoselectivity. Its origin would require more studies, but it
might be explained by the model proposed recently by Aggarwal
and Harvey in the stilbene oxide series.?® The nucleophilic addition
of the ylide reagent onto an aldehyde leads to the formation of both
an anti-betaine and a syn-betaine. Then, the anti-betaine cyclises
to provide the trans-epoxide. The syn-betaine, instead of leading
to the cis-epoxide, tends to reverse to the starting sulfonium ylide,
which subsequently moves on towards the formation of the trans-

epoxide. This equilibrium is influenced by the steric and electronic
properties of the substrates.”® In our case, the reversibility of
the syn-betaine to the starting material would be favored by the
increased steric hindrance of the acrylamide moiety with respect
to a simple vinyl moiety (allyl iodide gives a 71 : 29 trans : cis ratio
in these epoxidation conditions).

Having this working hypothesis in mind, we moved on towards
an asymmetric process in the presence of the bulkier C, symmet-
rical (R,R)-2,5-dimethylthiolane (Scheme 4).>** As expected, a
slower reaction took place and, pleasingly, we obtained a promis-
ing 64% enantiomeric excess for the trans-epoxide.*® However, this
result is puzzling. One would have expected that a sterically more-
hindered chiral sulfide would enhance the reversibility of the syn-
betaine formation step, and hence, the overall diastereoselectivity.
We obtained a 82 : 18 (trans : cis) diastereoisomeric ratio instead.
Furthermore, we previously showed, in similar conditions,'? that
methallyl iodide furnished the corresponding trans-vinyl oxirane
with 84% ee and 98 : 2 dr. Obviously, the measured 64% ee accounts
for a completely different behaviour of allyl bromide 8, displaying
an acrylamide moiety, in comparison with methallyl iodide. In
fact, one can take into account the presence of an axis of chirality
along the bond between the amide group and the alkene moiety
of 8 (Scheme 4), and hence on the ylide 5 (Fig. 2). We assume
a mismatch effect between the orientation of the amide group
and the chiral sulfide part, which would influence the stability
of betaine intermediates (upon diastereoselectivity), and the
accessibility of the ylide reagent faces (upon enantioselectivity).”
Therefore, the control of this extra element of chirality is an issue,
which would require the use of other chiral sulfides for a successful
asymmetric epoxidation.

o & A< e g

P 4
+ _ - % x
Me:N H” “Ph £BuOH-H,0 (9:1) Me2N

2 NaOH, 0.2 Nal

8(1.3eq.) t,2d 11a

34% 64% ee
82:18 dr (trans:cis)

Scheme 4 Asymmetric epoxidation.

In summary, we have disclosed a straightforward and user-
friendly access to functionalized vinyl epoxide displaying a
unique Morita-Baylis—Hillman backbone. These polyfunction-
alised structures are expected to be useful chiral building blocks
in organic synthesis. This racemic sulfonium ylide epoxidation
of aldehydes, from an allylic bromide derivative, provides a
connective synthesis of such oxiranes with good to excellent di-
astereoselectivities with a catalytic amount of thiolane. The success
of this method is based on the original use of allylic precursors
displaying an acrylamide moiety, whose amide group does protect
the alkene against any side reactions. The development of an
asymmetric process by means of enantiopure sulfides is currently
under investigation.
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iodide (7.5 mg, 0.05 mmol, 0.2 eq.) in acetonitrile (0.5 mL) was added
tetrahydrothiophene (4.5 uL, 0.05 mmol, 0.2 eq.). The reaction mixture
was stirred for 5 min, then cesium carbonate (147 mg, 0.45 mmol, 1.8 eq.)
was added. The resulting mixture was vigorously stirred at 20 °C for
24 h. Water (5 mL) was added and the aqueous layer was extracted
with CH,Cl, (3 x 5 mL). The combined organic layers were dried
over MgSO,, filtrated and concentrated in vacuo. Purification by column
chromatography afforded the desired epoxide as an inseparable mixture of
trans and cis diastereoisomers.
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Microwave-assisted treatment of various heterocyclic amides (benzodiazepinone, phthalazone) with

TiCl, in the presence of primary or secondary amines provides the corresponding amidines. In addition
to the interest of the microwaves for this reaction, our study highlights the higher reactivity of the cyclic
acetamide moiety compared to the cyclic benzamide moiety towards this TiCl,-mediated reaction.

Introduction

The cyclic amidines represent an important functional group in
medicinal chemistry and can be found in many natural products or
FDA-approved drugs, e.g. the antipsychotic clozapine. Moreover,
substituted amidines are useful intermediates in the synthesis of
many heterocyclic compounds.! The most common and conver-
gent strategies for amidine synthesis are based on the addition of
amines to activated amide intermediates, e.g. imido ester,? imidoyl
chloride® or O-triflated imidate.* The main limitation of these
strategies depends on the ability to activate the amide function
and to recover the resulting intermediate (Fig. 1). Indeed, the
stability of these activated amides is often poor. In 1969, Fryer
et al. reported a one-step method for the preparation of cyclic
amidines from amides using titanium tetrachloride complex.® This
method was poorly explored and only few papers dealing with the
synthesis of clozapine analogs have been found in the literature.®

R: Cl, OTf, OEt
N R
‘/ \\I/
amide '\\ v

activation amine

(0] N N
- \f TiCl, , anisole - \\r “R,
\ >

-- amine, microwave .-

Fig. 1

Accordingly, we would like to report on a microwave-assisted
modified Fryer amidine synthesis using an anisole-titanium
tetrachloride complex (Fig. 1). The reactivity of different amides
towards TiCl, complex will be studied along with the regioselec-
tivity of this method.

Results and discussion

Considering the wide potential of this reaction in the medic-
inal chemistry area, we decided to focus our study on the

Institut Gilbert Laustriat, UMR7175, Faculté de pharmacie, 74 route du
rhin, BP60024, lllikirch Graffenstaden, France. E-mail: fbihel@pharma.u-
strasbg.fr; Fax: +33 3 9024 4310; Tel: +33 3 9024 4320

benzodiazepinone scaffold, and in particular the 1,4- and 2,3-
benzodiazepinones (Fig. 2),” which exhibit 3 different amide
moieties: N-phenylacetamide (1), acetamide (2), and benzamide
(3). In order to have a better insight of the reactivity of these
various amides, a phenylphthalazone, characterized by a fully
conjugated benzamide moiety, was added to this study.®* Moreover,
amination was performed by using primary (benzylamine 5, 2-
piperidin-1-ylethanamine 6), or secondary (N-methylpiperazine
7) amines (Fig. 2).

H (o} 0
N
NH
—N —N NH, O
Ph Ph s N
1 2 H
6
0 Q | NH,
NH NH N
/) N N [ j
N
3 Ph 4 Ph H 7
Fig. 2

In order to compare the different reactivities of these four
amides towards the amination with TiCl,, the reaction conditions
were optimized for each amide following a multivariate screening
analysis of the following variables: 1) use of microwaves (MW);
2) nature and quantity of the amine; 3) quantity of TiCl,; 4)
temperature; 5) heating time. The optimal reaction conditions are
summarized in Table 1.

First, we observed that the microwave irradiation allowed the
reaction time to be significantly reduced without affecting the
yield. The microwave-assisted amination of 1 using primary amine
6 or secondary amine 7 led in only 5 minutes at 100 °C to the
corresponding amidines 8 and 9 in excellent 95% and 92% yields
respectively (Entries 1 & 2). In comparison, 5 minutes at 100 °C
under conventional heating provided the amidine 9 in only 36%
yield. However, after one hour at 100 °C under conventional
heating, the reaction 9 was obtained in 93% yield (Entry 4). Similar
results have been observed with the amides 2, 3 and 4.

