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The Unique Role of Fluorine in the Design of
Active Ingredients for Modern Crop Protection

Peter Jeschke*™

The task of inventing and developing active ingredients with
useful biological activities requires a search for novel chemical
substructures. This process may trigger the discovery of whole
classes of chemicals of potential commercial interest. Similar bio-
logical effects can often be achieved by completely different com-
pounds. However, compounds within a given structural family
may exhibit quite different biological activities depending on
their interactions with different intracellular proteins like enzymes
or receptors. By varying the functional groups and structural ele-
ments of a lead compound, its interaction with the active site of
the target protein, as well as its physicochemical, pharmacokinet-
ic, and dynamic properties can be improved. In this context, the
introduction of fluorine into active ingredients has become an
important concept in the quest for a modern crop protection

1. Introduction

The number of active ingredients in modern crop protection
products that contain fluorine-substituted moieties has in-
creased over the past 30 years. Interestingly, there has been a
significant rise in the number of commercial products contain-
ing “mixed” halogens, that is, one or more chlorine atom in ad-
dition to one or more fluorine atom (Figure 1). Extrapolation of

O F,CLBrI
B

B FandCl
|y

Number of Products

Figure 1. Launch of halogenated commercial products in the time frame 1940-
2003.

the current trend indicates that a definite growth in fluorine-
containing commercial products is to be expected throughout
the 21st century. A survey of all halogenated commercial prod-
ucts available in the time frame 1940-2003 shows that fluori-
nated products (colour coded red in Figure 2) account for
more than 28% of the substances on offer. A detailed break-
down of all fluorinated commercial products gives an insight
into the current main areas of modern crop protection. Ac-
cording to the present subdivision of the available products,
the most common application of fluoro agrochemicals is in
herbicides/safeners,"? which represent 54% of products on
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product with optimal efficacy, environmental safety, user friendli-
ness, and economic viability. Fluorinated organic compounds rep-
resent an important and growing family of commercial agro-
chemicals. A number of recently developed agrochemical candi-
dates represent novel classes of chemical compounds with new
modes of action; several of these compounds contain new fluori-
nated substituents. However, the complex structure-activity rela-
tionships associated with biologically active molecules mean that
the introduction of fluorine can lead to either an increase or a
decrease in the efficacy of a compound depending on its
changed mode of action, physicochemical properties, target in-
teraction, or metabolic susceptibility and transformation. There-
fore, it is still difficult to predict the sites in a molecule at which
fluorine substitution will result in optimal desired effects.

I.:a

a Halogenated Products
O Fivorinated Products

T2%

O Insecticides / Acaricides
[ Fungicides
O Herbicides / Safeners

Figure 2. Breakdown of fluorinated commercial products into insecticides/acari-
cides, fungicides, and herbicides/safeners.

the market; 27 % are insecticides/acaricides and 19% are fungi-
cides. Surprisingly, the market share of the total crop protec-
tion market in 2001 (which accounted for €30 billion) taken by
herbicides/safeners was 48%, by insecticides/acaricides 26%,
and by fungicides 21%, and these values reflect a similar pro-
portional division of the whole market to that of the fluorine
derivatives into these major agrochemical areas. The remaining
segment of the market consists of products for so-called nona-
grochemical uses like gardening and professional plant care,
which in total account for less than 8% of the market. Substi-
tuted aryl and hetaryl moieties are of great importance for
active ingredients in modern crop protection because two
thirds of all known active ingredients for crop protection con-
tain these molecular fragments. The correct selection and

[a] Dr. P. Jeschke
Bayer CropScience AG
BCS-R-GCl, Building 6240, Alfred-Nobel-Stral3e 50
40789 Monheim am Rhein (Germany)
Fax: (+49) 214-30-46410
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modification of appropriate substituents at the periphery of a
molecule and their substitution pattern often play a decisive
role in the achievement of excellent biological activity.”! A criti-
cal analysis of all commercial products containing fluorine-sub-
stituted aromatic moieties reveals a typical substitution pattern
for aryl or hetaryl moieties in insecticides/acaricides, fungicides,
and herbicides/safeners, and demonstrates the structural over-
lap between these products. It is clear that for a long time the
most common application of organic fluorochemicals has been
in the field of herbicides. In the herbicides commercialized so
far, the diversity of aryl and hetaryl moieties and substituents
is greater than in other types of agrochemicals such as fungi-
cides or insecticides/safeners. Furthermore, a breakdown of flu-
orinated commercial products with regard to their level of flu-
orination shows a statistical pattern: insecticides/acaricides
tend to contain at least four fluorine atoms, herbicides/safe-
ners around three fluorine atoms, and fungicides at least two
fluorine atoms.

2. The Fluorine Substituent Effect

Why does fluorine play a unique role in the design of active in-
gredients for modern crop protection? The importance of fluo-
rine in commercial products can be attributed to the well-
known physicochemical effects arising from the introduction
of fluorine and fluorinated substituents into biologically active
molecules.” The so-called “fluorine factor” described in the lit-
erature several years ago stems from the unique combination
of properties associated with the fluorine atom itself.

The steric effect

The small size of the fluorine atom (1.47 A) is a unique charac-
teristic and its van der Waals radius is similar to that of hydro-
gen (1.20 A), therefore, a fluorine atom can mimic a hydrogen
atom or hydroxy group (1.40 &) in a bioactive compound with

Peter Jeschke is Head of Insecticides
Chemistry 2 of Research Monheim,
Bayer CropScience AG (Germany). He
began his chemistry education at the
University of Halle/Wittenberg (Ger-
many), where he obtained a PhD in
organic synthesis in 1986. He moved
to Fahlberg-List (Germany) to pursue
agrochemical research on heterocycles
before going to the Institute of Neuro-
biology and Brain Research, German
Academy of Sciences. In 1989 he joined
the Agricultural Centre Monheim, Bayer AG. For over eight years, he
was involved in the chemical research of endoparasiticides (anthel-
mintics) for the Animal Health Division. In 1998 he moved to the
Crop Protection Business Group, where he is currently a scientist in
insecticide chemistry. His research interests focus on the synthesis of
active ingredients in crop protection and include aspects of natural
product synthesis and targets.
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respect to steric requirements at receptor sites. For example,
the fluorine atom was introduced into the broad-spectrum fun-
gicide flutriafol (1; Impact, Syngenta)™ as a chemical isoster of
the tertiary hydroxy group, which is essential for the fungicidal
activity of the triazole (Scheme 1). The trifluorinated analogue
2% retains some biological activity, even though there is an
overall reduction in spectrum.

|—o— —F

isoelectronic

Flutriafol (1) 2

Scheme 1. The fungicide flutriafol (1; Impact, Syngenta) and its trifluorinated
analogue 2.

In addition, the apparent size of the CF; group is compara-
ble to that of the isopropyl group, as demonstrated by meas-
urements of the rotation barriers of appropriate substituted bi-
phenyl systems. The AH values calculated by the force field
method MMFF94" for the isopropyl (30 kcalmol™") and CF,
groups (29 kcalmol™) are approximately the same. The two
herbicides 3 and 4 (active against rice and soybean, respective-
ly; Scheme 2) are effective against annual grass weeds and
their steric compatibility with target sites is reflected in their
different selectivities.”

The electronic effect

The high electronegativity of fluorine (4.0, Pauling scale) can
have pronounced effects on the electron distribution in a mol-

O

X Y AH [kcal mol]-!
Me Me 27
Me Pr 30
Me CFy 29
CF4y CF, 33
| F
| N\‘ CF,
N
Cl //
S
3 4

Scheme 2. Herbicides active against rice (3) and soybean (4).
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ecule since the presence of a flu-
orine atom affects the acidity or
basicity of neighbouring groups
and can create a high dipole
moment.” Furthermore, fluorine
is associated with a fascinating
set of electronic effects encom- N Ne

. . NTEN
passing both “push” effects, like _,R\—{"’;J\%
the +M or +Im effects in aro- S8 N OH
matic systems and the stabiliza- 8
tion of a-carbocations (*CHF,>
*tCH,F > *CF; > *CH,), and “pull”
effects, such as destabilization of
[-carbocations and possibly neg-
ative (or anionic) hyperconjuga-
tion. Stabilization of tetrahedral
transition states and possible hy-
drogen bond formation or interaction with hydrogen by fluo-
rine have been described as well.

Cl LEt

4

Stability—metabolic, oxidative, and thermal

In comparison to C—H (98 kcalmol™" at 25°C), C—N (73 kcal-
mol™"), and other C—halogen bonds (C—Cl, 81; C—Br, 68; C,
57 kcalmol™), the C—F bond energy of 116 kcalmol™' is large
and has significant influence on metabolic, oxidative, and ther-
mal stability. A plot of Hammett ¢ coefficients against stability
for various aromatic ring substituents shows that fluorine and
fluorine-containing substituents more strongly influence stabil-
ity towards oxidation, hydrolysis, and/or soil degradation than
the other residues. Electron-withdrawing groups (CCl;, SO,NH,)
can stabilize an aromatic ring system to oxidative (or electro-
philic) attacks, but too many withdrawing groups may bring
susceptibility to nucleophilic attack. Fluorine and fluorine-
containing substituents like CF; or CF;O are themselves very
stable to attack. Therefore, an increased degradation stability is
observed for biologically active molecules or fragments con-
taining substituents from this special group.

The metabolic stability of the C—F bond can be exploited to
make a pro-insecticide, for example, 29-fluorostigmasterol.”
Insects produce cholesterol by dealkylation of phytosterols like
stigmasterol through a pathway not found in mammals that
involves formation of monofluoroacetic acid and (—)-erythro-2-
fluorocitrate, which are lethal to insects.

The different metabolic pathways of diclosulam (5),"" a her-
bicide produced by Dow AgroScience, are guided by the 7-flu-
orine substituent on the triazolopyrimidine ring system. The
predominance of one pathway is very crop specific. In cotton,
for example, 5 is metabolized by the displacement of the 7-
fluoro substituent on the triazolopyrimidine ring by a hydroxy
group (6). The soybean selectivity is attributed to facile conju-
gation with homoglutathione (homoGSH), which displaces the
7-fluoro substituent (7). In maize and wheat, 5 is detoxified by
hydroxylation at the 4-position on the aniline moiety followed
by subsequent glycosidation (8; Scheme 3).

ChemBioChem 2004, 5, 570-589  www.chembiochem.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Cl _Et

i

Y

\ JNTSN
[\
o o'o N""J\:’)\;

Diclosulam (5)

\-h:at, maize

Cl Et
D"
H
HO R poes
soybeans ¢ NN
RN
w1 N-;l\_,/fl\':
Cl LEt
" ;
H
N\S p N7 SN
LR
Gl 00 N~ 7 homoGSH |
7

Scheme 3. Pathways of diclosulam (5) metabolism in varoius crop species.

The effect of lipophilicity

The presence of fluorine substituents in biologically active mol-
ecules enhances their lipophilicities, therefore these substitu-
ents can influence the in vivo uptake and transport of active
ingredients. It seems that this effect is often relevant for fluori-
nated aryl and hetaryl systems that interact with 7t electrons
(R/m: HO/—0.68, H/0, F/+0.14, F,C/+40.88, CF;0/1.04, F;5/1.22,
CF;S/1.43). Monofluorination and trifluorination of saturated
aliphatic groups normally decrease lipophilicity, whereas poly-
fluorination increases volatility.

Classification in the disjoint principle properties space!?

The systematic variation of substituents in a molecule has
been the subject of various studies in the past. Besides syn-
thetic feasibility and economic considerations, properties such
as polarity, size, and H-bonding capacity form the basis for
choosing substituents like fluorine and fluorine-containing sub-
stituents (F;C, F;CSO,, F;CO, F;CS). The disjoint principle prop-
erties (DPP), derived from a large set of property desriptors for
substituents including fluorine and fluorine-containing groups,
can be used to make rational and effective choices. Severeal
excellent examples are described below, in the part of Section
5 concerning sulfonylureas; these examples include the suc-
cessful exchange of the ethylsulfonyl group in rimsulfuron (92,
R=SO,—Et) with the trifluoromethyl group to give flazasulfuron
(93, R=CF,).

Key physical properties of active ingredients for modern
crop protection!™

Numerous key physical properties of molecules that are impor-
tant for agricultural uses, like soil behavior, toxicology, system-
icity, solubility, volatility, polarity, as well as penetration and so
forth, can be influenced or enhanced by fluorine and fluorine-
containing substituents. The octanol/water partition coefficient
(P) is a guide to soil leaching. A logP value of about 3 is the
trigger for potential leaching unless the soil half-life is short.
Aquatic organisms bioconcentrate compounds from water
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roughly in proportion to the logP value. Plant systemicity, for
example, xylem mobility," is very limited above a logP value
of 3.5. Penetration into organisms is strongly affected by the
polarity of the active ingredient, for which AlogP, the differ-
ence between the octanol/water (logK,,) and hexane/water
partition coefficients (logKje,.ne), OF the polar surface area pro-
vides a good estimate. Both vapour pressure and pK, values
have obvious effects on compound behavior. Most of these
key physical properties of molecules for agricultural uses can
be influenced or enhanced by fluorine and fluorine-containing
substituents. Therefore, the search for fluorine-containing
active ingredients and corresponding intermediates by the
agrochemical industry carries on.

The successful utilization of fluorine and its unique role in
the design of active ingredients for modern crop protection
can be exemplified by various commercial products from Bayer
CropScience in the above-mentioned major agrochemical areas.

3. Insecticides Contain-
ing Fluorine M

Pyrethroides Me” =

The development of synthetic pyr-
ethroids, which act on the volt-
age-gated sodium channel, pro-
vides a significant historical illus-
tration of the introduction of fluo-
rine into active ingredients.
Shortening and simplification of
the pentadienyl side chain of the
insecticide pyrethrin | (9)," which
was obtained from chrysanthe-
mum flowers, led in the 1950s to
the first synthetic and more stable
pyrethroid, allethrin (10)."® More
than twenty years later, replace-
ment of the cyclopentene alcohol
group and introduction of the di- FiC

Pyrethrin | (8)

Me Me

Me Me

o] CN
|

chlorovinyl moiety resulted in per- c
methrin (11),'” which is applied
to cotton at about 200 ga.iha™.
Insertion of an a-cyano substitu-
ent at the phenoxybenzyl alcohol
group produced either deltameth-
rin (12), when a dibromovinyl
moiety was used,”® or cypermeth-
rin (13) when the dichlorovinyl
moiety was retained."” Both com-
pounds show significantly en-
hanced insecticidal activity com-
pared to 9. Finally, in 1980, the
first fluorine-containing pyreth-
roid, cyfluthrin  (14),*”  was
launched. Cyfluthrin, which is mar-
keted under the trade name
Baythroid,”" is the remarkable

Me Me

o}
F.C (o] 0O

Me Me
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Permethrin  (11), 1977

G

Cypermethrin (13}, 1978

YO0 [

Cyhalothrin  (15), 1980
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Bifenthrin  (16), 1986
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o
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Acrinathrin (18}, 1991
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result of a programme directed at the synthesis of all seven
possible compounds with fluorinated alcohol modifications.”?
In comparison to cypermethrin (13), cyfluthrin realized a more
than threefold reduction in use rate for the control of cotton
pests.” As a result of its long-lasting residual action and in-
gestion effect, cyfluthrin (14) is also recommended as a hous-
hold insecticide for the control of houseflies, mosquitoes, or
cockroaches. The launch of CF;-containing pyrethroids started
in the 1980s with A-cyhalothrin (15; ICI/Zeneca)®. That this
product represents the optimimum choice of fluorine-contain-
ing substituent for activity has been demonstrated by compari-
son with other possible fluorinated derivatives (Scheme 4). As
a result of the presence of the CF; group, A-cyhalothrin (15)
also has effects on phytophagous mites. Six years after the
launch of A-cyhalothrin, bifenthrin (16)*® was marketed as a
broad-spectrum pyrethroid with excellent potential as a foliar
insecticide and as one of the most important termiticides. Ex-
ploitation of the acidic part of A-cyhalothrin (15) allowed tetra-

8]
M —
e~ o
Me CH,
Me Me
Allethrin (10}

N
‘.1 8]
o]
AGR®

Deltamethnn  (12), 1977

YO0

Me Me

Me Me

Cyfluthrin  {14), 1980

Order of decreasing activity:

F.C = CI = -
> Pl = = F‘_-‘/.»:, 5> I-OC\F
cl F Cl F CF.

Tefluthrin  (17), 1988

Scheme 4. Launch of synthetic pyrethroids—fluorine introduction at the phenyl moiety (14, 17) and trifluoromethyl
introduction at the side chain (15-18).
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fluorobenzyl alcohol to be selected specifically and used to
form a soil-applicable insecticide—the result was tefluthrin
(17).%1 Replacement of the terminal vinyl halogen atom with a
fluorine-containing ester group led to acrinathrin (18),%” which
was commercialized on the agricultural market as an insecti-
cide and acaricide. Attracted by Bayer's success with cyfluthrin
(14) and p-cyfluthrin (19; same structure as 14 but the techni-
cal grade contains a different proportion of diastereomers; see
ref. [34]), others later incorporated the special substitution pat-
tern of the 4-fluoro-3-phenoxy-benzyl substituent into several
different active ingredients (Scheme 5), such as MTI 800 (20;

\Q\A’“\/‘-o/\@[i’\g

R = O-Et, A=CMe, MTI 800 (20), 1982
R=Cl, A=CHCyp Protrifenbute  (21), 1987
R=0-Et, A=5iMe, Eflusilanate  (22), 1991
cl
0O CN
1 °J\@°\©
cl
|.—

Me Me

Flumethrin (23}, 1979

Scheme 5. MTI 800 (20), protrifenbute (21), eflusilanate (22), and flumethrin
(23).

1982, Mitsui Toatsu)®® and protrifenbute (21; 1987, FMC),* as
well as into commercial products like silicon-containing eflusi-
lanate (22; 1991, Bayer CropScience/Hoechst)®” or flumethrin
(23; 1979, Bayer CropScience)®".