3142 | Org. Biomol. Chem., 2006, 4, 3142-3146

This journal is © The Royal Society of Chemistry 2006





Table 1 Multivariate screening analysis of the variables involved in the TiCl,-mediated conversion of amide into amidine”

Entry Amide Amine Amine equiv. TiCl, equiv. Conditions’ Amidine Yield (%)
(\N/
H 0 R %{N\)
N N,
w TiCl,, anisole @ ” 8
amine i H
—N —_— =N N~
MW or A N
2 el 24 ¢
1 1 6 10 0.6 MW-5 min-100 °C 8 95
2 1 7 10 0.6 MW-5 min-100 °C 9 924
3 1 7 10 0.6 A-5 min-100 °C 9 36
4 1 7 10 0.6 A-60 min—100 °C 9 93
(\N/
o} R H{N\)
TiCl,, aniscle A\ R 11
NH amine N : “
2 " MW or A N %{ ~ O
Ph Ph 10
5 2 6 10 0.6 MW-5 min-100 °C 10 97
6 2 7 30 0.6 MW-5 min-100 °C 11 67
7 2 7 30 1.2 MW-5 min-100 °C 11 89
8 2 7 30 1.2 A-5 min-100 °C 11 77
9 2 7 30 1.2 A—60 min—100 °C 11 98
~
N
o e
N
N TiCl,, anisole =H i "?{ 13
y N amine / N i E
]
MW or A < N
10 3 6 30 1.2 MW-30 min-100 °C 12 74
11 3 7 30 1.2 MW-30 min-100 °C 13 31
12 3 7 30 1.2 A-30 min-100 °C 13 8
13 3 7 30 1.2 A-180 min-100 °C 13 31
(\N/
! Lo w O
TH TiCl,, anisole = ’f =, 16 lﬁ{”
- N amine 5 N : “ 14
T
A N
4 Ph Mor Ph l%{ 15 O
14 4 5 30 1.2 MW-60 min—100 °C 14 0
15 4 6 30 1.2 MW-60 min—100 °C 15 0
16 4 7 30 1.2 MW-30 min-100 °C 16 44
17 4 7 30 1.2 MW-60 min—100 °C 16 45
18 4 7 30 0 MW-60 min—100 °C 16 0
19 4 7 30 3 MW-60 min—100 °C 16 35
20 4 7 30 1.2 A-30 min—100 °C 16 7
21 4 7 30 3 A-60 min—100 °C 16 44
22 4 7 30 1.2 A-24h-100°C 16 40

450 mg of amide used in each experiment. * MW : microwave. A : conventional heating. ¢ Yield refers to material isolated by chromatography on SiO,. ¢ A
scale-up of this reaction was performed with 500 mg of amide 1 leading to the corresponding amidine 9 in 93% yield.

Our first attempt to improve the reaction by using microwaves,
was to increase the temperature while shortening the heating time.
Unfortunately, when the temperature exceeded 120 °C, a partial
degradation of the newly formed amidines was observed. Finally,
the optimal temperature was found around 100 °C.

This transformation of an amide into an amidine involves a
two-step one-pot reaction. At first, the amide function interacts
with the activated titanium complex to form an imidotitanium
adduct, which can be displaced by an amine moiety to yield the
corresponding amidine.® In order to find the best experimental

conditions, we combined increasing quantities of amine (1, 3,
10 and 30 equiv.) and TiCl, (0.3, 0.6, 1.2 and 3 equiv.) for
each studied amide. Following this experimental optimisation,
the 1,4-benzodiazepin-2-one 1 appeared to be the most reactive
compound. Indeed, 0.6 equiv. of TiCl, combined with 10 equiv. of
the amine 7 were sufficient to complete the reaction at 100 °C for
5 minutes in a very high yield (Entry 1).

The 2,3-benzodiazepin-4-one 2 exhibited the same reactivity
than the 1,4-benzodiazepin-2-one 1 towards the primary amine 6
(Entry 5), but was less reactive towards the secondary amine 7. We
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first increased the quantity of amine to 30 equiv., leading to the
amidine 11 in 67% yield (Entry 6). To obtain a 89% conversion,
1.2 equiv. of TiCl, had to be used (Entry 7).

The 2,3-benzodiazepin-1-one 3 appeared to be relatively less
reactive, when compared with the 2,3-benzodiazepin-4-one 2.
Indeed, 30 equiv. of the primary amine 6 along with 1.2 equiv. of
TiCl, for 30 min at 100 °C were needed to obtain the corresponding
amidine 12 in 74% yield (entry 10). The same experimental
conditions applied to the secondary amine 7 led to the amidine 13
in only 31% yield (Entry 11).

The phthalazone 4, exhibiting a similar benzamide moiety to the
2,3-benzodiazepin-1-one 3, displayed a weak reactivity toward the
secondary amine 7, leading to the amidine 16 in only 45% yield
after 30 min at 100 °C (Entry 16). The use of 3 equiv. of TiCl,
did not improve the reaction (Entry 19). The same conditions
applied on the amide 4 without TiCl, did not exhibit any reaction,
disproving a potential direct amination of the amide without
any TiCl,-mediated activation (Entry 18). Moreover, 60 min of
MW irradiation or 24 h of conventional heating at 100 °C did
not improve the conversion of the amide 4 into the amidine 16,
providing a maximum yield of 45%. Surprisingly, no reaction was
observed with the primary amines 5 and 6 (Entries 14 & 15).
This difference in reactivity of the phthalazone ring towards the
primary amines has not been clarified yet, but might be correlated
with an increased aromatic character of the pyridazine ring.

The analysis of the results shown in Table 1 allows a better
insight of the reactivity of these various amides towards this
reaction. At first, the fact that 0.6 equiv. of TiCl, was enough
to complete the conversion of the amide 1 into amidine 8, allows
to highlight a ratio of 2 : 1 between the amide and TiCl,. The
resulting formation of the bis(imido)titanium adduct leads to the
hypothesis of a fast interaction between the amide moiety and the
titanium complex, whereas a large amount of amine is needed to
displace the imidotitanium adduct and yield the corresponding
amidine. Nevertheless, depending on the amide, the optimisation
of the experimental conditions could be performed by increasing
the quantities of both amine and TiCl,. The optimization of the
different variables involved in this amination reaction allows the
selected amides to be classified as a function of their capacity
to yield the corresponding amidines: N-phenylacetamide (1) >
acetamide (2) > benzamide (3 and 4). In order to fully demonstrate
the difference in reactivity between these various amides, we
chose to evaluate the regioselectivity of the amination reaction
on the 1,4-benzodiazepin-2,5-one 17, which exhibits both N-
phenylacetamide and benzamide moieties (Scheme 1).

The microwave-assisted amination of 17 was performed in the
presence of 1.2 equiv. of TiCl, and 10 equiv. of N-methylpiperazine
at 100 °C for 5 min, leading to the mono-amidine 18 in 91%
yield. The amination site at the 2-position was fully determined
by Nuclear Overhauser Effect (NOE) contact between the methy-
lene group at the 3-position and the protons assignable to the
piperazine methylenes and the NH at the 4-position (Fig. 3). No
amination was detected at the 5-position.

This regioselectivity fully corroborates the difference in reac-
tivity observed between the benzodiazepinones 1 and 3 (Table 1),
and opens some interesting perspectives in medicinal chemistry.
Indeed, 1,4-benzodiazepin-2,5-one 17 has been extensively studied
as a precursor for the synthesis of several drugs (e.g. Diazepam).
Nevertheless, the presence of two amide functions provides some

/
N

oot
o
Bn gy

Scheme 1 Reagents and conditions: (a) TiCl,, N-methylpiperazine,
anisole, MW (5 min, 100 °C); (b) (i) TosCl, Na,CO;, MeCN, reflux, (ii)

PhB(OH),, Pd(PPh;),, Na,CO;, MeCN, H,0, MW (15 min, 100 °C); (c)
BnBr, NaH, THEF, rt.

Fig. 3 Selected NOE contacts in 18.

problems of solubility and regioselectivity, resolved generally by
the substitution of one of the amide functions.' The efficient one-
step regioselective transformation of 17 into the corresponding
amidine 18 in high yield allows the 5-amide function of 18 to be
quickly modified, which can be easily either alkylated by an alkyl
halide leading to the compound 19, or submitted to a palladium
cross-coupling reaction after O-tosyl activation to provide the
compound 9 (Scheme 1). Starting from the benzodiazepinone 17, a
library of compounds could be quickly synthesized by combining
a series of amines with several aryl boronic acids or alkyl halides.

Conclusions

In summary, we have developed an efficient microwave-assisted
cyclic amidine synthesis using TiCl,. Moreover, our study high-
lights the difference in reactivity of various cyclic amides towards
this TiCl,-mediated reaction, providing an efficient pathway to the
regioselective amination of cyclic amides.

Experimental

Chemicals and solvents were either purchased puriss p.A. from
commercial suppliers or purified by standard techniques. For thin-
layer chromatography (TLC), silica gel plates Merck 60 F254 were
used and compounds were visualized by irradiation with UV light
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and by treatment with a solution of ninhydrin reagent followed
by heating. Flash chromatography was performed using silica gel
Merck 60 (particle size 0.040-0.063 mm), "H NMR and "C NMR
spectra were recorded on Bruker DPX 200 and Bruker Avance 300.
Chemical shifts are given in J relative to tetramethylsilane (TMS),
the coupling constants J are given in Hz. High-resolution mass
spectra were recorded on a Bruker MicroTof mass spectrometer.
Microwave irradiation has been performed using Biotage Initiator
EXP microwave synthesis system.

General procedure

A 1 M solution of titanium tetrachloride (0.25 mmol, 0.6 equiv.)
in CH,Cl, was added to anisole (650 pL) under argon and stirred
for 15 min. Then, amine (2.12 mmol, 10 equiv.) and cyclic amide
(0.21 mmol, 1 equiv.) were quickly added and the reaction mixture
was irradiated under microwave at 100 °C for 5 min The resulting
mixture was diluted in EtOAc, successively washed with saturated
aqueous NaHCO; solution (2 x 20 mL) and brine (2 x 20 mL).
The combined organic layers were dried over anhydrous Na,SO,,
filtered and concentrated in vacuo. The crude product was purified
by flash chromatography on silica gel (CH,Cl,/MeOH 95 : 5) to
afford the expected amidine.

2-(2-Piperidin-1-ylethyl)-5-phenyl-3 H-1,4-benzodiazepine 8
(95% yield). 'H NMR J, (200 MHz; CDCl;) 1.46 (2H, m,
—CH,-C-C-N), 1.61 (4H, m, N-C-CH,-C), 2.50 (4H, m,
N-CH,—C-C), 2.63 (2H, m, NH-C-CH,-N), 3.50 (2H, m,
NH-CH,), 4.58 2H, m, =N-CH,-C=), 6.92 (1 H, td, J 1.2 and
7.9, Ar), 7.24 (2H, m, Ar), 7.40 (4 H, m, Ar), 7.55 (2 H, m, Ar);
"CNMR 6. (300 MHz; CDCl,) : 158.5, 148.6, 139.9, 131.6, 130.6,
130.3, 128.5, 126.2, 121.9, 56.7, 54.1, 53.4, 46.2, 37.2, 23.2, 22.2;
m/z (EI) 347.2240 (MH"*. C,,H,;N, requires 347.2230).

2-(4-Methylpiperazin-1-yl)-5-phenyl-3H-1,4-benzodiazepine 9
(92% vyield). 'H NMR oy (300 MHz; CDCLy) 2.34 (3 H, s,
N-CH5),2.55(4 H, t,J 4.9, -(CH,),~N-CH;), 3.81 (4 H, t, J 4.9,
—(CH,),-N-C), 4.14 (2 H, AB, J 9.9 and 558, NH-CH,-C=),
6.94 (1 H,td, J 1.2 and 7.9, Ar), 7.24 2H, m, Ar), 7.40 (4 H, m,
Ar), 7.55 (2 H, dd, J 1.7 and 7.9, Ar); *C NMR 4, (300 MHz;
CDCly) 156.7, 151.4, 140.3, 131.5, 131.2, 130.5, 130.2, 128.5,
126.8, 120.7, 54.7, 49.2, 45.9, 45.3; m/z (EI) 319.1926 (MH*.
CyHy N, requires 319.1917).

N-(2-Piperidin-1-ylethyl)-1-phenyl-5H-2,3-benzodiazepine 10
(97% vyield). 'H NMR 6y (300 MHz; CDCl;) 1.50 (2H, m,
—CH,-C-C-N), 1.65 (4H, m, N-C-CH,-C), 2.55 (4H, m,
N-CH,-C-C), 2.68 (2H, m, NH-C-CH,-N), 3.30 (2H, m,
CH,-N-N), 3.54 2H, m, NH-CH,), 7.33 (6H, m, Ar), 7.49 (1H,
td, J 1.5 and 7.8, Ar), 7.64 (2H, dd, J 1.8 and 7.7, Ar); C NMR
dc (300 MHz; CDCly) 160.9, 152.7, 139.8, 139.1, 131.6, 131.0,
130.4, 129.7, 128.5, 127.3, 57.3, 54.5, 38.6, 37.6, 25.4, 23.9; m/z
(EI) 347.2242 (MH*. C,Hy;, N, requires 347.2230).

4-(4-Methylpiperazin-1-yl)-1-phenyl-5 H-2,3-benzodiazepine 11
(89% yield). 'H NMR 6, (300 MHz; CDCl;) 2.28 (3H, s, N—
CH,), 2.44 (4H, t,J 5.0, CH,-N-CH;), 3.37 (2H, AB, J 13.1 and
226, CH,-N-N), 3.50 (4H, m, -N-CH,), 7.24 (1H, d, J 7.6, Ar),
7.35 (SH, m, Ar), 7.47 (1H, m, Ar), 7.66 (2H, dd, J 2.1 and 7.6,

Ar); BC NMR 4. (300 MHz; CDCl;) 159.8, 152.4, 139.9, 139.3,
131.3, 130.6, 129.7, 129.6, 128.5, 127.2, 126.5, 57.4, 54.8, 46.3,
33.1; m/z (EI) 319.1931 (MH*. C,yHy; N, requires 319.1917).