The more active form of cyfluthrin (14) for interaction at re-
ceptor sites involves a conformation in which the 3-phenoxy
substituent is twisted because of the effect of the fluorine
atom in the 4-position. This fact correlates well with the results
obtained from a search of the Cambridge Structural Database
(CSD) for the 3-phenoxy-benzyl fragment; from around 163 000
compounds, eight relevant X-ray structures were selected that
fulfil the criteria within the substructure search regarding allo-
cation of dihedral angles as a function of substituents in the
para-position. However, it has to be pointed out that the crys-
tal packing effect may have an influence on the X-ray struc-
tures outlined in Figure 3. In the insecticidally active com-
pound 22 (Figure 3, magenta) the 3-phenoxy substituent is
twisted because of electrostatic interaction between the fluo-
rine atom in the 4-position and the 3-phenoxy aryl moiety. In
the presence of a hydrogen atom in the 4-position, that is, in
the compound containing only the 3-phenoxy-benzyl moiety, a
statistically uniformly distributed conformation is observed
(Figure 3, grey). A different orientation of the 4-chloro-3-phen-
oxy-benzyl moiety was observed (Figure 3, blue). There is a re-
markable qualitative relationship between these structural find-
ings and the observed insecticidal activity of these synthetic
pyrethroids.

ChemBioChem 2004, 5, 570-589  www.chembiochem.org
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Insecticidal activity:

R:Cl==sH=<F

Figure 3. Results of a search for the 3-phenoxy-benzyl fragment in the CSD.
Magenta, 4-fluoro-3-phenoxy benzyl moiety; grey, H atom in the 4-position;
blue, 4-chloro-3-phenoxy benzyl moiety; green, halogen; red, oxygen.

A comparison of the physical and chemical environment-
related properties of structurally similar pyrethroids (Table 1)
demonstrates the influence of the fluorine atom at the phenyl

Table 1. Summary of selected physical and chemical environmental proper-
ties of the pyrethroids (13-15).5%
CN
=
Cl F
LC o

Substituents R/R’ Cl/H (13) Cl/F (14) FsC/H (15)
logP 6.54 5.97 7.00
Soil adsorption, K, 310000 124000 326000
Hydrolysis half-life, d
pH5 619 stable stable
pH7 274 183 stable
pH9 1.90 1.84 8.66
Photolysis half-life, d
Water 30.1 0.673 24.5
Soil 165 5.02 53.7

moiety and the CF; group on the vinyl side chain. The data in-
dicate that all pyrethroids have a high octanol/water partition
coefficient. In comparison to other pyrethroids, cyfluthrin (14)
has a lower affinity for soil or sediment particles. In aqueous
solution, pyrethroids like cyfluthrin (14) are relatively stable at
acid and neutral pH values but begin to hydrolyze readily
under alkaline conditions. The pyrethroids vary in their sus-
ceptibility to light. Aqueous solutions of cyfluthrin (14) are
fairly susceptible; cypermethrin (13) and cyhalothrin (15) not
quite as susceptible. The relative insecticidal activity of estab-
lished pyrethroids against houseflies compared with their rela-
tive mammalian toxicity to rats is depicted in Figure 4. The effi-

575



www.chembiochem.org



BIO

P. Jeschke

Tefluthrin

— -

mite active

Iuvalinate

o =
(1.’?) Empenthn—_

Bifenthrin W

Flucythriate
Fenpropathrin

Hafenprd

T~

alpha-Cypermethrin

@ ralomethrin zete-Cypermethrin
[ ] beta-Cypermethrin

Efanvalerate

Cyhalothrin

{ Kadethrin .-
.-===""  Esbiol
\ -
\ R Re
T\ et Bioallethrin  Transfluthrin = [~

o

Relative acute toxicity to rats
compared to pyrethrin | (9)

|

- = = =
Allathrin~ Pyrethrin | F"rallaw:ip_ ; _Fﬁ{::gﬁlﬂf_

e L o
‘letamellui[l__{_‘]_ﬁ’ JTetramethrin __— (1R)Phenothrin

rmethrin ¢

m Acrinathrin
Bioresmethrin

freta-Cypermethrin
lITiumell*rin e

0

1 2 3

Relative efficacy against houseflies compared to pyrethrin | (9) —=

Figure 4. Relative acute toxicity of established pyrethroids towards rats plotted against relative efficacy against houseflies, compared to pyrethrin | (9) in both

cases.”™ See the main text for an explanation of the terms and color code used.

cacy and toxicity relative to pyrethrin | (9) were calculated as
the difference between the logarithmic LDs, value (LDs,=the
dose that is lethal for 50% of test targets) of 9 and the corre-
sponding value of the pyrethroid. In this manner, pyrethrin |
(9) is made the zero point of the coordinate system and a py-
rethroid found one division to the right and one division up
from pyrethrin | (9) is ten times more effective and ten times
more toxic to rats than is 9. All pyrethroids colour coded red
contain fluorine substituents. The figure shows that the pyreth-
roids form clusters of compounds close together in the graph.
Accordingly, the pyrethroids can be separated into the follow-
ing application areas:

a) Knock-down substances: These compounds have a similar
or slightly more potent lethal effect and better knock-
down action than pyrethrin | (9) and are useful for indoor
applications (see also, allethrin (10)).

b) Soil-applicable substances: Optimization of the volatility and
water solubility of tetrafluorobenzyl analogues with ex-
tended half-lives in soil led to the discovery of tefluthrin
(17), which is the most acutely toxic pyrethroid with mod-
erate insecticidal activity.

c) Mite-active substances: These pyrethroids are noncyclopro-
pane-type pyrethroids, except for bifenthrin (16) and acri-
nathrin (18). The miticide activity of these compounds is
governed not only by direct toxic action, but also by the
effects of the compounds on the behavior, reproduction,
and development of mites.

d) Low-toxicity substances: These low-toxicity acutely acting
pyrethroids have various alcoholic substituents, such as the
4-fluoro-3-phenoxy-benzyl group in flumethrin (23; see
also, acrinathrin (18)). They are currently used for the con-
trol of household, public, and animal-health pests.

e) Cost-effective substances: These pyrethroids, like cyhalothrin
(15) and B-cyfluthrin (19), are at least one order of magni-
tude more effective as insecticides and moderately more
toxic to rats than pyrethrin | (9). The main application field
of these compounds is in agriculture and they are efficient
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against a wide range of Lepidoptera, Coleoptera, Homoptera,
and other pests. All of these compounds are 3-phenoxy-
benzyl derivatives substituted with an a-cyano group,
which results in higher metabolic stability and strong in-
trinsic potency at the target site.

Up to now, 37 ester and three nonester-type pyrethroids are
listed in The Pesticide Manual,®¥ which contains all the cur-
rently used and registered active ingredients worldwide.

Insect growth regulators—N-benzoyl-N'-phenyl ureas

Over the past three decades, N-benzoyl-N'-phenyl ureas have
been developed and used as commercial insect growth regu-
lants (IGRs).** These compounds act on insects of various
orders by inhibiting chitin formation and thereby causing ab-
normal endocuticular deposition and abortive molting.®® The
search for potent acyl ureas has led to the synthesis of numer-
ous derivatives, such as diflubenzuron (24),%” teflubenzuron
(25),58 flucycloxuron (26),%" chlorfluazuron (27),“" flufenoxur-
on (28),“" hexaflumuron (29),“? fluazuron (30),¥ and lufenur-
on (31)," and to the development of novel IGRs such as nova-
luron (32)," noviflumuron (33), or bistrifluron (34),"” which
contain the typical N-2,6-difluorobenzoyl moiety.*® In addition,
the N'-arylamine part of these molecules contains fluorine in
most cases, sometimes together with various types of fluori-
nated substituents, such as F;C, F,HC—F,C—O, F;C—FHC—F,C—O,
or F;C—O—FHC—F,C-0. The introduction of an electron-with-
drawing substitution pattern often extended the pesticidal
spectrum to include mites and ticks (Scheme 6).

Benzoyl ureas have some of the most unusual physical prop-
erties of any of the active ingredients used in crop protection.
These ureas are all highly crystalline, lipophillic solids with high
melting points. Consequently, the compounds have extremly
low vapour pressure and very low water solubility. These prop-
erties result in both advantages and disadvantages for crop

ChemBioChem 2004, 5, 570 - 589
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T,

Diflubenzuron (24), 1975

Teflubenzuron (25), 1986
r
O

(HL D
Flufenoxuron (28), 1989
Yeaes fiw oo

Fluazuron (30), 1994 Lufenumn (31), 1996

Scheme 6. N-2,6-Difluorobenzoyl-N'-phenyl ureas—various commercial products.

protection use with regard to toxicological behavior, ease of
formulation, and interaction with the environment.

The beneficial steric effects of both the fluorine atom in the
2-position and that in the 6-position on the inhibition of chitin
synthase,”*’ and the difference in environmental stability fac-
tors such as soil degradation half-life caused by the presence
of these atoms have already been discussed for 24, which has
a half-life of around three days under alkaline conditions
(Scheme 6).5% The chemical and metabolic degradation of
these ureas has been outlined by Roberts and Hutson.®" The
N-2,6-difluorobenzoyl-N'-phenyl ureas are stable at acidic pH
values but are hydrolyzed at pH 9-10 to give 2,6-difluoroben-
zoic acid and a phenyl urea. In contrast to the conformation of
the corresponding and less active 2,6-dichloro-benzoyl deriva-
tive 35, which degrades in between six and twelve months,
the 2,6-difluoro-benzoyl moiety in 24 is in-plane with the
whole urea structure. As a consequence, different metabolic
pathways are observed for these two compounds (Scheme 7).

During the chemical optimization of insecticidal triflumuron
(36; 1979, Bayer Crop Science)® analogues with activity
against coleoptera pests like Phaedon cochleariae, the N-2-

H
N\FO
——
O HM. i &-12 months

132 (soil) NH

35
F F
H
NYO tyz (soll)
F 0O HN 2-3 days

24

H,N
2
+ co, + \©\

I Cl

Flucycloxyron {26), 1988 Chiorfluazuron (27), 1989

CF,
; :o CF,-CHF, ¢C

Cl CF,
Hexaflumuron (29), 1989 Bistrifluron (34)

Cl

O-CF,-CHF-O-CF, F O-CF,-CHF-CF,
Cl

Novaluron (32), 1988

Cl
Moviflumoron (33)

chlorobenzoyl moiety (R=Cl) was selected by Bayer research-
ers for further study (Scheme 8). Some of the most successful
substitutions include the use of F;C and F;CO groups as so-

R

R =H Triflumuron (36), 1979
R=Cl (37)

Scheme 8. Triflumuron (36) and its derivative 37.

called pseudohalogens. Variation of the N'-phenylamine moiety
with this fact in mind revealed that, in this case, 2,3,5-F;, 4-F,C,
and 2,3-F,, 4-F,C substitution patterns are most favorable.
These derivatives show good activity against P. cochleariae
down to 0.1 ppm. Furthermore, benzoyl ureas containing N'-
phenylamine moieties of type F and G (Figure 5) with fluorine

Scheme 7. Soil degradation of N-benzoyl-N'-phenyl ureas—the effect of fluorine substituents.
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atoms in the 2,3 and 2,3,5-positions show good activity against
two different lepidopteran pests, Spodoptera frugiperda and
Plutella xylostella, down to 0.01 ppm.

During the further optimization of the N'-phenylamine
moiety, an F;CO residue in the 4-position was found to be ben-
eficial (Figure 5). The most active benzoyl urea is derivative 37,
which has a 3-Cl-4-F,CO substitution pattern in the N'-phenyla-
mine moiety. Introduction of one fluorine atom at the 5’ or 6'-
position together with an additional substituent such as an F,;C
or F;CO residue in the 3-position strongly influences the selec-
tivity for both coleopteran and lepidopteran pests, such as
P. cochleariae and P. xylostella. A summary of the results ob-
tained is shown in Table 2. Interestingly, when the fluorine
atom was shifted from the 5’ to the 6'-position in the 2'-chloro-
benzoyl moiety, the resulting 3-F;C-4-F;CO-phenylamine deriv-
ative 38 was found to have 100-fold and 10-fold better activi-
ties against the coleopteran and lepidopteran pests, respec-

Table 2. Summary of the effect of fluorine substituents in the N'-phenyla-
mine moiety on insecticidal activity (LDos in ppm) against coleopteran and
lepidopteran pests.

B &) o H
R' R? P. cochleariae P. xylostella
5'-F CF, > 1000 1000
5'-F OCF; > 1000 1000
(38) 6'-F CF, 10 1.0
(39) 6'-F OCF, 1000 10

tively, than the corresponding 3,4-bis(trifluoromethoxy)-phenyl-
amine derivative 39. Finally, triflumuron (36) was launched as
Alsystin by Bayer CropScience. This compound has a broad in-
secticidal activity combined with a strong feeding and contact
action and is especially active against biting insect pests like

P. Jeschke

S. frugiperda (active down to 0.064 ppm) and P. cochleariae
(active down to 8 ppm).®* Since it is not toxic to vertebrates,
triflumuron (36) is also used in veterinary medicine as Stary-
cide, and in the home against fleas and cockroaches as Bayci-
dal.

Neonicotinoids

Neonicotinoids such as imidacloprid (40; 1991, Bayer Crop-
Science)®™, nitenpyram (41; 1996, Takeda),”™ or acetamiprid
(42; 1996, Nippon Soda)®® are increasingly used worldwide as
a novel class of chloronicotinyl insecticides (CNIs; Scheme 9).

E N
R[N
—
Cl
(40) X-Y: =N-NO,; R-E: CH,-CH,-NH
(41) X-Y: =CH-NO,; R:Et; E: NH-Me
(42) X-Y: =N-CN; R, E: Me

Scheme 9. Imidacloprid (40), nitenpyram (41), and acetamiprid (42).

These agonists act selectively on the nicotinic acetylcholine re-
ceptors®” of insects and are part of a single mode of action
group, as defined by the Insecticide Resistance Committee for
pest management purposes. The excellent insecticidal activity
of imidacloprid (40; R=H) was achieved by coupling a special
heterocyclic group, the 6-chloro-pyrid-3-yl-methyl residue, to a
2-(N-nitroimino)-imidazolidine building block.*® However, the
CNiIs also display different types of pharmacophores, such as
nitroguanidine [N—C(N)=N—NO,], nitroenamine [N—C(N)=CH—
NO,], and N-cyanoamidines [N—C(Me)=N—CN]. The introduc-
tion of fluorinated pyrid-3-yl-methyl moieties resulted in insec-
ticidal activity against sucking insects.

The activity of a substance | towards inhibition of an enzy-
matic reaction can be approximately evaluated as the index

F F F F
pagidcalboalosis &b el s
T sPas

cl E F

a) Spodoptera frugiperda A << B
LCqs/ppm > 1000 100

b) Plutella xylostella A =< B
LCqs /ppm = 1000 1000

<< D < CandE < G =< F
0.1 0.01

< D = C<E < F = G
10 0.1 0.01

Figure 5. Structure-activity relationship (SAR) of N-2-chloro-benzoyl-N'-4-trifluoromethylphenyl ureas—effect of fluorine substituents.
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pls, (Iso=quantity of | required for 50% inhibition).*¥ The 5-
chloro-5-fluoro-pyrid-3-yl moiety has the same pls, value (9.1)
as imidacloprid (40), combined with a good activity against
Myzus persicae, whereas the 5-chloro-2-fluoro-pyrid-3-yl moiety
has a somewhat lower pls, value (8.3) than 40 and is strongly
active against Aphis fabae. To clarify this effect, the differences
in hydrogen bond acceptance by the pyridyl nitrogen atom
were modeled by first principles quantum chemical calcula-
tions. Quantum chemical calculations for imidacloprid (40) and
all the fluorinated imidacloprid derivatives optimized by high-
level density functional theory calculations® have shown that
the geometries of imidacloprid (40) and its 6-chloro-5-fluoro
analogue are somewhat different from that of the 6-chloro-2-
fluoro-analogue (Figure 6).
Kagabu®' described the structure-activity relationship of
pyridylmethyl-substituted 2-nitromethylene imidazolidines 43—
7 (Figure 7). Generally, the insecticidal activity against the
green rice leafhopper Nephotettix cincticeps increases with the

g

Imidacloprid (R =H) (40), 1991

R=H

Myzus persicae  R:2-F < B6-F < 5-F
LCqs /ppm 100 10 8

Aphis fabae R:5-F < 2-F
LCqs/ppm 1.6 025

Figure 6. Insecticidal activity and the effect of fluorine on geometries optimized by high-level density functional theory
calculations. The structure of the 6-chloro-5-fluoro-pyrid-3-yl analogue is white and that of the 6-chloro-2-fluoro-pyrid-

3-yl analogue is yellow.

introduction of a halogen atom at the 6-position of the pyri-
dine ring. Whereas a CF; group in the 6-position (44) did not
enhance activity compared to that achieved with a hydrogen
atom as the substituent (43), the 6-bromine derivative (45) is
more active than 43 and 44 by a factor of 5. Exchange of the
atom in the 6-position for chlorine or fluorine leads to the

H
B
|
HN N Ilr o

—
R

Nephotettix cincliteps
R:H (d:il) CF; (44) < Br (45){ CI{4$) F(IW]
LCqp /pPPm

Figure 7. 2-Nitromethylene-imidazolidines 43-47.

ChemBioChem 2004, 5, 570-589  www.chembiochem.org

R=5F
R =6-F

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

equally potent compounds 46 and 47, which show strong
activity down to 0.32 ppm, as outlined in Figure 7.

The effect of halogen-substituted hetaryl moieties in differ-
ent nitenpyram derivatives (48-51) has been described by
Takeda. Surprisingly, in this case the insecticidal activities of
the 6-bromine (50), 6-chlorine (41, nitenpyram), and 6-fluorine
(51) derivatives against the brown planthopper are all the
same (LDys=0.5 ppm). However, the efficacy of these com-
pounds is a factor of 5 and a factor of 80 better than the effi-
cacies of the corresponding 6-methylpyridyl (49) and pyridyl
derivatives (48), respectively. From the geometries of CNIs
shown in Figure 6, hydrogen-bonded complexes with water
were constructed and these structures were treated in the very
same way as the CNI geometries. The difference between the
relative free energy of the free molecule and that of the mole-
cule embedded in a dielectric was chosen as a model parame-
ter for the quantification of the hydrogen-bonding properties
of the pyridyl nitrogen atom. A correlation could be establish-
ed between the observed insec-
ticidal activity of nitenpyram an-
alogues 48-51 (Figure 8) against
the brown planthopper and the
hydrogen-bonding properties of
the pyridyl nitrogen atoms.

The insecticidal activity of
halogen-containing acetamiprid
derivatives 52-53 (Scheme 10)
against sucking insects has been
described by Nippon Soda scien-
tists. It was found that the incor-
poration of fluorine into the N-
methyl side chain leads to a
compound (53) is as potent
against Aphis gossypii as the

Imidacloprid (40)

Nitenpyram (R = Cl) (41), 1995

Brown planthopper
R: H (48) << Me (49) < Br(50), Cl (41), F (51)
LCes/ppm 40 25 0.5

Figure 8. Insecticidal activity and the effect of fluorine on the geometries of
nitenpyram derivatives. Geometries were optimized by high-level density
functional theory calculations. See the main text for more details.
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NC_JN\ .
)

Aphis gossypii (spraying method, 1st instar nymphs)
R:ClI(52) < F(53) = H(42)
LCso/ppm 1.5 0.058 0.056

Cl

Plutella xylostella (leaf-dipping method, 2nd instar larvae)
R:CI(52) < F(53) < H(42)

LCso/ppm > 500 73 19

Scheme 10. Halogen-containing acetamiprid derivatives 52 and 53.

parent compound 42, whereas the N-chloromethyl derivative
52 is weaker by a factor of about 25. Application of these com-
pounds against lepidopteran pests revealed the following
trend for insecticidal activity against P. xylostella: N-methyl (42,
acetamiprid) > N-fluoromethyl (53) > N-chloromethyl (52).

Difluorination at the N-cyanoiminoacetyl group leads to a
general decrease in activity against both insect species. The
molecule-water complexes of acetamiprid derivatives 52-53
were modeled in the same way as described above for 48-51.
Quantification of the hydrogen-bonding properties of the pyr-
idyl nitrogen atoms gave results closely related to the ob-
served trend in insecticidal activity against A. gossypii.

4. Fungicides Containing Fluorine
Azoles

The triazole fungicides represent one of the most important
chemical groups of widely used agrochemicals.*? The main
mode of action of these compounds is inhibition of the cyto-
chrome-P,;,-dependent demethylation of an intermediate (at
the C;,-methyl group of lanosterol or of C,,-methylene-C,,,;-di-
hydrolanosterol) in the sterol biosynthesis pathway in fungi.®
The majority of these so-called demethylation inhibitors
(DMIs)® undergo systemic movement within plants. The sys-
temic properties of individual DMIs, reflected in part by their
logP values, are of relevance in the control of particular plant
diseases. The number of DMI fungicides introduced as com-
mercial products over the past three decades exceeds 30.
Within the azole derivatives launched between the years 1974
and 1994, the chlorophenyl moiety is very common, possibly
because of the favorable physicochemical properties obtained

2 4

Flutriafol (1), 1984

F,CH-CF,-O

Flusilazole (54), 1986

Scheme 11. Launch of fluorine-containing triazole derivatives 1, 54-57.
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Tetraconazole (55), 1991
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through its use, such as an advantageous logP value. The
chlorophenyl moiety is present in nearly 74% of these
azoles.”™ Nevertheless, 18.5% of the azoles commercialized so
far possess fluorine or fluorine-containing substituents. Promi-
nent examples are flutriafol (1; Syngenta),®® flusilazole (54;
DuPont),®” tetraconazole (55; Sumitomo),*® epoxiconazole
(56; BASF),”* and fluquinconazole (57; Aventis; Scheme 11)9,

A comparison of the systemic broad-spectrum fungicide te-
buconazole (58, R=Cl, R, R’ =H, Figure 9)"", tradename Foli-
cur, with its fluorinated analogue (59, R=F, R, R”=H) demon-
strates that both have practically the same plant compatibility
and activity against Venturia inaequalis (nearly the same, see
Figure 9) and Botrytis cinerea. However, mono- or difluorination

Me, CH: R R:F<Cl Cercospora sp.
—CH; OH R:F<Cl Venturia inaequalis
R: F=Cl Bolrytis cinerea
N\
ﬁ Fs R R/R":FIF, F/H << HH

Figure 9. Fluorinated analogues of tebuconazole (58).

of the tertiary butyl side chain (R'/R”=F/H, F/F) leads to a de-
crease in activity against these specific fungi. Cyclohexyl-con-
taining triazole fungicides (e.g. 60) show weak activity as plant
growth regulators (PGRs; Figure 10). The fungicidal activity in-
creases upon incorporation of the halogens chlorine and fluo-
rine into the tert-butyl side chain. Interestingly, introduction of
a difluoro-tert-butyl side chain (R/R'=H/F) leads to a highly
active rice fungicide (61) with good efficacy against the impor-
tant rice disease Pyricularia oryzae.

Plant growth regulators—pyrimidines as azole analogues

Some of the triazoles,”? for example 60, and especially bioiso-
steric pyrimidine analogues such as ancymidol (62, acute oral
toxicity for rats: LDy, =4500 mgkg~'; Eli Lilly)"® exhibit PGR ac-

=

O ”'\@

N

Z-—z

r.--—

Epoxiconazole (58), 1892 Fluquinconazole (57), 1993
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wealk activity
as PGR

Figure 10. Cyclohexyl-containing triazole fungicides 60 and 61.

tivity in a wide range of mono- and dicotyledonous species
and act by reducing internodal elongation through interaction
with the gibberellin biosynthesis pathway.”® Replacement of
the methoxyphenyl group with a trifluoromethoxyphenyl
moiety, and the cyclopropyl group with isopropyl (as in flurpri-
midol (63), LDs,=709 mgkg~'; Dow AgroScience)” leads to
an increase in the acute toxicity for rats (Scheme 12). Replace-
ment of the 4-chlorophenoxy group in 64 with a 4-fluoro-
phenoxy moiety (65) gives an increase in PGR activity.”®

Strobilurins

The discovery of strobilurins, an important class of agricultural
fungicides, was inspired by a group of natural fungicidal deriv-
atives of p-methoxyacrylic acid, the simplest of which are stro-
bilurin A (66),”” oudemansin A (67),"® and myxothiazol A (68;
Scheme 13).”? Owing to their common structural feature, this
group of compounds was named the B-methoxyacrylates.
Sales of strobilurin and related fungicides totalled approxi-
mately US$620 million in 1999. This figure represents over
10% of the global fungicide market, which is an outstanding
achievment within just four years of the first sales. Like oude-
mansins and myxothiazoles,®” all strobilurins inhibit mitochon-
drial respiration by binding the so-called Q, site of cytochro-
me b.®" Cytochrome b is part of the cytochrome bc, com-
plex,®283 which is located in the inner mitochondrial mem-
brane of fungi and other eukaryotes.® The strobilurines bind
reversibly at a specific site on cytochrome b. The [-meth-
oxyacrylates are composed of three parts, as shown in
Scheme 14a-c. The companies ICl (now Syngenta) and BASF
filed the first patent applications for -methoxyacrylates in
1984/1985 and launched the commercial products azoxystro-
bin (69)* and kresoxim-methyl (70)® in 1996. Three years later,
metominostrobin (71)®” was launched by Shionogi. Up to this

azole analogue

( N X
N\N ~ | h l =z _Me
\_/ NN N ¢
N A
basicity Ancymidol (62), 1971

Scheme 12. Plant growth regulators—pyrimidines as azole analogues.
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O,Me
AN Me X j Me
Mo~ e Mo~ e

(0]
Strobilurin A (66) Oudemansin A (67)

(Strobilurus tenacellus) (Oudemansiella mucida)

_Me
Me $\ N N Me
~ ¢
Me 2 N S Me\o X ~CO-NH,
Me

Myxothiazol A (68)
(Myxococcus fulvus)

mQ

Scheme 13. Strobilurin A (66), oudemansin A (67), and myxothiazol A (68).

time, none of the three marketed compounds contained a hal-
ogen. However, the fungicide trifloxystrobin (72),®® tradename
Flint (Bayer's aquisition from Syngenta in December 2000),
contains a CF;-phenyl moiety in its side chain and belongs to a
new generation of strobilurin fungicides (Scheme 15). Like kre-
soxim-methyl (70, vapour pressure: 2.3x 10~° mPa at 20°C), tri-
floxystrobin (72, vapour pressure: 3.4x 10~* mPa at 25 °C) deliv-
ers disease control in the vapour phase.® However, the strong
affinity of 72 for wax makes the compound stick to the upper
surfaces of plants for a long time, which leads to the formation
of a rain-resistant store of the active ingredient. Redistribution
mechanisms also help the compound to reach nearby areas
that were not touched directly by the spray. For instance, tri-
floxystrobin (72) diffuses into the leaf tissue, from where it
exerts a translaminar action. Smaller but still biologically effec-
tive amounts evaporate and are transported to other parts of
the treated plant. This process means that the protective fun-
gicidal coating that surrounds the plant and effectively wards
off fungal infections is replinished from the store. Trifloxystro-
bin (72) shows an outstanding activity agains, for example,
apple scab because of its inhibitory effects on multiple stages
of the life cycle of V. inaequalis.

Fluoxastrobin (73; Figure 11)®” is a leaf-systemic broad-spec-
trum strobilurin fungicide from the chemical class of dihydro-
dioxazines currently being developed by Bayer CropScience for
use mainly on cereal crops. This novel derivative provides both

Me
OH

DE 2944850, 1981 Bayer CropScience
R: Cl (64) < F (65)

581



www.chembiochem.org



BIO

side chain

toxophore { pharmacophore

a) the toxophore or pharmacophore is
essential for biological activity

b) the side chain is necessary for
optimal lipophilicity and can be modified
within a broad chemical range

¢) the nucleus connects the toxophore
with the side chain.

Scheme 14. Structural elements of synthetic 3-methoxyacrylates.

NF N Me
Q\OMU @/ e
CN N O = 0 0 H‘N,O‘kME
O‘"Me Me"o

Azoxystrobin (69), 1996

o X
o .—._C\©/k‘.m_,0
O, I -’D'-. o~
N Me Me’ - N/ P
O'\.
Me

Me,NH

Metominostrobin (71), 1999

Kresoxim-methyl (70), 1996

Triflexystrobin (72), 1999

Scheme 15. Commercialized strobilurines 69-71 and flint (72).

a rapid initial effect and prolonged activity as a result of its
protective and leaf-systemic properties. The excellent leaf sys-
temicity is the basis for rapid uptake and even, acropetal distri-
bution of the active ingredient in the leaf. The very good plant
compatibility of the compound means its penetration through
the cuticle into the leaf can be optimized further by using suit-
able formulation types. SARs indicate that the fluorine atom
has a beneficial effect on the phytotoxicity and leaf systemicity
of this novel fungicide. In con-

trast to its very high leaf system-

icity, the uptake of fluoxastrobin

(73) through seeds and roots is

relatively slow, as demonstrated N‘»”*“"IN

by tests with [*C]-radiolabeled
compounds (Figure 11).

Seed treatment with fluoxas-
trobin (73) provides both very
good broad-spectrum control
and long-lasting protection of
the young seedling from seed
and soil-borne pathogens. Ap-
plied as a foliar spray in cereals, (d).

Fluoxastrobin (T3)
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73 provides excellent control of, for example, Septoria leaf spot
(Septoria tritic), Septoria leaf and glume blotch (Leptosphaeria
nodorum), rusts (Puccinia recondita, P. striiformis, P. hordei), Hel-
minthosporium diseases in wheat and barley, and scald and
powdery mildew. As a contribution to an antiresistance man-
agement strategy for strobilurins, fluoxastrobin (73) will either
be developed as a coformulation or recommended as a tank
mix with fungicides from other chemical classes. Mixtures of
fluoxastrobin (73) with selected fungicides from Bayer Crop-
Science, such as the new broad-spectrum fungicide and DMI
prothioconazole, tradename Fandango (Bayer CropScience),®"
result in all-round improved control of diseases such as Pseu-
docercosporella and Fusarium ear blight.

An indication shift from fungicidally to acaricidally active 8-
methoxyacrylate strobilurins is achieved by exchange of the 6-
trifluoromethyl-pyrid-2-yl moiety in the picoxystrobin (74;
2002, Syngenta)® side chain with a 2-isopropoxy-6-trifluoro-
methyl-pyrimid-4-yl moiety (75; Nippon Soda, BASF;
Scheme 16).°* Compounds with the latter side chain show
acaricidal activity against Panonychus ulmi and Tetranychus urti-
cae on citrus fruit and apples, as well as against spider mites
on pears.

5. Herbicides Containing Fluorine

Cereals, alongside maize, rice, and soybeans, are among the
major crops that form the greater part of the diet of the global
population. Herbicides are and will remain an essential produc-
tion factor if the continously increasing demand for cereals
throughout the world is to be satisfied. Bayer CropScience is
the market leader in this field as a result of continuous re-
search efforts and the launch of a series of new active ingredi-
ents that have consistently offered farmers progressive solu-
tions for weed management in cereals since the early 1950s.
More than 70% of the Bayer-owned herbicides contain halo-
gens (Table 3). Excellent efficacy, selectivity, and plant compati-
bility are the most prominent advantages of the fluorine-
containing commercial products.

Inhibitors of carotenoid biosynthesis

Most of the commercial so-called bleaching herbicides® inhib-
it the synthesis of carotinoids by interfering with carotinoid

Radicactivity

t \ \
% ;I' it | ..-‘# ’ fk‘% 'EL'L
5 {'::?'} | ;‘u
(b) (c) (d)

(a)

Figure 11. Root systemicity—uptake and redistribution of [ 14C]-fluoxastrobin (73) 2 days (a), 5 days (b), and 9 days (c)
after root application, in comparison to uptake of [*C]-tebuconazole (58) 9 days after application in the same way
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fungicide acaricide
F,C.__N W
=
B | = N .0

Picoxystrobin (74), 2002 (75), WO 09616047 (1996)

Scheme 16. Picoxystrobin (74) and the 2-isopropoxy-6-trifluoro-methyl-pyrimid-4-yl moiety
(75).

Table 3. Milestone cereal herbicides from Bayer CropScience AG.

Brand Launch Active ingredients Halogen
2,4 D, MCPA 1950 Hormones Cl
Actril/Oxytril 1967/1971 loxynil/Bromoxynil 1/Br
Arelon/Tolkan flo 1974 Isoproturon

llloxan, Hoelon, Hoegrass 1976 Diclofop Cl
Tolkan Fox, Foxpro, Foxtar 1983 Bifenox Cl
Quartz, Javelin,

Fenikan, First, DFF 1987 Diflufenican F
Puma S, Ralon S,

Cheetah, Wildcat 1988 Fenoxaprop Cl
Gratil, Eagle, Hoestar 1991 Amidosulfuron

Bacara 1997 Flurtamone F
Herold, Axiom 1997 Flufenacet F
Hussar, Sekator, Chekker 1999 lodosulfuron |
Everest 2000 Flucarbazon F
Attribut, Olympus 2001 Propoxycarbazon

Atlantis, Cossack 2001 Mesosulfuron

biosynthesis at the level of phytoene desaturase. The mode of
action of these herbicides was reviewed a few years ago.™

merous relevant chemical classes of compounds have
now been described (Scheme 17). A common sub-
stituent in most of the phytoene desaturase inhibi-
tors is the 3-trifluoromethylphenyl moiety shown in
norflurazon (76),® which is used for pre-emergence
control of annual grasses and broad-leaved weeds,
fluridone (77),°” a selective water herbicide with ac-
tivity against aquatic plants, and fluorochloridone
(78),°® a herbicide used for pre- and post-emergence
control in maize, as well as in cereals and cotton. It is
still not known which structural elements are essen-
tial to make a phytoene desaturase inhibitor potent
at its target site. Nevertheless, the presence of the
F,C group in the meta position of the phenyl ring
system in various substance classes of inhibitors re-
flects the essential properties of this moiety: high lip-
ophilicity and an electron-withdrawing nature. Fur-
thermore, there are strict requirements for substitu-
tion at the 5- or 6-membered heterocycle of the in-
hibitor, especially at the position most distant from
the carbonyl group. Other commercial products are
diflufenican (79),°” which shows good selectivity as
a pre- and post-emergence herbicide in winter wheat
and barley, flurtamone (80),"° applied in cereals as
a mixture with diflufenican (79), and picolinafen
(81),"°Y which contains a pyridine skeleton similar to
that of 79. The novel selective herbicide for weed
control in cereals, beflubutamid (82; Ube)," con-
tains a 4-fluoro-3-trifluoromethylphenyl moiety.