N-(2-Piperidin-1-ylethyl)-4-phenyl-5 H-2,3-benzodiazepine 12
(74% yield). 'H NMR 4 (300 MHz; CDCl;) 1.46 (2H, m,
—-CH,~C-C-N), 1.62 (4H, m, N-C-CH,-C), 2.54 (4H, m,
N-CH,-C-C), 2.73 (2H, m, NH-C-CH,-N), 3.66 (2H, m,
NH-CH,), 3.68 (2H, AB, J 12.7 and 152, CH,-N-N), 7.34 (5H,
m, Ar), 7.45 (1H, td, J 1.3 and 7.4, Ar), 7.60 (1H, d, J 7.7, Ar),
7.87 (2H, dd, J 2.0 and 7.6); *C NMR J. (300 MHz; CDCl,)
156.8, 153.6, 139.8, 137.2, 133.2, 131.1, 130.7, 129.9, 128.2, 127.8,
126.1, 57.7, 54.6, 38.2, 34.7, 25.2, 23.5; m/z (EI) 347.2235 (MH".
C,H,; N, requires 347.2230).

1-(4-Methylpiperazin-1-yl)-4-phenyl-5 H-2,3-benzodiazepine 13
(31% yield). 'H NMR dy (300 MHz; CDCl;) 2.37 (3H, s, N—
CH;), 2.55 (4H, t, J 5.0, CH,-N-CH,), 3.50 (4H, m, -N-CH,),
3.74 (2H, AB, J 12.8 and 202, CH,—N-N), 7.37 (5H, m, Ar), 7.46
(1H, td, J 1.2 and 7.2, Ar), 7.55 (1H, d, J 7.7, Ar), 7.91 (2H, dd,
J 1.7 and 7.9, Ar); *C NMR d. (300 MHz; CDCl;) 156.8, 156.5,
140.3, 136.9, 133.1, 130. 9, 130.5, 128.4, 127.8, 126.2, 57.2, 55.4,
46.7,34.8.;m/z (EI)319.1922 (MH*. Cy H,; N, requires 319.1917).

1-(4-Methylpiperazin-1-yl)-4-phenylphthalazine 16 (45% yield).
'"H NMR dy (300 MHz; CDCl;) 2.43 (3H, s, N-CH;), 2.74 (4H,
t,J4.7, CH-N-CH,), 3.65 (4H, t, J 4.6, -N-CH,), 7.53 (3H, m,
Ar), 7.75 (3H, m, Ar), 7.82 (1H, td, J 1.2 and 7.3, Ar), 8.01 (1H,
dd, J 1.1 and 7.3, Ar), 8.12 (1H, dd, J 1.1 and 7.3, Ar); "C NMR
Jdc (300 MHz; CDClL,) 159.5, 159.0, 138.0, 135.8, 133.5, 131.1,
130.5, 130.1, 129.0, 127.0, 126.6, 124.4, 52.9, 48.1, 44.0; m/z (EI)
305.1757 (MH*. C,yH, N, requires 305.1761).

2-(4-Methylpiperazin-1-yl)-3,4-dihydro-5 H -1,4-benzodiazepin-
5-one 18 (91% yield). 'H NMR Jy (300 MHz; CDCl;) 2.32
(3 H, s, N-CH;), 2.50 (4 H, t, J 5.0, (CH,),-N-CH,), 3.69 (4
H, t, J 4.9, (CH,),-N-C), 3.80 (2 H, d, J 6.0, NH-CH,-C=),
7.09 2 H, m, Ar), 7.44 (1 H, td, J 1.7 and 8.1, Ar), 7.88 (1 H,
dd, J 1.8 and 8.0, Ar), 8.66 (1 H, t, J 5.9, NH); *C NMR 6.
(300 MHz; CDCl;) 172.3, 158.8, 148.7, 132.5, 130.5, 127.1, 125.5,
122.8, 55.1, 46.1, 45.4, 37.2; m/z (EI) 259.1549 (MH*. C,,H,,)N,O
requires 259.1553).

Cross coupling reaction of 18 with phenylboronic acid

To a solution of 18 (0.10 mmol, 1 equiv.) in acetonitrile (2 mL)
were added K,COj; (0.12 mmol, 1.2 equiv.) and tosyl chloride
(0.12 mmol, 1.2 equiv.) under argon. The reaction mixture
was refluxed overnight, then cooled to room temperature. A
solution of K,CO; (0.20 mmol, 2 equiv.) and phenylboronic
acid (0.12 mmol, 1.2 equiv.) was added to the reaction mixture,
followed by palladium tetrakis (0.005 mmol, 0.05 equiv.). Then
the reaction mixture was irradiated by MW at 100 °C for 15 min.
Upon completion, acetonitrile was evaporated in vacuo and the
resulting crude residue was diluted with EtOAc and washed with
saturated ag NaHCO; and brine. The organic layer was dried over
Na,SO,, filtered and evaporated in vacuo. The purification step
was performed by flash chromatography on silica gel (MeOH 10%
in CH,Cl,) to afford the expected compound 9 in 87% yield.
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4-Benzyl-2-(4-methylpiperazin-1-yl)-3,4-dihydro-5 H-1,4-benzo-
diazepin-5-one 19. To a solution of 18 (0.10 mmol, 1 equiv.) in
dry THF (2 mL) was added NaH (0.12 mmol, 1.2 equiv.) at 0 °C
under argon. After 15 min of stirring, benzyl bromide (0.11 mmol,
1.1 equiv.) was added and the mixture was brought to room tem-
perature and left stirring for 3 h under argon. THF was evaporated
in vacuo and the resulting crude residue was diluted with EtOAc
and washed with saturated aq. NaHCO; and brine. The organic
layer was dried over Na,SO,, filtered and evaporated in vacuo. The
purification step was performed by flash chromatography on silica
gel (MeOH 15% in CH,Cl,) to afford the expected compound 19 in
59% yield. "H NMR ¢ (200 MHz; CDCl;) 2.32 (3 H, s, N-CH),
2.33 (4 H, m, -(CH,),~N-CH,), 3.49 (4 H, brs, -(CH,),~N-C),
3.85 (2 H, brs, N-CH,-C=), 4.88 (2 H, s, CH,-Ph), 7.14 (2 H,
m, Ar), 7.35 (6 H, m, Ar), 8.02 (1 H, d, J 7.9, Ar); "C NMR 6,
(200 MHz; CDCl;) 169.4, 157.9, 148.3, 137.1, 132.2, 131.2, 129.3,
128.3, 128.1, 126.9, 126.5, 123.0, 55.0, 51.5, 46.3, 45.4, 41.8; m/z
(EI) 349.2034 (MH". C,;H»;N,O requires 349.2023).
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The important topic of proton transport through molecular wires is usually associated with the

Grotthuss mechanism. In this paper we propose an alternative conductor based on chains of lone pairs.
B3LYP/6-31+G** and PW91 DFT calculations on model compounds (1,2,3,4-tetrasubstituted
benzenes) show that these compounds could play the role of proton conductors.

Introduction

Chemistry today has two main avenues: biological and materials
sciences. In both, proton transport is fundamental. The trans-
port of protons across membranes is an essential process for
the bioenergetics of cells as well as for the origin of cellular
life. All living systems make use of proton gradients across
cell walls to convert environmental energy into a high-energy
chemical compound, adenosine triphosphate (ATP), synthesized
from adenosine diphosphate (ADP). ATP, in turn, is used as
a source of energy to drive many cellular reactions. In cells,
proton transfer is assisted by large, complex proteins embedded
in membranes.! Protonic conduction in liquid electrolytes, such
as polymer electrolyte membranes (PEM), is commonplace but is
relatively rare in solids. There is currently much interest worldwide
in proton conducting solids, both from the scientific aspect,
as materials with novel properties, and also for their possible
applications in high density solid-state batteries, sensors and other
electrochemical devices.>?