Oxyacetamides

The enzyme kinetics of phytoene desaturase in the presence  Mefenacet (83; Hinochloa, 1986),"% a selective inhibitor of cell
of several different inhibitors revealed reversible binding of the  growth and cell division, was the first commercial herbicide of
inhibitors to the enzyme and noncompetitive inhibition. Nu-  the Bayer-owned oxyacetamide group and is used to control

F

= N

| H
& N o 3

hl'l_,-' | "‘Me |
F.C N
- CI
(0] F,C

MNorfluazon (76), 1971 Fluridone (77), 1981 Flurochloridone (78), 1985 Diflufenican (79), 1985

Flurtamone (80), 1997 Picolinafen (81), 2001

Scheme 17. Launch of synthetic inhibitors (76-82) of carotenoid biosynthesis.
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Beflubutamid (82), 2003
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barnyard grass in irrigated paddy rice (Scheme 18). The inten-
sive search for an oxyacetamide with efficacy as a herbicide
even in the absence of irrigation water that can be used on
maize, soybeans, and other crops led to the development of

4

. Me Me
QN " I
oD el

Mefenacet (83), 1986 Flufenacet (84), 1988

Scheme 18. Mefenacet (83) and flufenacet (84).

flufenacet (84; Axiom, 1998).' This compound has a weed
control spectrum similar to that of chloroacetamide herbi-
cides"™ and can be used to control a wide range of annual
grass weeds, sedges, and some small-seeded broadleaf weeds.
Flufenacet (84) introduced a new mode of action for the con-
trol of species of blackgrass that are resistant to acetyl coen-
zyme A carboxylase inhibitors'®'*” and is an excellent mixing
partner for other broadleaf herbicides. Finally, flufenacet (84) is
a good example of a product that demonstrates the unique
role of fluorine in the design of modern herbicides. The herbi-
cidal activity, selectivity, and compatibility of this substance
class was optimized on the basis of SAR correlations. It was
found that not only the hetaryl moiety (e.g. activity with 1,3,4-
oxadiazole < activity with 1,3,4-thiadiazole), but also the hetaryl
substituent in the 5-position (Cl <F,HC<F;C) has a strong in-
fluence on herbicidal activity. In addition, the herbicidal selec-
tivity and compatibility can be strongly influenced by the phe-
nylamide part of the molecule. Comparison of different 2-phe-
nylamide-substituted 5-trifluoro-1,3,4-thiadiazoles with respect
to their efficacy and maize compatibility has shown that N-iso-
propyl is the most favorable substituent. The phenyl substitu-
tion pattern is important too. Whereas the unsubstituted
phenyl moiety gives a good herbicidal activity against Echino-
chloa crus galli, the selectivity achieved is insufficient for soy-
beans and maize. By incorporating halogens like chlorine or

Table 4. Herbicidal activity [%] and compatibility [%] of oxyacetamides ap-
plied pre-ermergence at 125 g a.i./ha® (greenhouse).

S N
cmr‘i\s}-‘o/‘\\:g \©ll

R C-2° C3 C4  Echinochloa crus-galli ~ Soybean  Maize
Me H H H 90 6 36
iPr H H H 93 2 15
iPr H H a 75 0 0
iPr H @] H 90 0 0
iPr (@ H H 80 0 20
iPr H H F 95 0 0
iPr H F H 90 0 15
iPr F H H 90 0 35

a.., active ingredient.
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fluorine, the selectivity of the oxyacetamides was significantly
increased, but in the case of chlorine this improvement is cor-
related with reduced herbicidal activity. In addition, the three
isomeric fluorophenylamides were investigated in order to
identify the right position of fluorine in the phenyl
moiety. Only the 4-fluorophenyl-containing com-
pound 84 (R'=iPr, C-4=F; see Table4, line 6)
showed good herbicidal efficacy and selectivity
against grasses, combined with suitability for use in
maize and soybeans when applied pre-emergence at
125 g a.i/ha (greenhouse; Table 4). Herbicide selectiv-
ity is a major factor in agricultural weed control and
results from the different detoxification abilities of
plant species. The selectivity of important herbicides
like atrazine (Zeazin, 1957)"% alachlor (Lasso,
1966),"°? metolachlor (Dual, 1975)"? and others originates
from their covalent linkage to glutathione. Investigations on
the metabolism of flufenacet (84) in immature maize and soy-
bean seedlings exposed to C'*labeled 84 showed that conju-
gation with glutathione is also the first step in the degradation
pathway of this product. The activity of glutathione S transfer-
ase from maize seedlings towards flufenacet (84) is three to
four times higher than the activities of the enzymes from other
crops and weeds. The chemical structure of the flufenacet glu-
tathione conjugate 85 (Figure 12)"" demonstrates that that

Flufenacet (84)

l gluthathione S transferase

Me
HN 4 ME—‘\-‘\/
it N
wol O
0
o~ 0
Na*-o.co” N

Na* -0-co

flufenacet glutathione conjugate (85)

Figure 12. Flufenacet (84) and flufenacet glutathione conjugate 85.

ChemBioChem 2004, 5, 570 - 589



www.chembiochem.org



The Role of Fluorine in Crop Protection

the reaction of flufenacet with
glutathione results in the expul-

CO,
sion of the 5-trifluoromethyl- (0] o ALS,_/’
1,3,4-thiadiazole moiety."'? i ¥ Me Me OH —=
= Y. OH e

Sulfonylureas

The sulfonylureas represent a 0
large and very successful class
of selective herbicides"® origi-
nally discovered by DuPont.

OH

pyruvate
e

pyruvate

o
ALS
MeJ\( + Me\j\fo T Me
OH HO

alpha-ketobutyrate

N

valine, leucine

alpha-acetolactate

OoH —= isoleucine
Me
CCz 2-acetohydroxybutyrate
_'_,_F)

They are the most active com-
mercial herbicides to be devel-
oped, with a typical use rate of
only grams per hectare. The first
of these compounds to be launched was chlorsulfuron (86;
Figure 13),"* which is used for weed control in wheat and has
a novel herbicide mode of action with acetolactate synthase
(ALS)™* as its target. ALS is a key enzyme in the biosynthesis
of branched amino acids like leucine, isoleucine, or valine."®
The enzyme catalyzes the condensation of two pyruvate mole-
cules into a-acetolactate, as well as the condensation of pyru-

_ H H
_ \_TrN ‘_T,N_:\ D-CH,
“arth aumu'tu,pﬂ o] B Nl /T
i \ r

(&)
Chioriguaran-ethyl (38)
3 985, DuPont
| --.F.-‘

Figure 13. Binding niche of yeast ALS; complex cocrystallized with chlorimur-
on-ethyl (88); data taken from S. S. Pang, L. W. Guddat, R. G. Duggleby, J. Biol.
Chem. 2003, 278, 7639-7644. TPF, thiamine pyrophosphate; FAD, flavin
adenine dinucleotide.

vate and a-ketobutyrate to form 2-acetohydroxybutyrate, with
cleavage of carbon dioxide. In amino acid biosynthesis, a-ace-
tolactate is further transformed into valine and leucine, where-
as 2-acetohydroxybutyrate is a precursor of isoleucine
(Scheme 19). Sulfonylureas are generally extremely potent in-
hibitors of this enzyme” regardless of the plant source, so
different sensitivities at the target site hardly play a role in the
selectivity of these highly efficacious herbicides. Approximately
62% of commercialized sulfonylureas are halogen free. Nearly
a quarter of the sulfonylureas launched so far contain fluorine
and only 14% have other halogens like chlorine or iodine in
their composition. Exchange of the ortho-chlorophenyl group

ChemBioChem 2004, 5, 570-589  www.chembiochem.org
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Scheme 19. The action of acetolactate synthase, the target of many sulfonylureas.

in the cereal-selective compound chlorsulfuron (86) with ortho-
trifluoropropylphenyl (87; Scheme 20) leads to a selectivity
shift and such changes facilitate the filing of patent applica-
tions. For sulfonylureas, crop selectivity is typically the result of
selective metabolism of the active ingredient by the crop. The
resulting maize-selective prosulfuron (87; Syngenta),"® for ex-
ample, is metabolized in maize by an additional hydroxylation
at the methyl group of the triazine moiety.

Recently, Pang and co-workers"® described a 2.8 A resolu-
tion crystal structure of yeast ALS as a complex with the sulfo-
nylurea herbicide chlorimuron-ethyl (88; DuPont; Figure 13).
From this structure it is evident that phenylsulfonylurea inhibi-
tors with substituents in the meta or para position of the aro-
matic ring cannot be accomodated in the binding site of the
enzyme and consequently show low or no herbicidal activity—
structural variation of the herbicides is restricted to the ortho
position.

Primisulfuron-methyl (90)"*” is a selective herbicide for the
control of grasses in maize. Comparison with its unfluorinated
triazine counterpart methsulfuron-methyl (89; Scheme 20)!"?"
indicates that crop safety for maize is achieved by the replace-
ment of the triazine methoxy and methyl substituents with
two difluoromethoxy groups. It has been shown that primisul-
furon-methyl (90) is deactivated in maize by hydroxylation of
the phenyl and pyrimidyl moieties followed by hydrolysis or
conjugation. Comparison of nicosulfuron (91)"* and rimsulfur-
on (92)'#! (which contain a 3-(CONMe,)-pyrid-2-yl and a 3-
(SO,-Et)-pyrid-2-yl moiety, respectively) with flazasulfuron
(93)"4 shows that the 3-CF;-pyrid-2-yl moiety present in 93
has a marked impact on the metabolism of this analogue
(Scheme 20). The key transformation in tolerant turf grass is an
unusual rearrangement and contraction of the sulfonylurea
bridge, followed by hydrolysis and O-demethylation of a pyri-
midyl methoxy substituent. In contrast to nicosulfuron (91) or
rimsulfuron (92), flurpyrsulfuron-methyl sodium (95; DuPont)
contains a 3-(COOCH,)-6-CF;-pyridyl moiety, which influences
the metabolic pathway. Besides glutathione conjugate forma-
tion, O-demethylation is predominant in the detoxification of
flurpyrsulfuron-methyl sodium (95) in cereals.

The novel compound propoxycarbazone sodium (96; Attrib-
ut, Bayer CropScience)'® offers the farmer an opportunity to
exert effective, focused control over brome grasses, blackgrass,

120]
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Arvasta (Bayer CropScience)
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effective against wild oat, green foxtail

Scheme 20. Influence of fluorine-containing substituents on selectivity and metabolism.
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Flazasulfuron (93), 1980

P. Jeschke

substitution of the sulfonylaryl
moiety with CF; and CF;0. Ex-
change of the ortho-COOCH,
substituent for an ortho-CF;0
residue in the sulfonylaryl
moiety led to flucarbazone
sodium (97),'* a herbicide with
excellent activity against grass
weeds and several important
broadleaf weeds when applied
post-emergence to wheat. In
field experiments, this product
has demonstrated good, consis-
tent activity against wild oat and
green foxtail. At the suggested
use rate of 30g a.i./ha, both
weeds were selectively con-
trolled in wheat.

The various examples descri-
bed above demonstrate that the
introduction of fluorine has had
a dramatic effect on the metabo-
lism of the active ingredients
through reaction at a location
remote from the fluorinated
groups themselves. However,
such effects cannot often be
predicted as part of the initial
design of a molecule.

6. Summary and Out-
look

The significant expansion in the
use of fluorinated commercial
agrochemicals is reflected by the
presence of fluorine in 54% of
herbicides/safeners, 27% of in-
secticides/acaricides, and 19% of
fungicides on the market. In the
search for an optimal product in
modern crop protection in terms
of efficacy, environmental safety,
user friendliness, and economic
viability (Figure 14), the substitu-
tion of active ingredients with
fluorine is an important tool.
However, the introduction of flu-
orine into a molecule can lead
to an increase or a decrease in
efficacy depending on the mode
of action, physicochemical prop-
erties, or target interaction of

and bentgrass. During optimization of the sulfonyl component  the compound. The metabolism of the compound is influ-
it was found that the sulfonylaryl moiety is more active than  enced by the substitution pattern and by the soil stability and/
the corresponding sulfonylmethylaryl moiety (Scheme 21). Par-  or water solubility of the molecule. In general, the complex
ticularly good activity and cereal selectivity were identified for ~ SARs within active ingredients make it difficult to predict sites
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Scheme 21. Optimization of the sulfonylmethylaryl moiety in sulfonylureas.
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The Influence of Fluorinated Molecules
(Semiochemicals and Enzyme Substrate
Analogues) on the Insect Communication

System

Cristina Pesenti and Fiorenza Viani*®

Can the introduction of fluorine atoms affect the bioactivity of
natural semiochemicals? Can fluorine contribute in the creation
of specific enzyme inhibitors to interrupt or disrupt the insect
communication system? The first step for the bioactivity of a
molecule is interaction with the biological sensor. Hydrogen and
fluorine are almost bioisosteric and the receptor site of the
enzyme can still recognize and accept the fluoro analogue of its
natural substrate. However, the peculiar electronegativity of the
fluorine atom can affect the binding, absorption, and transport
of the molecule. The differences in the molecule’s electronic prop-
erties can lead to differences in the chemical interactions be-
tween the receptor and the fluorinated substrate. Fluorine intro-
duction can modify the metabolic stability and pathway of the
semiochemicals in many different ways. Fluorinated analogues
can show synergism, inhibition, or hyperagonism effects on
insect behaviors, that is, the activity of the nonfluorinated parent
compounds can be mimicked, lost, or increased. In any case, the
fluorinated molecules can interact with the bioreceptors in a new
and disrupting way. The semiochemicals are olfactory substan-

1 Introduction

Humans and insects are opponents in food and health wars.!"
The humans try to interfere with the communication systems
of the insects to disturb or kill them. Promising weapons are
behavior-modifying chemicals® that can reduce or alleviate
the ecological complications™ associated with the use of pesti-
cides and that are fundamental components of the integrated
pest-management approach.”’ The semiochemicals (from the
Greek: semeon, signal) are olfactory or contact behavior-modi-
fying chemicals divided into allelochemicals (allelon, of each
other) for interspecific communication and pheromones (pher-
eum, to carry; horman, to stimulate) for intraspecific communi-
cation.” Can fluorine help humans to create more efficient and
selective weapons to overcome the insect enemy? Fluorinated
pheromones belong to the general class of halogenated para-
pheromones, “chemical compounds not known to exist in
nature but structurally related to natural pheromone compo-
nents that in some way affect physiologically or behaviorally
the insect communication system.”® A look at the specialized
review Insect Parapheromones in Olfaction Research and Semio-
chemical-Based Pest Control Strategies' shows that 59 referen-
ces are devoted to literature concerning fluorinated analogues
and 59 to literature concerning all other possible pheromone

ChemBioChem 2004, 5, 590-613 DOI: 10.1002/cbic.200300829

ces: fluorine can affect their volatility or smell. Production of
semiochemicals from exogenous substances, perception at anten-
nal receptors, and processing of biological responses are the
main steps of communication among insects. In the production
step, the fluorinated molecules can interact with enzymes that
catalyze the biosynthesis of the natural pheromones. In the per-
ception step, fluorinated semiochemicals can interact with the ol-
factory receptor cells; this often leads to totally unpredictable be-
haviors. Fluorinated molecules have been developed as probes to
elucidate the complex chemorecognition processes of insects.
Many of these molecules have been tested to find highly effective
behavior-modifying chemicals. New analogues have been synthe-
sized to investigate the metabolic pathway of a pheromone mol-
ecule and many of them are promising disrupting agents. Despite
such titanic research efforts, the results have often been random,
rational trends in the induced behaviors have sometimes been
impossible to find, and practical applications of the fluorinated
semiochemicals are still uncertain.

modifications: fluorine must play an important role,”’ at least
in scientists’ minds.

Fluorine mimics hydrogen from a steric point of view but
leads to a large perturbation in the electronic distributions; as
a consequence, the natural substrate perception could be al-
tered by competitive fluoro analogues binding with specific
pheromone receptors.® So, fluorinated pheromones are ex-
pected to act as agonists, mimics, synergists, hyperagonists,
antagonists, antipheromones, and inhibitors.”” Moreover, fluo-
rine can affect the volatility, thermal and/or oxidative stability,
and lipophilicity, all of which are closely related to the phero-
monal communication efficiency.”’ Finally, fluorinated phero-
mones are expected to interfere directly with the communica-
tion or to act as valid probes for the investigation of the com-
munication mechanisms.

[a] Dr. C. Pesenti, Dr. F. Viani
Istituto di Chimica per il Riconoscimento Molecolare
Consiglio Nazionale delle Ricerche
Via Mancinelli 7, 20131 Milano (italy)
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The synergistic or inhibiting capability concepts have been
nicely defined:"” “When pheromone analogues that mimicked
the biological activity of the natural one at a low dose were
co-evaporated at a high dose along with it, male response to
the natural pheromone was not inhibited (synergism). Howev-
er, when analogues that lacked pheromone quality were
evaporated at high dose with natural pheromones, male re-
sponse was inhibited. The inhibitory analogues bind to the
pheromone receptors without provoking behavioral response
but are not cleared from the receptor as efficiently as the pher-
omone or as pheromonally active analogues, which are more
effectively recognized and removed by substrate-specific ca-
tabolic enzymes.”

This review presents some examples of interference in the
communication system of insects elicited by fluoro analogues
of bioactive compounds (pheromones and/or enzymatic sub-
strates), it tries to outline the rationale followed by scientists in
projecting the selective fluorine insertion and their efforts in
rationalizing the results, and it tries to provide evidence of the
trends (if any) in the behavior of fluorinated pheromones.

2 The Pheromonal Communication System of
Insects

Six main steps can be recognized: 1) specific chemical produc-
tion, 2) emitter-receiver transmission, 3) receptor-site percep-
tion, 4) signal processing, 5) behavioral response, and 6) chemi-
cal catabolism. Interference in any of these steps can disturb
or destroy the communication. Fluorinated compounds could
achieve this aim, especially as a) pheromone-biosynthesis in-
hibitors, b) probes of the pheromone-receptor interaction,
c) pheromone-catabolism inhibitors, d) delayed-action toxi-
cants, or e) metabolic pathway tracers.

2.1 Pheromone-biosynthesis inhibitors

The production step is based on evolved chemical reactions in
secretory cells converting exogenous materials into phero-

Cristina Pesenti was born in Legnano
(Italy) in 1971. She studied chemistry at
the University of Milano. She graduated
in 1996. Her first job was in the PRAS-
SIS-Research Institute of Sigma Tau (Set-
timo Milanese) working on to the syn-
thesis of new potentially active pharma-
cological compounds. In 1997 she
moved to Prof. Pierfrancesco Bravo’s
laboratories where she applied for the
School of Specialization in Organic Syn-
thesis and worked on the synthesis of
fluorinated analogues of GABOB and pepstatine, as well as on the
preparation of fluoro analogues of pheromonally active compounds.
In the same research group, she is completing her PhD thesis based
on the study of fluorinated analogues of HIV-1 protease inhibitors.
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mone precursors.' Most of the enzymes and effectors in-
volved in this complex pheromone-producing system are still
uncharacterized."* In many moths, biosynthesis of the female
sex pheromone is controlled by the pheromone-biosynthesis-
activating neuropeptide,"? which acts at different steps de-
pending on the species. 2-Bromohexadecanoic acid (1) is a
nonspecific inhibitor of the membrane enzymes involved in
lipid metabolism in mammals."® Since the fatty acyl reductases
are membrane-bound enzymes, 1 might impair the production
of the natural pheromones in those species in which the re-
duction of the acyl moieties is the neuropeptide-controlled
step." Other a-halo fatty acids, 2-5, were evaluated, among
which 2-fluorohexadecanoic acid (3), the fluoro analogue of
palmitic acid™ was found to be considerably less active than
the bromo analogues 4 and 5. Bromo substitution seemed to
be very important for inhibitory action and the chain length
seemed to be of secondary importance (Scheme 1).

B oxidation" is the first step in the synthesis of Z9,F11-
14:Ac™ (6, Scheme 2), the sex-pheromone component of the
Egyptian army worm Spodoptera littoralis."”

The inhibition of pheromone biosynthesis can occur at any
stage between the initial transformation of the substrate pal-

%/ COCH
i COOCH
Br /\f/]/Y
1
9

Scheme 1. Halogenated substrates 1-5 for pheromone-biosynthesis inhibition.
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Scheme 2. Natural pheromone (Z,E)-9,11-tetradecadienyl acetate (Z9,E11-
14:Ac, 6).

mitic acid into its coenzyme A (CoA) ester and the final conver-
sion into acetyl-CoA (Figure 1).'®

The model compound (2-bromopalmitic acid 1, Scheme 1) is
known to be a good inhibitor of palmitoyl-CoA oxidation after
its conversion into 2-bromopalmitoyl-CoA.""*"!

Z-11 desat. -oxidation

Z11-16:Acid

16:Acid (palmitic)

f-oxidation E11-14:Acid

Z9-14:Acid Z-9 desat.

Z9,E11-14:Acid

Z9-14:0Ac \
Z79,E11-14:0Ac

Figure 1. Biosynthesis of the natural pheromone 6 from palmitic acid through f oxidation.

The incorporation of fluorine in the 2- (compounds 3 and 7,
Scheme 3) and/or 3-position (compounds 8 and 9) could com-
plicate the possible abstraction of any proton at these sites by
the acyl-CoA dehydrogenase (enzymatic oxidation blockage).

COOH COOH
¢ RN

R'=Cq1Hzs 12

Scheme 3. Fluorinated substrates 3 and 7-12, analogues of 2-bromopalmitic
acid (1) for blockage of 3 oxidation.
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Moreover, fluorine(s) in the 4- (compounds 10 and 11) and 5-
positions (compound 12) could increase, through electron-
withdrawing effects, the electrophilicity of the carbon atom at
the 3-position and the -oxidation product could be attacked
by an enzyme nucleophilic site, thereby causing a “suicide” en-
zymatic inhibition."” 3-Fluorohexadecanoic acid (8) turned out
to be the most promising inhibitor, while the introduction of a
second fluorine at the 2-position (7) did not affect the inhibito-
ry potency and the introduction of a second fluorine at the 3-
position (9) decreased the inhibitory potency.

cis-(2,2-Difluoro-3-dodecylcyclopropyl)acetic acid (14,
Scheme 4) and its dichloro analogue 15" were evaluated as
potential biosynthetic inhibitors due to their structural similari-
ties to (methylenecyclopropyl)acetic acid 13,°" whose CoA
ester is believed to inhibit the oxidation of fatty acids in vivo
and in vitro.*?

The generated carbanionic species for 14 and 15
could open the cyclopropane ring to form an activat-
ed halodiene, a potentially good Michael acceptor ca-
pable of irreversibly alkylating a nucleophilic active
site of the enzyme. Nevertheless, no activity was
found for 14, whilst 15 showed some interesting
data. The striking differences in the activities of 14
and 15 (inhibition potencies of 5.7 and 61.9%, re-
spectively) were rationalized in terms of the donating
ability of the fluorine atom when located on an sp?
carbon (on B and y carbons):®® the fluorinated
diene-CoA ester could not be as good a Michael ac-
ceptor as expected and was less active than its chlori-
nated analogue.

COCH

13

COOH COOH

14 15

F F R=CqyH1s cl cl

Scheme 4. Cyclopropyl halogenated substrates 14 and 15, analogues of (meth-
ylenecyclopropyl)acetic acid 13 for biosynthesis inhibition.

2.2 Transmission from the emitter to the receiver

The transmission step is based on odorant molecules with rela-
tively low molecular weight®” or on molecules that interact
through physical contact, that is, contact pheromones in the
cockroach species.” Most of their physical properties (water
solubility, vapor pressure, polarity, lipophilicity, and surface ac-
tivity), as well as their reactivity, can be affected by the intro-
duction of fluorine.
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2.3 Pheromone-receptor interaction probes
2.3.1 Pheromone binding and transport

The odorant-binding proteins are a class of proteins, 13-
17 kDa in size, that facilitate the passage of hydrophobic odor-
ant molecules from the environment to the surface of the
olfactory receptor neurons. They are present in the sensillar
lymph at enormous concentrations (10-20 mm). In Lepidop-
tera, there are two distinct classes of such proteins: the phero-
mone-binding proteins, devoted to sex-pheromone recogni-
tion, and the general odorant-binding proteins, specialized in
general odorant recognition.®

2.3.2 Pheromone-receptor interactions

For Lepidoptera pheromones, a three-part static model was at
first invoked:®" 1) the polar functional group, involved in hy-
drogen bonding and/or electrostatic interactions, 2) the car-
bon-carbon double bond, involved in electrostatic interactions,
and 3) the terminal alkyl group, involved in weak dispersion
forces, are recognized by the corresponding three “active
sites” on the receptor surface. Then, dynamic models were
considered where the substrate molecule is bound stepwise to
the receptor:® the polar group is responsible for the substra-
te-receptor primary recognition, while the other parts of the
molecule are responsible for excitation functions. The same
three pharmacophore elements, alkylic chain, double bond(s),
and polar group, are usually the main targets in fluoro-substi-
tution projects for structure-activity relationship studies.

2.3.3 Behavioral responses

Wind-tunnel assays, field-test experiments, and actographic
analyses detect external male responses. Each olfactory recep-
tor cell is a very efficient bipolar neuron where a few hundred
molecules of pheromone can be detected from the environ-
ment.”” The inner nervous responses to the stimuli can be de-
tected through a single sensillum recording (SSR), related to
the electronic activity at a single receptor cell, or through an
electroantennogram apparatus (EAG) that reflects the com-
bined activity of many olfactory cells on the antennae.” The
dose-response EAG curves display the inner/outer responses
following two simple rules: a linear dose-activity relationship
suggests a direct receptor-molecule interaction and shape
similarities for two different chemicals indicate that they are
interacting with the same receptor. There are three important
kinetic parameters that can give an evaluation of the extent
and/or the kind of interaction between a pheromone/para-
pheromone and a receptor. The electroantennographic peak
amplitude (PA, in mV) is proportional to the intrinsic activity,
the depolarization time (the time to reach 4/5 of the depolari-
zation, 4/5DT, in ms) is linked to the kinetics of the interaction
with the receptor and is correlated to the receptor-substrate
fit, and finally, the repolarization time (the time to reach 2/3 of
the repolarization, 2/3RT, in ms) is linked to the kinetics of sub-
strate removal from the receptor. The intrinsic activity, that is,
the molecule-receptor interaction capabilities of a pheromone
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analogue, is evaluated when tested alone; the inhibition or the
synergistic activities are evaluated from mixtures with the cor-
responding natural pheromone(s).

2.3.4 Chain modifications

Perfluorination: Perfluorination at the hydrocarbon end of a
molecule imparts a dualistic polar-nonpolar nature to the mol-
ecule and reduces its solubility in both aqueous (hydrophilic)
and lipid (hydrophobic) environments.®" At a macroscopic
level, the perfluoroalkyl compounds have larger dipole mo-
ments and they are more volatile, less lipophilic, and more
stable; at a molecular level, the introduction of perfluoroalkyl
chains on a natural pheromone molecule increases the bulki-
ness, reduces the chain flexibility, and reduces the chain hydro-
phobicity.??

The major components of the pheromone blend of the ear-
worm moth Heliothis zea,®® Z11-16:Ald (16), and of the south-
ern corn borer Diatraea grandiosella,*® Z9-16:Ald (17),5" were
targeted (Scheme 5). The fluoro analogues 18-20 were all

Scheme 5. Aldehyde pheromones (Z11-16:Ald (16) and Z9-16:Ald (17)) and the
corresponding polyfluorinated aldehyde parapheromones Pfb-Z11-16:Ald (18),
Pfh-29-16:Ald (19), and Pfb-Z9-14:Ald (20).

more volatile than the corresponding molecules and the pher-
omone receptor neurons (by SSR measurements) still respond-
ed to 18-20, albeit at higher concentrations.

EAG and wind-tunnel activity studies®* were run on the
major components of the pheromone blend of the cabbage
looper Trichopulsia ni*® Z7-12:Ac (21) and Z9-14:Ac (22), of
the turnip moth Agrotis segetum,®” Z5-10:Ac (25), and of the
grape berry moth Eupoecilia ambiguella® 79-12:Ac (28,
Scheme 6).5°¢) Both 23 and 24 were required in 1000-10000
times higher concentrations than the natural pheromones for
equal output, 24 was inactive alone but elicited a synergistic
activity (mimicking the pheromone action) when mixed with
21 and 22 in traps, 26 gave no response, 27 was 100-fold less
active than 25, and 29 was only weakly active, that is, it
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Scheme 6. Acetate natural pheromones Z7-12:Ac (21) and Z9-14:Ac (22) with
their corresponding fluoro analogues Pfb-Z27-12:Ac (23) and Pfb-29-14:Ac (24);
pheromone Z5-10:Ac (25) with its fluoro analogues Pfb-Z5-10:Ac (26) and
7,7,8,8-Ttf-Z5-10:Ac (27); pheromone Z9-12:Ac (28) and its fluoro analogue
Pfe-729-12:Ac (29).

evoked slow activation and take-off but low attraction to the
source. However, it showed an unexpected synergistic effect
with an enhancement in trap catches when it was mixed with
28.

The fluoro analogues give hardly rationalizable effects and
no general trend can be outlined. The fluorinated chain is less
hydrophobic than that of the corresponding natural molecules
and, probably, the alteration of the hydrophobicity of the ter-
minal alkyl group leads to a reduction in the receptor affinity.
However, the functionality and the chain-length are still recog-
nized.®

The terminal part of the chain: A single fluorine is not sterically
demanding and this is true whether it is placed in the terminal
or in the middle part of the chain, but a trifluoromethyl group
has to be considered a bulky substituent and it could seriously
affect the biological properties of a fluoro analogue.”

The sex-pheromone blend of the European corn borer Ostri-
nia nubilalis®® is produced in two genetically distinct pheromo-
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Scheme 7. Monofluorinated analogues 14FE11-14:Ac (32) and 14FZ11-14:Ac
(33) of pheromones E11-14:Ac (30) and Z11-14:Ac (31).

nal types with different E/Z proportions of 30 (E) and 31 (Z,
Scheme 7) depending on the family: insects of E-Type respond
to a 3:97 Z/E mixture, those of Z-Type respond to a 97:3 Z/E
mixture.*” The stimulating and inhibiting properties of fluori-
nated molecules on male behaviors were determined by test-
ing anti-32 against E-Type and syn-33 against Z-Type families
of insects.*” The fluoro analogues 32 and 33 showed phero-
monal activities, in wind-tunnel analyses as well as in the field,
that were indistinguishable from those of the corresponding
natural pheromones.

4-Methyl-3-heptanol (34) is one component of the aggrega-
tion pheromone of the European elm bark beetle Scolytus mul-
tistriatus, a nonflying insect.”? The fluoro analogues 35-40
(Scheme 8) were tested through a laboratory walking-beetle
assay.®¥ The activity (34~35>36>37 for alcohols; and 38 >
39>40 for the less active ketones) decreased with an increas-
ing number of fluorine atoms in the chain. The alcoholic
oxygen atom is thought to link to the receptor in a noncova-
lent interaction (hydrogen bond) as a proton acceptor; this

OH
34
/FH)\/\ F);)\/\
OH 35 OH 36
F
F);)\/\ )\[H\/\
F,C
: OH ©
37 38
F.F F.F
F,C
© 39 © 4%

Scheme 8. Natural pheromone 4-methyl-3-heptanol (34) and its fluorinated
alcohol (35-37) and keto analogues (38-40).
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would explain the low activity of the keto analogues. The
lower activity of the parapheromones with respect to that of
the natural pheromone can be interpreted by considering the
presence of fluoroalkyl electron-withdrawing groups that de-
crease the basicity of the hydroxy group and, consequently,
the bond strength to the proton donor.

A terminal trifluoro-substitution process was performed on
Z75-10:Ac (25)®*9 and on the major component of the phero-
mone blend of the grape berry moth Eupoecilia ambiguella,
79-12:Ac (28).2°* Reduced biological activity was observed for
analogue 41 (Scheme 9, tenfold less active than 25), but in a

F
/ ©
F 0
42
F
F

Scheme 9. 10,10,10-Tf-Z5-10:Ac (41) and 12,12,12-Tf-Z9-12:Ac (42), fluoro
analogues of Z5-10:Ac (25) and Z9-12:Ac (28).

lesser extent than that observed for the already cited corre-
sponding perfluorinated analogue 26. The other fluoro ana-
logue 42 was inactive.*¥

The main sex-pheromone component of the codling moth
Cydia pomonella,*' codlemone (43, Scheme 10), turned out to

\/\/\/\/\/\/OH

43
F></\/\/\/\/\/
OH
F N
44

Scheme 10. Codlemone (E8E10-12:Ac, 43) and its trifluoro analogue
E8E10,12,12,12-Tf-12:Al (44).

be satisfactory for pest monitoring but less reliable for pest
control due to its chemical degradation and/or isomerization
under field conditions. Actually, after 150 days, more than half
of the compound was lost due to its chemical decomposition.
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In the search for more stable analogues, 44 was synthesized,“
but the insertion of three fluorine atoms on the terminal
carbon atom of the chain dramatically decreased the electro-
antennographic activity.*”!

The bioactivity of the fluoro analogues seems negatively cor-
related with the number of fluorine atoms in the terminal
methyl group. Reduction in the absorption and transport of
the parapheromones in vivo cannot fully explain the loss of
electroantennographic activity, since the trifluoromethyl group
is among the most lipophilic substituents. A lower affinity for
the receptor sites is probably involved.®"

2.3.5 Double-bond modification

Fluorine(s) adjacent to double bonds: A difluoromethylene
group adjacent (o) to a double bond may affect both the
conformational chain flexibility and the double-bond re-
activity. The strong permanent dipole of the carbon-fluo-
rine bond may interfere with proper binding to the receptor
site.®

Electroantennographic and wind-tunnel activity tests were
run“? on the difluoro analogues (Scheme 11) of the major
components of the pheromone blend of Agrotis segetum (25),

Scheme 11. Difluorinated analogues (45-47 and 49) with fluorine atoms adja-
cent to the double bonds of the natural pheromones Z5-10:Ac (25), Z9-12:Ac
(28), and Z8-12:Ac (48).

Eupoecilia ambiguella (28), and the oriental fruit moth Grapholi-
ta molesta®® (48). As a general trend, difluoro substitution
decreased the volatility. Analogues 45 and 46 were 100-times
less active than the natural molecule 25, whereas 47 was equi-
potent with the pheromone 28 and 49 elicited a synergistic ac-
tivity (that is, the natural pheromone action was mimicked)
when mixed with the natural pheromone 48.

In selected species, fluorination at the allylic position enhan-
ces, or at least preserves, the pheromonal activity. In all cases,
the maintenance of the geometry of the double bond appears
to be essential for the bioactivity.
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Fluorine on double bonds: The introduction of a single fluorine
atom on the double bonds of a pheromone molecule is ex-
pected to affect the chemical stability more than the biological
activity of the fluoro analogue.®”

“The first fluorine-containing pheromone ever synthesized
was presumably (8E,102)-10-fluoro-8,10-dodecadien-1-ol [50]. It
was found in antennographic studies to behave identically to
codlemone [43] whereas a 10-methyl-branched analogue
proved completely inactive.”’ Different analogues® of codle-
mone 43 elicited different activities (Scheme 12). The “termi-

F
\)\/\M/\OH

50 6
F
/
= OH
6
51 F
F
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F F
/
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Scheme 12. Monofluoro (10FE8,Z10-12:Al (50)), difluoro (8,9-Df-E8ET0-12:Al
(51) and 10,11-Df-E8,E10-12:Al (52)), and tetrafluoro (8,9,10,11-Ttf-E8E10-12:Al
(53)) analogues of codlemone (43).

nal” difluoro analogue 52 showed single sensillar and electro-
antennographic responses similar to those of the natural pher-
omone, while the “inner” analogue 51 elicited weaker respons-
es and the complete fluorination of the diene system (53)
resulted in loss of the electrophysiological activities. The inter-
esting higher activity elicited in field tests by 52 in comparison
with that elicited by the natural pheromone was not due to
differences in volatility, since 52 and 43 showed similar vapor
pressure. The higher chemical stability of 52 might explain its
better performance under external conditions.”

The alarm pheromone of aphids Myzus persicae and Lipaphis
erysmi,®® farnesene (54), enhances the effectiveness of the
contact insecticide permethrin against the aphids in laboratory
bioassays (Scheme 13). Two fluoro analogues, 55 and 56, gave
exciting results and showed higher activity than farnesene
itself. Analogue 55 moved almost all of the population of
Myzus persicae and 90% of Lipaphis erysmi. Analogue 56
moved 98% of all aphids in comparison to the 84% moved by
the natural pheromone.*¥ On the other hand, fluorine atoms
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Scheme 13. Natural pheromone (E)-3-farnesene (54), trifluoro analogue 55,
and difluoro parapheromone 56.

on the conjugated diene system of farnesene did not improve
the stability to air and light: as a matter of fact, 55 turned out
to be less stable (half life=6 h) than 54 (half life=21 h). Com-
pound 56, only partially structurally related and only prepared
because of difficulties in the chemical synthesis of 55, showed
an interesting stability to ultraviolet irradiation in air (half life=
220 h) as well as a preserved bioactivity.