As early as 1806, von Grotthuss proposed a mechanism which is
still in use.* The Grotthuss mechanism, also known as “hopping”
or a “hop-turn” mechanism, is represented in Fig. 1 for the case of
an alcohol, a phenol or water. On the top is a lateral view and on the
bottom a perpendicular one. Water is a good conductor of protons,
because of the H-bonded networks between water molecules that
give water its liquid properties in the physiological range. In ice,
the H-bonded networks are more extensive, and ice is a better
proton conductor than liquid water.

H rotation

o o ~, ~

H erH e
o _H* g TN e
——=

* Not necessarily synchronous

Fig. 1 The Grotthuss mechanism.

Many experimental and theoretical papers have been devoted
to the conduction of protons along HBs, starting from the

Instituto de Quimica Médica ( CSIC), Juan de la Cierva 3, E-28006, Madrid,
Spain

classical works of Bernal and Fowler,” Conway et al.,® and Eigen
and DeMaeyer,” to a series of recent books and reviews.**?
Relevant experimental studies are those reporting proton transfer
of phenols in ammonia as solvent," the nature of proton wires in
proteins, the proton transfer and reorientation in an imidazole
melt,” and the use of ultrafast IR spectroscopy to study the
mechanism of proton transfer.!® The theoretical studies, partly
already cited,'»'"** concern proton tunnelling,"” proton trans-
port in water,' and the discussion of the Grotthuss mechanism in
ammonia—ammonium mixtures."

Of particular relevance for the present paper are those of Brédas
et al.** In the first one, they propose a model of soliton formation
and reorientation (Fig. 2). The conductivity along the HB chain is
protonic in nature and the mechanism implies successive (1, 2, -)
reorientations about the C2-C4/CS5 axis. The proton transfer
changes positions 4 and 5 of the imidazole ring (tautomerism).
The reorientation process could thus correspond to the limiting
step for the protonic conductivity in imidazole crystals.?

1
/—\ /‘\ (]
H/N\7N """" N@N‘H §
O
<9
3
5 4 QED 2 o1
/\ /A 3\
H,N\¢N ,,,,, H,N\7Nl,,,H,N\'¢N ,,,,, H'N\éN
ﬂ 4_ 5
- /\ /\ /\
H-N N, H NN NVN‘H \\\\ N%/N‘H

Fig. 2 The Brédas mechanism for poly[4(5)-vinylimidazole].

In the more recent paper,® they explain why the proton con-
ductivity of poly[4(5)-vinyl-1H-1,2,3-triazole] is about 10° times
higher than that of poly[4(5)-vinylimidazole] by the mechanism
represented in Fig. 3, where instead of a perpendicular 180°
rotation only a lateral rotation of about 70° is involved.

4_5 N
N. N N. N Ne N N'N_§
H- ~Nc ":.,H— ‘N” :N, \H“.u :N

Fig.3 The Liu—Brédas mechanism for poly[4(5)-vinyl-1H-1,2,3-triazole].
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Fig. 4 The “caterpillar” proton conduction.

Results and discussion

All these mechanisms without exception involve a HB chain, and
the proton that enters the chain does not exit until it has covered
the whole of the chain length. We would like to propose a new
type of proton conductor without protons on the wire, where the
proton that enters the wire is the same as that which exits at the
end of the course (Fig. 4). The only requirement is a series of lone
pairs conveniently disposed.

To theoretically explore this possibility we have chosen two mod-
els. In both cases, the rigid framework that put all the lone pairs in

the adequate position and proximity is a benzene ring bearing four
substituents at the 1,2,3,4 positions. These substituents are in one
case methoxy groups 1 and in the other 2H-1,2,3-triazolyl residues
2. DFT calculations have been carried out using the B3LYP and
PWOI1 functionals and the 6-314+G** basis set. All structures of
the minima and the transition states have either no imaginary
frequencies or one imaginary frequency, respectively.

The relative energies are reported in Table 1 and the different
structures depicted in Fig. 5 and 6. Once the last transition state
is attained (on the right), the inverse path leads to the starting
material. Obviously, the driving force should be an excess of proton

1b

1c

1d

4

le

Fig.5 The case of 1,2,3,4-tetramethoxybenzene 1.

4

Table 1 Relative energies (E,,/kJ mol™") of the different structures for compounds 1, 2 and 3 with different corrections

1f

Compound  E. B3LYP E. + ZPE  AG’» En PW91 E,, + ZPE AG® 55
1a 16.54  14.50 12.58 15.58 13.34 11.65
1b 2440 1348 13.69 17.26 8.63 8.61
Ic 4.67 4.70 3.26 8.57 9.52 7.02
1d 27.09 2383 21.52 34.92 33.41 30.09
le 0.00 0.00 0.00 0.00 0.00 0.00
1f 10.77 1.24 4.92 329 —422 ~1.03
2a 10.32 8.49 8.79 6.89 4.48 4.30
2b 16.67 5.39 7.15 8.68  —0.69 0.21
2 7.19 6.18 5.81 5.49 3.84 3.26
2d 10.86  10.85 11.67 15.35 16.80 16.62
2e 0.00 0.00 0.00 0.00 0.00 0.00
2f 13.70 2.84 5.14 499  —3.87 ~2.26
3a 0.00 0.00 0.00 0.00 0.00 0.00
3b 2242 14.00 16.28 11.56 421 6.64
3¢ 5.49 4.00 2.44 7.11 5.92 2.73
3d 3518 25.33 27.04 24.89 16.34 18.31
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Fig. 6 The case of 1,2,3,4-tetra(2H-1,2,3-triazolyl)benzene 2.
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Fig. 7 1,2,3,4-Tetramethoxybenzene in an interphase.
in one extremity and a deficiency in the other, e.g. a gradient of
pH (Fig. 7).

For comparative purposes we have studied the “classical” case of
benzene-1,2,3,4-tetraol 3 (Fig. 8) where the proton transfer should
occur by the Grotthuss mechanism forcing the OH groups to rotate

3a 3b

i

o)

o™ HogHigbhgftg
OOOOO

to come back to the starting structure. Note that Brzezinski and
Zundel’** have studied experimentally by FTIR the related case
of pentacene anion 4 (tetrabutylammonium salt) where the proton
motion is coupled to an electron motion.

We have represented in Fig. 9 the profiles corresponding to £,
(Table 1). In the case of the B3LYP/6-31+G** calculation and
for compound 1, the structure of minimum energy is le and the
highest TS (transition state) is 1d. The relative effect of the ZPE
(zero point energy) correction is very marked in 1b (45%) and
1f (88%) but very small in 1a (12%), 1c (<1%) and 1d (12%).
Similarly, in the case of 2, the structure of minimum energy is 2e
and the highest TS depends on the ZPE correction, without it is
2b and with it is 2d. The relative effect of the ZPE correction is
very marked in 2b (68%) and 2f (79%) but very small in 2a (18%),
2¢ (14%) and 2d (<1%). Note that cases b and f correspond to
proton-transfer TSs.