Scheme 14 shows the fluoro analogues®™ of pityolure 57,
the main component of the sex-pheromone blend of the pine
processionary moth, Thaumetopoea pityocampa”® In field
tests, 58 was slightly active alone and showed significant in-
hibition of the pityolure activity. Analogue 59 was essentially
inactive alone; after preexposure of the males to its vapors, a
24% reduction of the antennographic response of the insects
to pityolure and a 49% decrease in male catches were pro-
duced. The loss of activity of 58 and 59 was thought to be
mainly a consequence of the profound electronic changes,
rather than of the small differences in volume. Actually, the ol-
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Scheme 14. Natural pheromone pityolure (57) and its fluoro analogues (Z)-13-
fluoro-13-hexadecen-11-ynyl acetate (58) and (Z)-10,10-difluoro-13-hexadecen-
11-ynyl acetate (59).
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factory receptor can still recognize the analogues (the inhibi-
tion of the pityolure activity comes from the tolerated steric
perturbation of the analogues), while the signal transduction is
blocked (the absence of intrinsic activity of the analogues
comes from the electronic changes in the molecules).

The eugenol methyl ether (60, Scheme 15) is a potent and
specific natural plant kairomone, attractant for the oriental
fruit fly Bactrocera dorsalis.*” The fluorine isosteric replacement
was studied with the aim of enhancing the metabolic or chem-
ical stability and reducing the kairomone toxicity. As a matter
of fact, the fluoro olefins 61 and 62 were tested as inhibitors

F
—O0 = —O0 =
—0 60 —0 61
F
—O0 62

Scheme 15. Natural kairomone (eugenol methyl ether, 60) and its fluoro
analogues 61 and 62 as enzyme inhibitors.

of the enzymes that catalyze the oxidation of the allylic meth-
ylene to the toxic species. Analogue 62 was as active as 60 in
field tests, a mixture of 62 and 61 was appreciably active,
while 61 showed substantially lower activity.*®

Computational studies: In the absence of crystallographic data
for the pheromone-binding site, computational studies were
performed with the aim of rationalizing the effects of the inser-
tion of the fluorine atom on the alkenylic chain.®

A structure-activity relationship study on the pheromone of
the Z-Type European corn borer, (2)-11-tetradecen-1-ol acetate
(31, Scheme 16), was published.®® Selected fluorinated mole-
cules of known bioactivity were chosen: monofluoro (33, 63)
and trifluoro (64) analogues that mimicked the natural phero-
mone activity together with inactive analogues having the flu-
orine atom adjacent to the double bond (65-67).

The molecular volume and surface area of the lowest energy
conformation of 31 and of active and inactive fluoro analogues
were too similar to be important structure-activity parameters.
Correlations between the dipole moment and activity were
not evidenced but the differences in the extreme values of the
electrostatic potential map for the natural and the fluorinated
pheromones could reflect acceptor-interaction mechanisms. As
a matter of fact, the local maxima for the protons of the Z
double bond (31, 33, 63-67) were consistently different be-
tween the active and the inactive fluoro analogues.

The absence of fluorine atoms on the carbon atoms adja-
cent to the double bond seems essential to maintain the pher-
omonal activity.
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Scheme 16. Fluorinated molecules (33, 63-67) included in the computational
studies.

2.3.6 Polar-group modification

Strict requirements of shape and electronic distribution
(dipole-moment directions) are expected for a successful inter-
action with the olfactory receptor cells.?”-256"

Aldehyde: Retinoyl fluoride is a retinal mimic®® that gives spe-

cific inactivation of bovine opsin through irreversible formation
of a covalent amide adduct with the primary amino group of
the enzyme.®™ An acyl fluoride whose structure is related to
that of the pheromone could act in a similar manner with the
olfactory receptor, thus leading to a severe disturbance of the
behavioral responses of insects.

Pheromones 16 and 68 are the major components (in 15:1
relative ratio) of the sex-pheromone blend of the tobacco bud-
worm Noctuidae Heliothis virescens® (Scheme 17). The acyl
fluoride analogues (69-71) were tested as disrupting agents.
An equimolar mixture of compounds 69 and 70 gave an ab-

Scheme 17. Acyl fluorides (Z11-16:Acf (69), Z9-14:Ald (70), and 16:Acf (71)) as
fluoro analogues of the pheromones Z11-16:Ald (16) and Z9-14:Ald (68).
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normal male response during daylight, with production of
aberrant aphrodisiac-like sexual responses (hyperagonism). The
nonstructurally related 71 was totally inactive. Unfortunately,
the chemical stabilities of 69 and 70, with half-lives of 2.5 h in
air and of 2-20 days in anhydrous organic solvents prior to
giving the acid, were not compatible with their practical use.*

Acyl fluorides and a-fluoro aldehyde analogues® of the
components of the aggregation pheromone blend of the boll
weevil Anthonomus grandi®’ were tested (Scheme 18). Electro-

0 o
72 73 74
o o 0 0
F F
75 76 77 78

Scheme 18. Pheromones 72-74, a-fluoro aldehydes 75 and 76, and acyl
fluorides 77 and 78 as disrupting agents.

OH

antennographic assays showed no activity for the acyl fluorides
77 and 78, whilst the a-fluoro aldehydes 75 and 76 gave a
100- and 1000-fold lower activity than the respective natural
pheromones (73 and 74). In a field test, the amounts of insects
captured by the pheromone alone and by mixtures of the
pheromone and fluoro analogues 75 and 76 were nearly iden-
tical, with no inhibitory effect shown. Moreover, the male/
female ratio of the collected insects didn't show any fluctua-
tion. The higher electrophilicity of the carbonyl group in the
acyl fluorides 77 and 78 presumably reduces the ability of the
analogues to stimulate the receptor and causes inactivity,
while the lower electrophilicity of the same carbonyl group in
the a-fluoro aldehydes 75 and 76 creates a potent agonist and
explains the pheromone-mimicking behavior. This example
was the first reported for fluorinated pheromones showing the
same activity as the natural ones in Coleoptera and led to the
preparation of experimental traps baited with 75 and/or 76.

Lactones: The fluoro analogues 81 and 82 of the sex phero-
mone of the African sugarcane borer®® Eldana saccharina were
recently studied (Scheme 19).% The difluoromethylene moiety
is believed to act similarly to an ether oxygen atom in vivo
and interesting biological activities are known for a,a-difluori-
nated analogues of biomolecules.**’® Although the size of the
fluorine atom minimizes the difluoromethylene steric hin-

ChemBioChem 2004, 5, 590-613  www.chembiochem.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Scheme 19. Natural pheromones (+)-(4S,5R)- and (—)-(4R,5S)-eldanolide (79
and 80, respectively) and the fluoro analogues (+)-(4R,5R)-3,3-difluoroeldano-
lide (81) and (—)-(4S,5S)-3,3-difluoroeldanolide (82).

drance, the electronic effects of the gem-difluorination event
are unpredictable. Surprisingly, the electroantennographic
dose-response curves of the fluorinated molecules 81 and 82
were very similar to those of the natural pheromones 79 and
80 and, moreover, at higher doses 82 gave higher antenno-
graphic measurement values than the more active pheromone
79. The introduction of the difluoromethylene group on the
polar moiety seems not to disturb its perception at the recep-
tor and the promising fluoro analogues may be used as effi-
cient probes to investigate the eldanolide-receptor interaction.

Epoxides: The oxygen atom of the polar group of the dispar-
lure sex pheromones (+)-(7R,85)-83 and (—)-(75,8R)-84 from
the gipsy moth Lymantria dispar”" was chosen for some selec-
tive modifications (Scheme 20) and the resulting effects were

X

83 -89

Scheme 20. Disparlure and its analogues. Active (7R,8S)-(+)-disparlure (83,
X=0) and inhibitor (75,8R)-(—)-disparlure (84, X=0),; three-membered ring
analogues: difluorocyclopropyl 85 (X=CF,), dichlorocyclopropyl 86 (X=CCl,),
cyclopropyl 87 (X=CH,), (7R,8S)-aziridinyl 88 (X=NH), and (7S,8R)-azirinidyl 89
(X=NH).

investigated by using electroantennogram assays.’” The epox-
ide group of disparlure was replaced by various three-mem-
bered rings in the analogues: racemic mixtures of (7R,8S)-/
(75,8R)-1,1-difluoro-2-(5-methylhexyl)-3-nonylcyclopropanes (di-
fluorocyclopropyl analogues 85), of (7R,85)-/(75,8R)-1,1-di-
chloro-2-(5-methylhexyl)-3-nonylcyclopropanes (dichlorocyclo-
propyl analogues 86), and of (7R,8S)-/(75,8R)-1-(5-methylhexyl)-
2-nonylcyclopropanes (cyclopropyl analogues 87) were tested.
The aziridinyl analogues, (7R,8S)- and (75,8R)-2-(5-methylhexyl)-
3-nonylaziridine (88 and 89, respectively) were investigated
either as enantiopure compounds or as a racemic mixture.

It is known"® that separate sensory neurons respond to (4)-
and (—)-disparlure (83 and 84, respectively). The (+) enantiom-
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er elicits attractiveness to Lymantria dispar males while a blend
of the enantiomers inhibits the attraction of the males to the
females. The authors found that the antennal receptors of
males were twofold more responsive to (+)-disparlure (83)
than to (—)-disparlure (84). Among the racemic series, the an-
tennographic responses of the difluorocyclopropyl analogues
85 and the dichlorocyclopropyl analogues 86 were greater
than that of the cyclopropyl analogues 87. These results might
be explained by taking into account the inductive effects of
the fluorine and chlorine atoms that mimic the electron-with-
drawing effect of the oxygen atom in the natural pheromone.
The greater value for the difluorocyclopropyl analogues 85, as
compared to that of the dichlorocyclopropyl analogues 86,
might indicate less steric hindrance. Actually, the difluoro-
methylene group is considered an isostere of the oxygen
atom. The greater antennographic activity of (+)-(7R,8S)-aziri-
dine analogue 88 relative to that elicited by (—)-(7S,8R)-89 cor-
relates with the relationship of these analogues with the two
enantiomers of disparlure, (+)-(7R,85)-83 and (—)-(7S,8R)-84. An
intermediate response was elicited by the 88/89 racemate. In
all the analogues, the antennographic responses were dramati-
cally lower than those of the less responsive disparlure enan-
tiomer 84, a result indicating that the steric and the polar
requirements for the interactions with the receptor must be
stringent. In field experiments, the difluorocyclopropyl ana-
logue 85 was found unattractive alone and had no significant
effect on the number of male moths responding to (+)-83 or
to racemic (+)-disparlure (83/84); this reflects the specificity of
the receptors for (+)-disparlure (83) and (—)-disparlure (84).

Esters: In the very first example of halogenated analogues
tested as positive antipheromone compounds,”’ some ana-
logues were chosen because of their structural similarities to
(2)-11-hexadecenal (16), the major components of the seven-
component sex-pheromone blend of the tobacco budworm
moth Heliothis virescens.

The trifluoroacetyl analogue 90 (Scheme 21) inhibited most
insect mating (89%) for a few days after its foliar application,
91 showed a very low inhibition (5%), 92 gave no inhibition
(1%), and the chloro analogue 93 elicited the strongest inhibi-
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Scheme 21. The first family of halogenated analogues, Z9-14:Tfm-Ac (90),
Z8-14:Tfm-Ac (91), Z10-14:Tfm:Ac (92), and Z9-14:Tclm-Ac (93), tested as
antipheromones of the natural pheromone, Z11-16:Ald (16).
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tory effect (93 %). Specific information on the nature of the re-
ceptor was (and still is) absent, so the observed totally reversi-
ble inhibition was tentatively explained as being due to an as-
sociative—dissociative mechanism between the fluorinated mol-
ecules and the antennal receptor. The strong inhibitory effects
of 90 and 93 were rationalized on the basis of the ability of
the trifluoro- and trichloromethyl electron-withdrawing groups
to increase the electrophilic nature of the carbonyl moiety.™
The absence of inhibitory activity of 91 and 92 was explained
by invoking different receptors, because the corresponding al-
kenylic chains are different.

Fluorine was introduced in the polar group (trifluoroacetyl
analogues 95 and 96), in the alkylic chain (pentafluoro ana-
logue 97), and in both moieties (pentafluoroalkyl-trifluoroacet-
yl analogue 98)®%”* of the oviposition pheromone 94 of the
mosquito Culex quinquefasciatus”® (Scheme 22). Only 98 was
inactive; 95-97 elicited a marked egg-deposition enhancement

Scheme 22. Hexadecanolide analogues (95-98) of natural pheromone
(—)-(5R,6S)-6-acetoxy-5-hexadecanolide (94).

in comparison with that observed for the untreated experi-
ment. The effects on the volatility were impressive: whilst the
natural pheromone 94 was relatively involatile with an attrac-
tion range of only few centimetres, all the active analogues
showed higher vapor pressures (95, fifty-seven times; 96, five
times; 97, four times more volatile than 94). Compounds 95
and 97 were hydrolyzed in water but their bioactivities were
retained. On the other hand, 98 lost its activity just because of
water hydrolysis. Surprisingly, in spite of the chain shortening
from ten to six carbon atoms, 96 retained a marked activity.
The trifluoromethyl ketone 102 was chosen as a bioisosteric
analogue of pityolure 57 where the ether oxygen atom has
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been replaced by the methylene group.”” Chlorinated para-
pheromones (103-105) were selected to study the effects of
higher spatial volume and lower polarity in comparison with
the fluoro analogues 99-101. No iodo/bromo derivatives were
included, because of their higher bulkiness (Scheme 23). All
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Scheme 23. Structurally related halogenated analogues (99-105) of phero-
mone pityolure (62): (Z)-13-hexadecen-11-ynyl fluoroacetate (99, X=0,
Y=CH,F), difluoroacetate 100 (X= 0O, Y =CHF,), trifluoroacetate 101 (X=0,
Y=CF,), trifluoro-16-nonadecen-14-yn-2-one (102, X=CH,, Y=CF;), 13-hexade-
cen-11-ynyl chloroacetate (103, X=0, Y =CH,Cl), dichloroacetate 104 (X=0,
Y=CH,Cl), and trichloroacetate 105 (X=0, Y=CCl,).

the analogues showed poor antennographic activity (20% or
less of the natural-pheromone value) with a peculiar behavior
for 101 that enhanced the pheromone responses at lower
doses and behaved as a good antagonist at higher doses. The
order of inhibitory activity (99 >100>101> 103> 104) could
be explained if the steric size plays a primary role over the po-
larity of modified group. The trifluoromethyl ketone 102 was
active in wind-tunnel assays with a peak of full inhibition
(100%) at a dose of 10 pg.

Wind-tunnel experiments were run on the European corn
borer males testing, as usual, syn-fluoro analogues against Z-

Type and anti-fluoro analogues against E-Type (Scheme 24).""

X X
106 - 108 109 - 111

Scheme 24. Fluoroacetate analogues of E-Type (natural pheromone E11-14:Ac
(30)): E11-14:Fm-Ac (106, X=CH,F), E11-14:Dfm-Ac (107, X=CHF,), E11-
14:Tfm-Ac (108, X= CF); and of Z-Type (natural pheromone Z11-14:Ac (31)):
Z11-14:Fm-Ac (109, X=CH,F), Z11-14:Dfm-Ac (110, X=CHF,), Z11-14:Tfm-Ac
(111, X=CF;).

The trifluoromethyl acetate £11-14:TfmAc (108) had no phero-
monal activity, with 5% or less upwind flight responses, but
possessed a high inhibitory activity with 83 % inhibition of the
upwind flight responses. The corresponding Z11-14:TfmAc
(111) had a lower inhibitory (60%) and a higher pheromonal
(20%) activity. E11-14:FmAc (106) Had a very high pheromonal
(80%) but weak inhibitory activity (30%). The monofluoro-, di-
fluoro-, and trifluoromethyl analogues 109-111 showed similar
weak pheromonal activities and comparable moderate inhibi-
tory actions.

The intrinsic and inhibitory activities of the halogenated ana-
logues”® of the sex attractant of the alfalfa moth Cydia medica-

ChemBioChem 2004, 5, 590-613  www.chembiochem.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ginis” were evaluated (Scheme 25). The fluorinated molecules

113-115 showed decreased but still retained activity, while the
chloro- (116-118) and bromo (119, 120) analogues elicited
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Scheme 25. Halogenated analogues of natural pheromone E8,E10-12:Ac (112):
FmAc 113 (X=CH,F), DfmAc 114 (X=CHF,), TfmAc 115 (X=CF;), CImAc 116
(X=CH,Cl), DclmAc 117 (X=CHCl,), TcImAc 118 (X=CCl;), BrmAc 119
(X=CH,Br), and DbrmAc 120 (X= CHBr,).

much smaller electroantennographic responses. Mixtures of
112 and fluorinated analogues always gave lower antenno-
graphic responses than 112 alone, a result indicating an inhibi-
tory action in all of the examples. The total number of cap-
tured males was evaluated in field experiments for the fluoro
analogues alone (attractants) and in a mixture with the natural
pheromone (inhibitors). The monofluoroacetyl analogue 113
was the most potent field attractant (55 % of the attractiveness
of the natural pheromone; order of activity: 113>114>115)
and the weaker inhibitor (order of inhibitory activity: 113 <
114 < 115). The steric size correlates well to the pheromonal
activity inside the fluorinated series and furnishes a nice ex-
planation for the higher intrinsic activity of fluoro versus
chloro and bromo analogues. On the other hand, the order of
the inhibitory potencies correlates well to the nucleophilic
character of the carbonyl moiety.

The effects of mono-, di-, and trihalogenated acetates
were also evaluated on the diamond black Plutella xylostella
and on the corn stalk borer Sesamia nonagrioides®™ The
common components of this sex-pheromone blend are the
acetate Z11-16:Ac (121), the alcohol Z11-16:Al (122), and the
aldehyde Z11-16:Ald (16). The trifluoromethyl ketone 132 was
included as a steric and electronic analogue of the natural
pheromone 121 (Scheme 26).