In both cases, and in the absence of a pH gradient, the
prototropy would stop in the middle, 1e and 2e. Otherwise, the
process will occur with an activation barrier of 24-27 kJ mol~! for
1 and 11-17 kJ mol™! for 2. Thus the second model is much more
efficient as proton wire. The classical tetraol 3 has its minimum not

I

3c 3d

Fig. 8 The case of benzene-1,2,3,4-tetraol 3.
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Fig.9 The energy profiles for molecules 1, 2 an 3 (B3 stands for B3LYP and PW for PW91). The Y axis corresponds to the relative energies (kJ mol™")
of Table 1 and the X axis numbersto 1 =a,2=b,3=c,4=d,5=e, 6 =ffor compounds 1, 2 and 3.

in the middle of the path but at the beginning, 3a, and the transition
state in the middle 3d (22-35 kJ mol™"), is thus comparable in
efficiency to 1 but worse than 2.

Concerning the PW91 calculations, if the ZPE correction is
not considered, the analogy between both functionals is clearly
apparent in Fig. 9. With both B3LYP and PW091, the tetratriazolyl
derivative 2 is more efficient (lower activation barriers) than the
tetramethoxy one 1 (compare Table 1, 15 with 35 kJ mol™'). The
inclusion of the ZPE correction in the case of the PW91 functional
led to the result that some TSs (1f, 2f) are more stable than the
minima le and 2e, as an indication of the effective absence of
barrier for these transformations that correspond to low-barrier
hydrogen bonds (LBHB).

Table 1 also reports Gibbs free energies, but these are strictly
proportional to the ZPE corrected values of E :

B3LYP: AG®y = (1.006 + 0.038)*E,, + ZPE, n = 16, r* = 0.98

PWOIL: AG®, = (0.925 + 0.036)*E,, + ZPE, n = 16, > = 0.98

Therefore, the AG®,y values are qualitatively similar to those of
the ZPE corrected energies indicating that all structures for each
molecule have similar thermal and entropic corrections.

Conclusions

1) If a chain of HBs is a necessary condition for the Grotthuss
mechanism, the one proposed here is compatible with HBs but
it is unlikely that it will be operative in these conditions because
the HB network would prevent the adequate disposition of the
remaining lone pairs.

2) The electronic wire formed by a chain of lone pairs (LP) is
present in many systems, some examples are depicted below (5-8):

This journal is © The Royal Society of Chemistry 2006
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The efficiency of these systems should be related to their basicity
but mainly to the activation barriers to proton transfer.

3) Although some conformational changes intervene, the
absence of large movements (rotations) makes these systems
particularly attractive for solid state proton conduction.

4) For long arrays of LPs it should not be necessary that the
first proton has left the wire for a new one to enter the first link of
the chain.

5) The importance and the widespread use of the Grotthuss
mechanism could lead some people to assume that an “internal
proton” (a proton belonging to the molecule) is a necessary
condition for proton transfer. Although the mechanism proposed
here (more a model for material physics surfaces than for realistic
biological systems) has not yet been discovered, it shows that other
possibilities could exist.

Computational details

Geometries of all the stationary structures of 1, 2 and 3 were
fully optimised using the B3LYP?* and PW91?* functionals, with
the 6-31+G** basis set”® as implemented in the Gaussian 03
program.* Harmonic frequency calculations? verified the nature
of the stationary points (all real frequencies) and TSs (only one
imaginary frequency). According to Gill,® despite the added
complexity of the Perdew-Wang 91 functional, energies obtained
from it are seldom an improvement over B3LYP. The functional
has also been shown to violate the original condition upon which
B3LYP was developed.
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The binding of two cationic europium complexes to a differentially phosphorylated insulin receptor
peptide has been studied by emission spectroscopy and *P NMR and "H NMR TOCSY methods.
Analysis of the europium emission and NMR spectral data was consistent with the presence of species
in slow exchange on the NMR and emission timescales, in agreement with selective binding of the
lanthanide ion to the phospho-tyrosine site, allowing such complexes to be considered as prototypical

chemoselective paramagnetic derivatising agents.

Introduction

There continues to be much interest in the quest for practica-
ble methods of devising and signalling the chemoselective and
reversible binding of anionic species in aqueous media. Key
issues to be considered include achieving the required target
binding affinity in the analyte of interest and realising how to
minimise the impact of competitive binding of other anionic
species. Several innovative approaches have been promulgated that
usually respect the differing size/geometric requirements of the
target anion, by engineering size and shape complementarity into
the receptor.™? Most often, this is addressed by devising positively
charged receptors with appropriately positioned hydrogen bond
donors or acceptors.** The approach that we, and others, have
adopted is based upon the reversible binding of anions to a
charged metal ion centre.>® Anion displacement of one or two
coordinated water molecules at a Ln(111) ion centre is signalled by
modulation of the lanthanide emission spectral form, lifetime and
circular polarisation. The affinity of the lanthanide receptor for a
given anion may be controlled by varying the overall charge on
the lanthanide complex or by perturbing the local electrostatic
potential.® This may be effected by Ln ion permutation (e.g
Yb/Ln are most charge dense with highest intrinsic affinity) or
by varying the nature of the encapsulating ligand.” For example,
early work® revealed that inorganic phosphate (298 K, pH 7.4,
0.1 M NacCl) binds strongly to the cationic complex [Eu-1]**, with
an affinity of the order of 10° M™', and that selectivity for this
and related phosphorylated anions is conserved in the presence
of protein and millimolar concentrations of hydrogen carbonate.’
In systems where the anion binds reversibly to a metal centre,
the order of anion affinity is also sensitive to the local steric
demand imposed by the nature of the ligands encapsulating the
metal ion. For example, europium complexes favouring chelation
of citrate but inhibiting hydrogen carbonate binding are obtained
by introducing a pyridyl-bound azaxanthone moiety.'*"

Department of Chemistry, Durham University, South Road, Durham, UK
DHI 3LE. E-mail: david.parker@dur.ac.uk

Recently, we have examined in detail the '"H NMR and lan-
thanide emission spectral behaviour of [Ln-1]** complexes (Ln =
Eu, Tb, Yb, Tm) towards a variety of phosphorylated anions,’
including O-phospho-tyrosine (‘Tyr—OP’) and serine (‘Ser—OP’)
and some simple hexapeptides containing one phosphorylated
residue. Using [Eu-1]**, a distinct binding preference for the phos-
phorylated site was observed, notwithstanding the presence of
competitive binding sites at the peptide termini as well as side chain
carboxylates in Asp or Glu residues. For the corresponding Yb
and Tm complexes, phospho-anion binding was again observed,
but a pH-dependent N-terminal chelation mode was the slightly
preferred binding mode. A similar pattern of selectivity, favouring
phospho-anion binding, was also evident from an analysis of the
europium emission spectra of [Eu-2] (and related complexes with
differing substituents in the ligand side chains), in the presence of
various anionic species.”"

With this background in mind, we set out to assess the
utility of [Eu-1P** and [Eu-2] with a more complex peptide.
The system chosen for study was the insulin receptor fragment,
1154-1165, a dodecapeptide (Thr—Arg—Asp-Ile-Tyr-Glu-Thr-
Asp-Tyr-Tyr—Arg-Lys) with three Tyr residues at sites 5, 9
and 10. Early '"H NMR experiments had demonstrated that
related peptides exhibited well-resolved proton NMR resonances
with one predominant (random coil) conformer populated at
room temperature’®™ in solution. The series of peptides chosen
for examination comprised the parent peptide 3a, two mono-
phosphorylated systems, 3b (9Y*) and 3¢ (10Y*), and the tri-
phosphorylated system 3d (5, 9, 10Y*). Each peptide was purified
by reverse-phase HPLC to a >95% level of homogeneity.

Results and discussion
Emission spectral changes with [Eu-2]

The europium complex, [Eu-2], incorporates an acridone moiety
that serves as a sensitiser for europium emission, following
excitation at 408 nm." To a solution of this europium complex
(0.05 mM) was added a solution of various peptides or “Tyr-OP’
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(0.1 mM), maintaining the pH at 7.4 (£0.05) with MOPS buffer
(0.1 M). With the non-phosphorylated peptide 3a, the observed
europium emission spectrum was identical to that obtained for
the complex on its own, and quite distinctly different from that
obtained following addition of ‘Tyr—OP’ (Fig. 1). Moreover, the
emission spectra observed for [Eu-2] in the presence of 3¢ (or
3b) was very similar in form to that obtained with ‘Tyr-OP’

35

30

- ] N
(4] o (<]

Relative intensity

-
o

595

(Fig. 2), consistent with weak binding to the parent peptide 3a
and selective binding of the Eu to a phospho-anion site, in accord
with earlier observations.” The similarity of the splitting pattern in
the three bands of the magnetic-dipole allowed AJ = 1 manifold
around 590 nm, and the similar form and relative intensity of the
hypersensitive AJ = 2 and AJ = 4 transitions around 616 and
695 nm respectively are particularly apparent.

645 670 720

Wavelength (nm)

Fig. 1 Europium emission spectra for [Eu-2] (50 uM) (lower, black) and

[Eu-2]+3a (50 uM/100 uM) (lower, grey), and for [Eu-2] + phospho-tyrosine

(50 M /100 uM) (upper, black) (pH 7.4, 0.1 M MOPS buffer, /.. 408 nm).
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Fig. 2 Europium emission spectra for [Eu-2] (50 uM) (lower), [Eu-2] + 3¢ (50 uM /100 uM) (centre), and [Eu-2] + phospho-tyrosine (50 uM/100 pM)

(upper) (pH 7.4, 0.1 M MOPS, 4., 408 nm).

"H NMR TOCSY and *'P NMR analyses

Earlier work on phospho-anion binding with [Eu-1]** and its
congeners suggested that the free and Eu-bound species would
be in slow exchange on the NMR timescale at 500 MHz, and
hence the europium complex in this instance may be considered
to behave as a chemoselective derivatising agent, rather than as a
shift or relaxation agent.!® The binding of [Eu-1]** to the phospho-
anion sites on the peptide was anticipated to induce shifts in the
resonances of the nearby amino-acid NMR-active nuclei, without
creating too much line-broadening, and hence allow or confirm
the identification of residues close to the binding site. Indeed, the
relatively low magnetic anisotropy exhibited by the Eu(1r) ion'*"’
restricts the range over which the paramagnetic shift is measurable
to <10 A, significantly less than the peptide dimensions (around
40-50 A). Such a study may be contrasted with related earlier
work using positively or negatively charged gadolinium complexes
to probe any preferential binding sites upon a protein surface.
The strong relaxation effect of the Gd(u1) ion was used in an
attempt to determine distances between any preferred site of Gd
complex binding and residues within the protein. Only a simple
charge complementarity effect was observed, with some evidence
for preferential Asp or Glu interactions to the cationic system.'
Two-dimensional proton NMR TOCSY spectra of the peptides
3a-3d were examined in 95% H,0-D,O using the ‘Watergate’
water suppression pulse sequence,'® allowing J-connectivities of
amide protons for individual peptide bands to be examined,
thereby facilitating the identification of each amino-acid residue.”
Attempts were also made to examine 2-D ROESY and NOESY
spectra, but despite using a variety of spin-mixing and delay times,
high quality spectra were not obtained. Similar problems of
weak ROESY correlation peaks were also encountered recently
in the attempted analysis of a shorter fragment of the insulin
receptor peptide.’* However, the analysis of the '"H NMR TOCSY
spectra proceeded smoothly. For each peptide examined, only one
set of resonances was observed, consistent with the presence of

one major conformer in solution. For example, in the NMR
analysis of 3¢ (Fig. 3), resonances corresponding to each of
the amino-acid residues were distinguished, facilitated by the
unique TOCSY pattern of resonances observed in the amide
proton region. Each of the Arg, Asp and Thr residues could
be distinguished and Thr-1 was readily assigned, as it lacks
an amide proton. Tyrosine-5 was also clearly distinguished in
each peptide examined, although Tyr-9 and Tyr-10 were only
present as distinct resonances in 3b. The ‘positional’ assignment of
Arg-2 and -11, Asp-3 and -8 and Tyr-9 and -10 could not be made
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Fig. 3 'H NMR TOCSY spectrum for the Tyr*-10 phosphorylated

peptide, 3¢, showing assignments (500 MHz, 95% H,0-D,0, 295 K,
‘Watergate’ H,O suppression).
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unequivocally on the basis of the individual TOCSY spectral
data alone for each peptide examined. However, for the three
phosphorylated peptides examined, the general order of chemical
shifts for the resonances of each amino-acid residue was observed
to be virtually identical, notwithstanding their differing degree
and site of phosphorylation. The most significant changes in
the positions of the resonances occurred in the amide region
for residues adjacent to the Tyr sites. For example, comparison
of the chemical shift for the amide proton for Ile-4 in 3¢ (7.82
ppm) and 3d (7.74 ppm) revealed a shift to lower frequency
upon phosphorylation of Tyr-5, and the Ile-4 amide resonance
resonated to lowest frequency for 3d only. Similar analyses of small
chemical shift differences for residues adjacent to tyrosine sites in
the differentially phosphorylated peptides allowed the tentative
assignment of Arg-11 and hence Arg-2 and, of course, Tyr-5 itself
(Fig. 3).

Incremental addition of up to 0.5 equiv. of the europium
complex, [Eu-1(H,0),]**Cl; to the mono-phosphorylated peptides
3b and 3c led to formation of a new species in slow exchange
on the NMR timescale with the peptide. A broad, shifted
3P NMR resonance at —136 ppm (w,, ~ 200 Hz) grew in
intensity as the Eu complex was added, and was observed at
the same time as the resonance for the native peptide at ca.
0.5 ppm (298 K, H,O, 162 MHz, pH 7.4). This shifted *'P
NMR resonance is characteristic of a phosphate-bound ternary
adduct, and an identical resonance was observed for the adduct of
[Eu-1(H,0),]** with phospho-tyrosine. Furthermore, analysis of
the paramagnetically shifted ligand resonances for [Eu-1]* + 3¢,
over the range +40 to —30 ppm, gave the same distinct spectral
pattern and mean chemical shifts, as has been reported for a
variety of ternary phospho-anion adducts.” For example, the four
most shifted, constitutionally heterotopic axial ring protons of the
[12]-ring macrocycle resonated at 26.5, 21.1, 18.0 and 15.5 ppm
(mean 0"y, = 20.3 ppm). This is a very similar value (£0.8
ppm) to that observed for adducts with phospho-tyrosine or
glucose-6-phosphate.*? It has previously been established that in
nine-coordinate lanthanide complexes adopting a capped square-
antiprismatic geometry, the nature and polarisability of the axial
ligand donor determines the second-order crystal field coefficient,
B, that predominantly defines the paramagnetic dipolar NMR
shift.”?2

When [Eu-1(H,0),]Cl; was added (up to 0.75 equiv.) to the non-
phosphorylated peptide, 3a, the "TH NMR resonances due to the
macrocyclic ligand in the europium complex broadened slightly
but did not shift significantly. The observed paramagnetically
shifted spectrum simply resembled that of the starting aqua com-
plex, corroborating the europium emission spectral observations
carried out separately.