The two insect species gave similar antennographic respons-
es and such behavior is easily understandable because they
share the same receptor. None of the examined analogues
showed higher intrinsic activity than the natural pheromone
121: the monofluoro acetate 123 was the most potent (about
459% of the response of 121) in both families and the trifluoro-
methyl ketone 132 was one of the least active (less than 20%
of the response given by 121 in both families). The fluoroace-
tate 123 showed an interesting but unexplained high antenno-
graphic inhibition activity (60%) at low doses (1 pg) and a
linear dose-response relationship at higher doses. The difluoro
and trifluoro analogues (124 and 125, respectively) always dis-
played a linear dose-response relationship. The chloro ana-
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Scheme 26. Halogenated analogues of pheromone Z11-16:Ac (121): FmAc 123
(X=CH,F), DfmAc 124 (X=CHF,), TfmAc 125 (X=CF;), CImAc 126 (X=CH,CI),
DclmAc 127 (X=CHCl,), TclmAc 128 (X=CCl;), BrmAc 129 (X=CH,Br), DbrmAc
130 (X=CHBr,), TormAc 131 (X=CBr;), and Z12-17:Tfmk (132).

logues 126-128 and the bromo analogue 129 elicited a lower
activity (less than 20% in both the species) as well as a modest
and nonlinear inhibition. The keto analogue 132 was weakly
active on both families and was also the poorest inhibitor with
some activity shown only at high concentrations. In the field,
132 turned out to be a good synergist for the action of the
natural pheromone and also a disruptant of its activity.

The “fluorine for hydrogen” replacement retains some bioac-
tivity, probably and qualitatively due to a certain similarity in
bulkiness. In fact, the fluoro analogues 123-125 are better in-
hibitors than the chloro and bromo ones (126-131). Within
the same three series (fluorinated, chlorinated, and brominated
molecules), the differences are so small that a comparison is
not meaningful.

As a general trend, the structural requirements necessary for
the inhibition of the pheromonal response seem far less re-
strictive than those necessary for the elicitation of the same re-
sponse. Actually, the pheromonal activity order (FAc>F,Ac>
F;Ac) indicates that the monofluoroacetate analogues, which
are more similar in size to the natural pheromone, are better
attractants than the difluoro- and trifluoroacetate analogues;
the trifluoro analogues, which are the bulkiest ones, are the
worst attractants of the series. The inhibitory activity (F;Ac>
F,Ac>FAc) suggests that the fluoro analogues interact with
the pheromone receptor without provoking behavioral re-
sponses and are possibly degradated on the antennae more
slowly than the natural pheromone. The trifluoromethyl
ketone 132 (as well as 102) belongs to a different chemical
family and its inability to inhibit the pheromone responses
may be attributed to its structure, which makes it a bad sub-
strate for the olfactory receptor.

As already outlined, the real nature of the interactions be-
tween the polar group and the receptor site is still unknown;
as a consequence, no rigorous analysis of the observed effects
is possible.

A computational model was proposed, on Lepidoptera Agro-
tis segetum, to investigate the interactions between the sex
pheromone Z5-10:Ac (25) and its receptor.®" Such a model
was based on the modification of the polar group by the intro-
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duction of a number of isosteric functionalities that mimic
some aspects of the electrostatic properties of the original
polar group. It turned out that the carbonyl group was crucial
for the pheromone-receptor interaction, but both oxygen
atoms of the ester moiety were important for full biological
activity.

2.4 Processing and signal transduction

After the activation of the receptor sites in the receptor cell
membrane, concatenated events follow and lead to the scoto-
phase period in which the males are responsive to the phero-
mones. In these steps, fluoro analogues can not really be help-
ful since, it is commonly accepted, that they act on prior steps
of the transduction cascade.®

2.5 Pheromone catabolism

The catabolism step converts stimulatory pheromones into
nonstimulatory products, thus avoiding the hyperstimulation
due to the persistence of the odorants at the receptor. The in-
activation or the removal of the substrates must occur before
the next plume comes because “saturated” neurons lead to be-
havioral disruptions. Different families of catabolic enzymes are
specifically involved in the cleaning operations. It has been de-
termined that the pheromone-binding proteins facilitate the
removal of the pheromone metabolites®™ and perhaps deliver
pheromones and non-pheromonal molecules to the sensillar
enzymes for their inactivation.®

2.5.1 Pheromone-catabolism inhibitors

Inhibition of the catabolic breakdown of pheromones could
lead to mating disruption but, although the importance of the
catabolic activity in the olfaction seems undisputed, the pre-
cise role of the substrate-specific catabolic enzymes in the
signal transduction is still poorly understood.”

Fluoro analogues of epoxides: An epoxide hydrolase is the pher-
omone-catabolizing enzyme of Lymantria dispar that converts
active epoxides into inactive diols by hydration reactions. Al-
though the enzyme requires a specific orientation of the epox-
ide inside its receptor binding site, the epoxide hydrolase ap-
pears not to discriminate between the two alkyl side chains in
either of the two proposed lipophilic pockets: thus, some vari-
ability in the alkyl chains of disparlure is permitted and both
enantiomers can be hydrolyzed, even if at different ratios. The
a-keto- (136), a-hydroxy- (135), and a,a-difluoroepoxide (133
and 134) modifications (Scheme 27) were incorporated into
the disparlure skeleton and, due to the low enantioselectivity
of the enzyme, the molecules were evaluated only in racemic
form.®® The authors claimed a dual purpose: testing for the
generality of the inhibitors in a nonenantiospecific enzyme
and preparing a disparlure analogue capable of blocking pher-
omone perception by adult males.

A model was proposed (Figure 2), on the basis of the one
developed for the inhibition of the animal cytosolic epoxide
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Scheme 27. Disparlure difluoro analogues (+)-6,6- and (+)-9,9-difluorodispar-
lure (133 and 134, respectively) and oxygenated parapheromones (+ )-threo-6-
hydroxydisparlure (135) and (+)-6-oxodisparlure (136).
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Figure 2. Proposed mechanism of catalysis (catabolism) and inhibition of
the Lymantria dispar antennal epoxide hydrolase by the (+)-enantiomer of
(+£)-136.

H,0

hydrolase.®” A protonated amino acid binds the oxygen atom
of the epoxide ring, thus activating it towards hydration: this
represents the normal way to catalysis. On the other hand, the
noncovalent binding of the ketone oxygen atom to the same
electrophilic site deactivates the epoxide ring towards nucleo-
philic attack, thus leading to inhibition.

The inhibitory potency of the racemic analogues on the
enzyme was determined by using the homogenates of whole
male antennae and measuring the rates of hydration of (+)-
[5,6-H,]-disparlure. In general, the highest inhibitory potencies
were shown by the analogues substituted at the 6-position
(133, 135, and 136, Scheme 27), whereas 9-hydroxy, 9-oxo, 6,9-
dihydroxy, and 6,9-dioxo analogues (not shown) showed weak
potencies. The 9,9-difluoro analogue 134 was also among the
group of good inhibitors. The inhibitory behaviors of the ana-
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logues were tentatively explained by invoking possible binding
orientations, but only for the 6-oxo analogue 136 (as well as
for the noninhibitory 9-oxo analogue) was such a behavior ten-
tatively rationalized by a model. Compound 136 was supposed
to have both side chains in the optimized positions for eliciting
inhibition through either good fit to the enzyme receptor or
spatially favored interaction between the keto moiety and the
protonated amino acid (BH") of the enzyme (inhibitory interac-
tion). On the other hand, the 9-oxo analogue could adopt the
same orientation as the 6-oxo compound only by placing the
branched chain of disparlure in the “straight-chain” pocket (see
Figure 2). So, the 9- or 6,9-disubstituted analogues were sup-
posed to be bad enzyme receptor substrates, due to the steric
perturbations offered by the additional functional groups.

The authors did not comment on the high inhibitory activity
of the 6,6-difluoro-substituted analogue 133 nor on the even
more surprisingly high inhibitory activity of the 9,9-difluoro-
substituted analogue 134. Both behaviors suggest a noncova-
lent interaction between the protonated electrophilic amino
acid site (BH") and the fluorine atom(s) that leads to a deacti-
vation of the epoxide ring towards nucleophilic attack of water
(inhibition). Probably, the small steric size of fluorine induces a
low steric hindrance in the fluorinated straight chain of the
nonfavored 9,9-difluoro analogue 134, thereby allowing bind-
ing to the receptor site of the enzyme.

Phosphorofiluoridates and methylphosphonofluoridates: (2)-8-Do-
decenyl acetate carboxyl esterase is the enzyme that degrades
the natural pheromone 48 of the fruit moth Grapholita moles-
ta. Organophosphorus esters were tested as inhibitors,®® since
the esterase-inhibiting properties of certain phosphate and
phosphonate esters are well known.®

Only those compounds containing the same (2)-8-dodecenyl
moiety (137-140 and 145, Scheme 28) present in the structure
of the natural pheromone elicited a disruptant activity: 138
and 140 were the most potent analogues. After preexposure
of the males to 138 and 140, the number of responding indi-
viduals to the pheromone plumes decreased dramatically to
20% for 138 and to 10% for 140. The disrupting activity of
140 was close to that of the pheromone itself, which gave no
responding males after pre-exposure under the same condi-
tions. Analogues 138 and 140 probably act through the inacti-
vation of the pheromone esterase.

Trifluoromethyl ketones (Tfmks): The experiments of Abeles and
co-workers first showed that fluoro ketones, fluoromethyl
ketones, and trifluoromethyl ketones can inhibit a number of
serine esterases and proteases, namely, acetyl cholinesterase,
zinc metalloprotease, aspartylprotease, pepsin,®*? a-chymo-
trypsin, porcine pancreatic elastase,”® and human carboxyl
peptidase A.** Further investigations involved human leuko-
cyte elastase,? juvenile hormone esterase,**" and mammali-
an carboxyl esterases,”™ such as human liver carboxyl estera-
e 190

The trifluoromethyl ketones were found to act as slow, tight-
binding inhibitors, that is, inhibitors that slowly reach the equi-
librium between enzyme and inhibitor (slow-binding) and that
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Scheme 28. Phosphorofluoridates (137, X=CH;; 138, X=CH,CH;; 139,
X=CH(CH,),; 140, X=(2)-(CH,) ,CH=CH(CH,),CH;,; 141-144) and phosphono-
fluoridates (145, 146) as putative inhibitors.

serine protease

F. Viani and C. Pesenti

In Lepidoptera, the trifluoromethyl ketones are known to be
good in vitro reversible inhibitors of the hydrolysis of the ace-
tate group of the pheromone to the corresponding alcohol.
Such a process is performed by the antennal esterases!'%#%%
and is responsible for the catabolism of the pheromone mole-
cules in the male olfactory tissues. The activity of these inhibi-
tors arises from the small volume of the fluorine atom so that
the receptor site of the enzyme can still accomodate the tri-
fluoromethyl ketones and possibly form stable tetrahedral
hemiketal intermediates in a reversible manner, by analogy
with what is observed with other esterases and proteases (co-
valent reversible inhibition).

What kind of external behavior and kinetic parameter modi-
fications should be expected? Any intrinsic activity should be
absent, because the trifuoromethyl ketones are not supposed
to be substrates for the receptor. The electroantennographic
responses of the natural pheromones (in mixtures or after pre-
exposure to the fluorinated molecules) should be modified,
both in intensities (lower peak amplitude-habituation) and in
kinetics (longer or absent repolarization time). Finally, the be-
havior should be disrupted with a prolonged activity of the
males due to the persistence of the pheromone at the recep-
tor site.

Some trifluoromethyl ketones (Scheme 30) were evaluated
as inhibitors of male responses to the pheromone of the pro-
cessionary moth Thaumetopea pityiocampa.”® Aromatic tri-
fluoromethyl ketones 147-151, aromatic trifluoromethyl ace-

serine protease

give a substantial inhibition only I i i

when the concentrations of the Im 0o
inhibitor and the enzyme are H/
comparable (tight-binding).”"

The real chemical form (keto R CFs
or hydrate) of the inhibitor con- ><
tinues to be the subject of dis- OH ©OH
cussion. In principle, since a tri-
fluoromethyl ketone is in equili-
brium with its predominant hy-
drate form in aqueous solution,
the enzyme could bind either
the keto or the hydrate form. If it binds the ketone, the forma-
tion of the hemiketal involves serine addition. If the enzyme
binds the hydrate, it must first catalyze the dehydration of this
species, before serine addition can occur. An X-ray crystallo-
graphic study® of the complex between porcine pancreatic
elastase and an a,a-difluoro-f3-keto amide clearly indicated a
covalent bond between the active site of the serine residue
(Ser195) and the carbonyl carbon atom of the ketone (hemi-
ketal). The inhibitory action results from the fact that the adja-
cent fluorine atoms stabilize the formation of the tetrahedral
intermediate, thus shifting the equilibrium between the nonco-
valent enzyme-inhibitor complex and the covalent hemiketal
intermediate in favor of the latter, as shown in Scheme 29. Ac-
cording to this mechanism, the covalently bound, tightly
bound inhibitor only dissociates when the active site imidazole
moiety is protonated.”®**
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Scheme 29. Hypothesis of mechanism for slow, tight-binding inhibition of trifluoromethyl ketones with serine proteas-
es. Im=the imidazole moiety of the histidine residue, E.I=the noncovalent enzyme-inhibitor complex.

tate 152 (fluorinated analogue of a good substrate for the sen-
sillar esterases of Antheraea polyphemus®), long-chain alkylic
trifluoromethyl ketones 153-156, and the three paraphero-
mones 102, 157, and 158 (formally derived from an isosteric
replacement*® of the alcoholic oxygen atom of pityolure (57)
by a methylene group) were tested.”™ A notable blockage of
the antennographic pheromone detection was displayed by
147, 148, 153, and 102. In the field, a remarkable disruptant
effect (when mixed to the natural pheromone) was shown by
149, 153, 102, 158, and 152. The nonfluorinated compound
157 was the most effective in laboratory bioassays and elicited
attractant activity in field assays. The pityolure fluoro analogue
102 was a modest antagonist of 57 and exhibited a threefold-
lower attractant activity than pityolure itself. In general, the
compounds showed low specificity for the substrate and ex-
hibited only modest or zero antennographic intrinsic activity.

ChemBioChem 2004, 5, 590-613



www.chembiochem.org



Fluorinated Molecules in Insect Communication

oi iCF3 o
147 148
o)
CF;
CF; CF,
o}
149 150 151
OTCFe, R\H/CF3
I !

(@]

F3

152 153 - 156
O
=
A
7
157
(@]
=
A
6 CF3
158

Scheme 30. Aromatic trifluoromethyl ketones (147-151), aromatic trifluoro-
methyl acetate (152), alkyl trifluoromethyl ketones (R=C;,H,5 153; R=C;H,;,
154; R=C,H;; 155; R=C,,H;;, 156), and analogues (157, 158) of the natural
pheromone.

The results could not be correlated and the authors outlined
the contradictory data reported for the activity of structurally
related methyl ketone analogues of other sex phero-
mones.”® 7 Strict molecular and stereoelectronic require-
ments seem necessary for a successful recognition of the in-
coming signal by the antennal receptor.

Spodoptera littoralis,*” Mamestra brassicae,*® and Eliothis zea
share pheromones™” belonging to the different chemical fam-
ilies of esters (Z9,E11-14:Ac (6), Z9,E11-16:Ac (159, Scheme 31),
and Z11-16:Ac (121)), alcohols (Z9-14:Al (160) and Z11-16:Al
(122)), and aldehydes (Z11-16:Ald (16).

160
Scheme 31. Z9,E11-16:Ac (159) and Z9-14:Al (160), components of the phero-

mone blend.
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The f-thio-trifluoromethyl ketones and alcohols (161-166,
Scheme 32) were tested® along with the alkylic-chain trifluor-
omethyl ketone C12:Tfmk (153) and the aromatic trifluoro-
methyl ketone 148. The authors evaluated either intrinsic activ-
ities (the percentage of the males landing at the source in

CF, CF,
X/\S/\[( /\Hf\s/ﬁ/
O OH

161 - 165 166
OH
o)
)J\ CF,
Y CF,
167, 168 169

Scheme 32. Fluorothio parapheromones: HTFP 161, X=CsH,;; OTFP 162,
X=C,H,s; DTFP 163, X=C;H,,; DOTFP 164, X=C,,Hys; PTFP 165, X = C,Hy0;
and OTFP:OH 166; alkyl Tfmks C9:Tfmk 167, Y= C,H,o; and C15:Tfmk 168,
Y=C,sH;;; and aromatic trifluoromethyl ketone 169. HTFP = hexylthiotrifluoro-
propan-2-one, OTFP = octylthiotrifluoropropan-2-one, DTFP = decylthiotrifluoro-
propan-2-one, DoTFP = dodecylthiotrifluoropropan-2-one, PTFP = pentadecyl-
thiotrifluoropropan-2-one, OTFP:0OH = 3-octylthio-1,1,1-trifluoro-propan-2-ol.

wind-tunnel assays after preexposure to the volatile) or kinetic
parameters (peak amplitude, depolarization time, repolariza-
tion time ratios before and/or during treatment with the natu-
ral pheromone and the putative inhibitors). The trifluoromethyl
alcohol 169 elicited an intrinsic power higher than that of the
pheromone blend with 80% catches for the former, compared
to 70% for the latter. The trifluoromethylnonyl ketone 167
showed an activity similar to that of the natural pheromones,
All other analogues were less active (40-60% of the activity of
the pheromone blend). Only 162, 163, and 153 reversibly de-
creased the electroantennographic-peak amplitude value and
increased the repolarization-time value, while the thio deriva-
tive 163 also increased the depolarization-time value. The aro-
matic trifluoromethyl ketone 148 reversibly decreased the
peak amplitude value but it modified neither the depolariza-
tion- nor the repolarization-time values. Finally, 167-169 did
not alter any of the three parameters. All the thio-trifluoro-
methyl ketones showed low toxicity in mammals, in the range
of that elicited by the natural pheromones of the Lepidoptera.

A high lipophilicity seems to be important. In fact, the (-
thio-trifluoromethyl ketones are better inhibitors than the cor-
responding alkyl analogues that are devoid of sulfur.