The '"H NMR TOCSY spectra of the phosphorylated peptides
3b-3d were repeated in the presence of 0.25, 0.5 and 0.75 equiv. of
[Eu-1]**. Given that the ternary adducts of the europium complex
were in slow exchange in the P NMR analyses, it was anticipated
that a new set of resonances would be evident, in addition to
those of the unbound peptide. Except for 3d, addition of more
than 0.5 equiv. of [Eu-1]** generally led to significant exchange
and paramagnetic broadening of the H,O signal, so that water
suppression was very poor. The presence of the phospho-Tyr-
bound europium complex led to the shifting of some, but not all,
of the amino-acid residues. For example, with 3¢ (phosphorylated

at Tyr-10), addition of 0.5 equiv. of [Eu-1]** exhibited the smallest
number of shifted resonances in the phospho-Tyr adduct (Fig. 4).
Inspection of the spectrum revealed a new set of shifted resonances
for Lys-12 and one of the Arg residues. The other set of Arg
residues showed no shift, confirming the assignment of Arg-11
tentatively made earlier, due to its proximity to Tyr-10. The only
other distinctive shifts occurred for two of the tyrosine residues —
presumably Tyr-9 and -10 which possess very similar chemical
shifts in 3c. It is tempting to speculate that the most shifted set of
resonances relate to Tyr-10 itself, although it must be noted that the
angular dependence [3cos*d — 1/r°] of the induced paramagnetic
shift can be very significant.
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Fig.4 '"H NMR TOCSY spectrum for 3¢ in the presence of 0.5 equiv. of
[Eu-1]Cl;; the arrows highlight the appearance of a second set of shifted
resonances for selected amino-acids (500 MHz, 95% H,0-D,0, 295 K,
‘Watergate’ H,O suppression).

Parallel experiments with [Eu-1]**/3b reveal new sets of shifted
resonances for Lys-12, Arg-11 and for Tyr*-9 and Tyr-10. Addi-
tional shifted resonances were also observed for Thr-7, and less
clearly due to line-broadening for Asp-8 (distinguishing it from
Asp-3). The observation of shifted resonances for residues 7 and
8 (not seen with the Tyr-10 mono-phosphorylated peptides, 3c)
allows a means of distinguishing between the binding of the Eu
probe to residues 9 or 10.

In analyses with the tri-phosphorylated peptide 3d, addition
of up to 0.75 equiv. of [Eu-1]** per peptide was possible without
compromising spectral quality too much and causing a lot of
line-broadening. The spectrum obtained (Fig. 5) revealed new
sets of shifted resonances that were not observed with either 3b
or 3¢, consistent with binding of the Eu complex to the Tyr*-5
site. Intense shifted resonances were observed for the N-terminal
Thr residue and Ile-4 residue, in accord with this interpreta-
tion. Significantly shifted resonances were also observed for the
C-terminal Lys residue (slightly more intense as the shifted set
of signals associated with Tyr-5 binding), in accord with binding
to either Tyr*-9 or Tyr*-10. Comparison of the appearance of
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Fig. 5 'H NMR TOCSY spectrum for the tri-phosphorylated peptide,
3d, following addition of 0.75 equiv. of [Eu-1]Cl;; arrows indicate the
appearance of additional resonances for the indicated residues (500 MHz,
95% H,0-D,0, ‘Watergate’ H,O suppression, 295 K).

the shifted resonances for the C-terminal lysine in 3d with the
corresponding shifts observed with 3b and 3c suggests that these
shifts are primarily caused by binding to the Tyr*-9 residue.

Summary and conclusion

The simple Eu complex, [Eu-1(H,0),]**, serves as a chemoselective
paramagnetic probe that targets phospho-tyrosine sites in phos-
phorylated peptides. Earlier work with some hexapeptides had
established its selectivity profile for phospho-tyrosine residues over
phospho-Ser/Thr sites (>>30: 1).° The studies defined herein allow
its utility as a spectral probe to be evaluated further. Addition
of the europium complex to a phosphorylated peptide results in
the formation of a phosphate-bound ternary adduct with the
peptide. Nuclei in amino-acid residues that are close in space
to the phosphate binding site undergo dipolar coupling with the
unpaired electrons on the Eu(1n) ion. The resultant paramagnetic
shift is proportional to the distance (+—*) between the Eu ion and
the given nucleus, and also the angle, 0, between the nucleus
and the principal magnetic axis [3cos’d — 1]. Given the modest
magnetic anisotropy of the Eu(1) ion, the distance within which
paramagnetic shifts observed is quite small (<10 A), leading to
a diminution of the paramagnetic shift [3cos’d — 1/r7°] for more
distant amino-acid residues. Indeed, a distinct ‘cut-off” point can
be defined, beyond which the paramagnetically induced shift is too
small to be observed. For example, with the mono-phosphorylated
peptides 3b and 3¢, although the europium ion is only one amino-
acid residue closer to the N-terminus for 3b compared to 3¢, shifted
resonances for Thr-7 are observed only in the former case. Using
the tri-phosphorylated peptide 3d, there was some evidence in
support of a modest preference for the binding of the cationic Eu

complex to Tyr*-9. This residue is flanked by the anionic residues
Tyr*-10 and Asp-8, so that Coulombic attraction may slightly
determine this preference, and this tendency may be enhanced
by the presence of positively charged side chains at Arg-11 and
Lys-12, disfavouring longer range encounter with [Eu-1]**.

This simple europium complex may exhibit only a modest
preference between the phosphorylated Tyr sites within this insulin
receptor peptide sequence, but its intrinsic chemoselectivity — in
the presence of an N-terminal binding site (chelation of the N-
terminal amine and any side chain donor or peptide carbonyl)
and various anionic sites (Asp, C-terminus) — should not be
overlooked. Indeed, replacement of Eu for Tb or Dy should allow
much larger range paramagnetically induced shifts to be induced
(>30 A for Dy), as defined by Luchinat and Bertini.'"”

Experimental

UV/visible absorption spectra were recorded using a Perkin
Elmer Lamda 900 UV/vis/IR spectrometer. Emission spectra
were recorded at 295 K using an Instruments SA Fluorolog 3—
11 spectrometer handling data using DataMax v.2.1 for Windows.

Luminescence spectra of the europium(iil) complexes were
recorded using a 420 nm cut-off filter, following indirect excitation
of the europium(1) ion, either via the phenyl groups in the ligand
at 264 nm or at 408 nm for acridone sensitiser in [Eu-2]. An
integration time of 0.5 s, an increment of 0.5 nm and excitation and
emission slit widths of 10 and 1 nm, respectively, were employed
throughout.

"H NMR spectra were recorded at 499.78 MHz on a Varian
Inova-500 spectrometer. For paramagnetically shifted spectra,
tert-butanol was added as an internal reference (6 = 0 ppm).
Solvent suppression was achieved with the ‘Watergate’ pulse
sequence.

Peptides 3a-3d were obtained from Peptide Protein Research
Ltd., and their homogeneity as assessed by RP-HPLC was judged
to be >95%. The synthesis and characterisation of [Eu-1]Cl; and
[Eu-2] has been reported elsewhere.>?
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