OTFP 162 was chosen for wind-tunnel assays where it in-
duced erratic flights in the males and decreased the number
of those contacting the source. Moreover, it showed the same
effects on all three insect species (Spodoptera littoralis, Mames-
tra brassicae, and Eliothis zea). The promising OTFP 162 was
submitted to actographic analysis"® of the responses of one
single male of Mamestra brassicae. The male, after stimulation
with the natural-pheromone blend, became very active and
performed fanning with intense locomotion in the direction of
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the pheromone source. Surprisingly, after preexposure to 162
and stimulation by the same blend, instead of showing an en-
hancement of its activity, the insect showed a dose-dependent
reduction of the in vivo responses.

HTFP 161, OTFP 162, and DTFP 164 were evaluated"" as
sensillar esterase inhibitors in the silk moths Anthereae poly-
phemus and Antereae pernyi’®™ whose pheromone blend is

shown in Scheme 33. The electroantennographic and nerve im-

Scheme 33. Natural pheromones E6,Z11-16:Ac (170) and E6,Z11-16:Ald (171).

pulse behaviors were investigated by running the test stimuli
on the acetate 170, an esterase substrate, and the aldehyde
171, which is not degraded by the enzyme. In either insect
species, after 30 seconds of preapplication of low doses of tri-
fluoromethyl ketone, the peak amplitude of the response to
the pheromones E£6,Z711-16:Ac (170) and E6,Z11-16:Ald (171)
was reversibly reduced, with the following activity order:
DTFP > HTFP > OTFP. Surprisingly, the responses of either type
of receptor (acetate or aldehyde) were inhibited, with a just
slightly stronger effect elicited on the first. The depolarization-
time value (4/5DT) was not affected and the repolarization-
time value (2/3RT) was prolonged. The result is surprising and
unpredicted since the aldehyde 171 is not supposed to be an
esterase substrate.

The results were in line with what was found for OTFP (peak
amplitude decreased and repolarization time increased) tested
on Spodoptera littoralis"® and Sesamia nonagrioides spe-
cies."™ However, the inhibition of the pheromone deactiva-
tion, by whatever mechanism, would be expected to prevent
the peak-amplitude parameter from declining at all."®' More-
over, the slight prolongation of the repolarization time ob-
served for 171 should not be due to its reduced degradation
since the trifluoromethyl ketones are not expected to inhibit
the sensillar oxidase responsible for the degradation of the al-
dehyde component 171. Nuclear magnetic resonance studies,
based on the fluorine nucleus, focused on OTFP in order to
study more precisely the type of enzyme-inhibitor interaction.
The trifluoromethyl ketone was hydrated in a mixture of buf-
fered hydrochloric acid solution and water; this resulted in one
sharp "°F NMR spectroscopy signal. In the presence of the
enzyme, the spectrum showed a much broader signal with a
downfield shift, a result indicating that the binding of the in-
hibitor to the enzyme had occurred. The chemical-shift value
was compatible with that of a species of tetrahedral geometry,
a fact that points to the presence of a hydrate or hemiacetal.
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When OTFP was mixed with the esterase extract in the pres-
ence of an excess of an irreversible phosphorylating enzyme
inhibitor (paraoxon), it was demonstrated that paraoxon irre-
versibly displaced the enzyme-OTFP complex. Since the phos-
phorylation process occurs specifically by binding a serine resi-
due of the active site, it is probable that the inhibitor-enzyme
interaction occurs through formation of a hemiacetal.

The in vitro inhibition bioassay of Spodoptera littoralis, with
or without preincubation, was studied."® The authors em-
ployed a preparation of crude antennal esterase, obtained
from the homogenization of frozen antennae, and measured
the ratio of tritiated alcohol to the total radioactivity found.
Compounds 172-174 (Scheme 34) turned to be potent inhibi-
tors of the estrase in vitro.
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Scheme 34. Natural pheromone analogues 172 and 173, olefinic trifluorometh-
yl ketones 174 and 175, diene trifluoromethyl ketone 176, and acetylene tri-
fluoromethyl ketone 177.

All trifluoromethyl ketones acted as tight slow-binding inhib-
itors, since they elicited a higher potency after preincubation.
The most potent inhibitors without preincubation were the
dienes 172 and 173, whose structures closely mimicked the
natural pheromone, 79,E11-14:Ac (6). Also, the monoene 174
with the double bond of the chain at the same (11) position as
the natural pheromone 6 displayed a remarkable activity, while
the monoene 175, with chain elongation at the nonpolar end
of the molecule and a double-bond displacement to the
centre of the chain, displayed a lower activity. The pityolure
analogue 102 displayed a fair activity.

Since the best inhibitors (177-179 and 102), as well as the
natural pheromone 6, show the same CH;CH,CH=CH function-
ality at the far end of the molecule, this group might play an
important role in the esterase inhibitory activity.

Are these data suggesting a direct trifluoromethyl ketone-
receptor interaction? Only Z11-16:Tfmk (178, Scheme 35)
turned out to be a promising substrate for the antennal ester-
ase inhibition of Sesamia nonagrioides, whose natural phero-
mone is the acetate 121. Compound 178 elicited a good in
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Scheme 35. Trifluoromethyl ketones Z11-16:Tfmk (178) and E11-16:Tfmk (179)
and pentafluoro analogue 180.

vitro response and a true wind-tunnel disrupting activity,"*

while the E analogue 179 and the alkylic-chain analogue 180
were totally inactive. The natural pheromone 121 and the tri-
fluoromethyl ketone 178 showed different intrinsic antenno-
graphic responses and the fluoro analogue was consistently
less active. When applied as a background, it reduced the elec-
troantennographic responses of the pheromone and signifi-
cantly increased its repolarization time. The depolarization
time was not affected. The strict structural analogies to the
natural pheromone could make the fluoro analogue 178 a
good substrate for receptor recognition and transduction proc-
esses. The same compound was submitted™” to actographic
investigation performed on Mamestra brassicae males. The ac-
tographic analysis showed that the latency of the response
was proportional to the doses of the trifluoromethyl ketone
and that the percentage of responding males was not affect-
ed.

OTFP (162), Z9,E11-14:Tfmk (172) and Z11-16:Tfmk (178)
were included in an in vitro investigation focusing on the real
active form (keto or hydrate) of some putative esterase inhibi-
tors, a,a-difluoromethyl ketones (Dfmks)'® and a,a-difluoro
aldehydes (Dfas)"® (Scheme 36),""” on Spodoptera littoralis
and Sesamia nonagrioides.*® Compounds 162, 172, and 178
confirmed their esterase inhibitory activities (162>172>178)
on either entomological line. Compound 181 showed activity
only on Sesamia nonagrioides but the activity was comparable
with that of 178. Compounds 182, 184, 188, and 189 were in-
active on both insect species. All other difluoro paraphero-
mones had activities 20-80 times lower than that of OTFP. An
attempt to correlate the hydration constant and the inhibitory
potency of the analogues was performed through '"F NMR
spectroscopy studies. The extent of hydration followed the
order: a,a-difluoromethyl ketones < a,a-difluoro-j-thioalkyl-
methyl  ketones < trifluoromethyl  ketones < S-thio-trifluoro-
methyl ketones < a,a-difluoro aldehydes, but no clear correla-
tion was found. The authors stated that their results were in
contrast with what was already reported”™ on the correlation
between the hydration constants and the potencies of some
trifluoromethyl ketones as inhibitors of the juvenile hormone
esterase. In another study, based on molecular modeling,""'? the
same authors had demonstrated that [S-substituted trifluoro-
methyl ketones showed an intramolecular hydrogen bond be-
tween the hydrate and the heteroatom located in 5 position
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Scheme 36. a,0-Difluoromethyl ketones 181-184, a,a-difluoro aldehydes 185-
187, and parapheromones 188 and 189.

to the carbonyl group and that the strength of this hydrogen
bond correlated well with the inhibitory activity.

The link between the anti-esterase activity of the trifluoro-
methyl ketones and the effects of these compounds on the
pheromonal communication system is not straightforward and
further physiological and behavioral investigations are necessa-
ry to determine to what extent the effects on male behavior
are related to the inhibition of the sensillar esterases.

2.6 Delayed-action toxicants

The latent toxicity of the even-numbered fatty acids bearing a
single fluorine substituent in the w-position is due to the in
vivo 8 oxidation to the fluoroacetate."” The fluorinated ana-
logues can be seen as pro-insecticides¥ and the insect oxida-
tive enzymes are recruited to generate the toxin which would
block the citric acid cycle by fluorocitrate formation.™ The po-
tential utility of the fluoroacetate-releasing compounds is miti-
gated by their own low specificity and by their high toxicity
for nontargeted species.

(E)-14-Fluorotetradec-11-en-1-al (191) is the fluoro analogue
of (E)-11-tetradecenal (190, Scheme 37), the major component
of the sex-pheromone blend of the western spruce budworm
Choristoneura occidentalis."'® The fluorinated analogue 191 eli-
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Scheme 37. Natural pheromone E11-14:Ald (190) and its fluoro analogue 14F-
E11-14:Ald (191).

cited significant antennographic dose-dependent reductions of
the peak-amplitude parameter but was equivalent to the natu-
ral pheromone in terms of long-range attraction of males."”
An interesting comparison with the sensory-disruptant acyl flu-
orides 69 and 70°" evidenced how, in compound 191, the w-
fluoro substitution preserved the biological activity of the alde-
hyde analogue. The data on the toxicity revealed that a high
percentage of males (90%) and a lower but still significant per-
centage of females (70%) died when submitted to the action
of 191. It was also shown that antennectomized males contin-
ued to die under the action of the fluoro analogue, a fact dem-
onstrating that a pheromone can enter the moth through
body surfaces other than the antennae. It attracts and kills: the
animal would be killed by its own metabolic talents.”

2.7 Metabolic pathway tracers

Common approaches to the study of the molecular mecha-
nisms by which the pheromones activate transductory process-
es involve the use of radioligands or other pheromone ana-
logues.”>""® A significant example of a synthetic project based
on fluoro analogues employed to elucidate metabolic path-
ways focused on the housefly Musca domestica™® whose
pheromone, muscalure (197), is converted by the cuticle cyto-
chrome P-450 monooxygenases into 9,10-epoxide and 14-keto
metabolites (Scheme 38).

CgHq7

E/\/ﬁ\
[CBHW / CgH1g
CizHoz o Caftrr
Ci3Ho7

Scheme 38. Oxidations of (Z)-9-tricosene (197) performed by the cuticular poly-
substrate monooxygenase of the housefly.

In order to investigate the metabolic processing and to
probe the substrate requirements for the monooxygenase
system, the 14-position of tricosene was blocked to give the
fluoro analogues 198, 199, 201, and 202 and the alkylic chain
was modified to provide the fluoro analogues 200 and 203
(Scheme 39).1'
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Scheme 39. Natural pheromone (Z)-9-tricosene (197), fluoro analogues 198-
200 prepared to verify metabolic processing, and fluoro analogues 201-203
prepared for biochemical experiments.

The 14-position was blocked with either one or two fluorine
atoms, thereby altering the C—H oxidation, and a perfluorooc-
tyl chain was used to replace the octyl chain to probe the im-
portance of the hydrophobicity of the alkyl chain and of the
nucleophilicity of the olefin in the epoxidation reaction. The
authors synthesized and tested other nonfluorinated parapher-
omones (not shown in Scheme 39) bearing methyl, dimethyl,
cyclopropyl, and hydroxy substituents at the 14-position of the
pheromone chain.

Only three of the analogues of (2)-9-tricosene tested (201,
202, and 14-methyl-(2)-9-tricosene) were metabolized to the
corresponding epoxide. This suggests that only minimal struc-
tural change at the 14-position of 197 is allowed with reten-
tion of metabolic activity. The fluoro analogue 203 was not hy-
droxylated at the 14-position and none of the fluoro analogues
were effective inhibitors in both male and female houseflies,
with the polysubstrate monooxygenase thus showing very
strict structural requirements for the substrate.

3 Fluorinated Parapheromones and Stereo-
chemistry

Due to the importance of the stereochemistry of the chiral
pheromones in the expression of the bioactivity,"*" the fluoro
analogues of chiral pheromones should be prepared in a ster-
eodefined manner. To our knowledge, there are still few exam-
ples of enantiopure chiral parapheromones where fluorine
atoms or fluoroalkyl groups are placed on carbon stereocen-
ters.

The aggregation pheromone blend of the southern pine
beetle Dendroctonus frontalis'?® is composed of an 85:15 mix-
ture of (—)-(15,5R)- and (+)-(1R,55)-frontalin (204 and 205, re-
spectively). The fluoro analogues 206-209 (Scheme 40)'*
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Scheme 40. Natural pheromones (—)-(1S,5R)-frontalin (204) and (+)-(1R,5S)-

frontalin (205), trifluoromethyl analogues 206 and 207, and monofluoro ana-
logues 208 and 209.

were prepared and tested on the European coleopteran spe-
cies Dendroctonus micans'* through antennographic and field
tests. Due to the unexpected absence of an infestation of co-
leopterans in the chosen wood, interesting but not conclusive
data were collected. An outstanding activity of the axially fluo-
rinated frontalin analogue (209) was detected with strong
dose-dependent EAG responses and high attractiveness in
wood on some Elateridae species.

The fluorinated analogues of the sex pheromones Z11-14:Ac
(31) and Z9-14:Ac (22) of Ostrinia nubilalis and the beet army
worm Spodoptera exigua,"?' respectively, were synthesized."*
Preliminary assays showed that (5)-210 and (R)-211
(Scheme 41) displayed remarkably different behavior against
Ostrinia nubilalis: while 210 showed a promising mimicking
activity, 211 was totally inactive.

A I
78 7 (o) = 7 Y o
F F
210 21
0 )OJ\
I3 F I3 F
212 213

Scheme 41. Enantiopure fluoro analogues (S)- and (R)-2FZ11-14:Ac (210 and
211, respectively); (S)- and (R)-2FZ9-14:Ac (212 and 213, respectively).

The arrestant components A (214) and B (215, Scheme 42; A
is 70 times more active than B) of German cockroach Blatella
germanica L' are the only chlorinated steroidal glucosidal
contact pheromones known. The fluoro analogue 216"* was
surprisingly more active than 214. The steroidal side chain
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Scheme 42. Natural pheromones Blattellastanoside A (214) and Blattellastano-
side B (215) and the 6-fluoro analogue of A (216).

seemed to be strictly required for bioactivity, as was the sugar
part. The amazingly high activity of the fluoro analogue in
comparison to that of the natural pheromone has not yet
been rationalized.

4 New Frontiers and Different Approaches

The pheromone-binding site interactions are still poorly un-
derstood and there is no complete information about which
amino acids are involved.®! Photoaffinity labeling of phero-
mone components,®*® expression and purification of recombi-
nant pheromone-binding proteins,®* ' NMR spectroscopy
studies of a-helix proteins,"*® and, finally, crystallization stud-
ies™" may fully elucidate the protein structures in the future
and would allow us to understand the binding mechanism.
The insect olfactory system is considered to be relatively
simple in containing only thousands of receptor neurons. Neu-
robiologists are trying to improve knowledge of the mecha-
nisms of the insect brain*? and of the entire olfactory system.
The olfactory neurons that insects use to locate potential
mates or that help them to find food could be “turned off”
through the identification of which odours interact with
known individual receptors. Selectively disabling or over-
expressing newly identified genes that code for the target pro-
teins would change the odour sensitivities and the insect
behaviors.

5 Summary and Outlook

In 1959 the first sex attractant was isolated and identified from
half a million female silkworm (Bombyx mor) pheromone
glands and after thirty years of classical chemical analyses: it
was bombykol, (E,2)-10,12-hexadecadien-1-0l.** The chemistry
of semiochemicals was born. Now, half a century later, the
semiochemicals are applied in integrated pest-management
systems that take advantage of their environmental smooth
impact (nontoxic, highly specific, and effective in low concen-
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trations) in comparison to classical methods such as the em-
ployment of pesticides and insecticides. However, in depth
knowledge of the targeted insects and high purity of the utiliz-
ed pheromones are required, various technical difficulties and
several problems of chemical degradation can arise, and high
production costs are involved. Parapheromones should be de-
signed as metabolically stable, active, cost-effective, and envi-
ronmentally safe analogues. In this family, the fluorinated pher-
omones can influence many chemical, biological, and physical
aspects of the corresponding natural ones, so enhancing the
possibilities of a successful fight against pests. But, the simplis-
tic notion that fluorine acts as a hydrogen isostere cannot ex-
plain the variety of often unpredictable effects observed.?*! In
fact, such effects can be different from one insect species to
another because of the different kind of olfactory receptors in-
volved in the studies. Moreover, in spite of the low quantities
required for the chemical treatment of infested areas, these an-
alogues are considered new drugs and the extensive toxicity
tests necessary before their open-air employment result in ad-
ditional costs. Fluorinated parapheromones can be excellent
structure-activity relationship probes, but their future as large-
scale pest-control chemicals remains doubtful.
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In the text, the chemical names of the compounds are almost exclu-
sively indicated with abbreviations taken from the original papers. In
the present case, (Z,E)-9,11-tetradecadienyl acetate (6) is indicated as
Z9,E11-14:Ac. As a general rule, when double bond(s) is (are) present
in the alkenylic chain, the number(s) which follow(s) the stereochemi-
cal indication(s) (E or Z) refer(s) to its (their) position(s) in the chain (9
indicates the position of the Z and 11 that of the E double bond in
compound 6), with the carbon atom closest to the polar functionality
numbered as 1 (the acetate in 6). The number after the line refers to
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[137]

[138]

the length of the chain and indicates the total number of carbon
atoms (14 for 6). The abbreviation at the end of the name indicates
the chemical nature of the compound (Ac is for acetate in the exam-
ple compound 6). Other abbreviations for polar groups: Ald for alde-
hyde; Al for alcohol; Acfs for acyl fluorides; FmAc, CImAc, and BrmAc
for fluoro-, chloro-, and bromomethyl acetate, respectively; DfmAc,
DclmAc, and DbrmAc for difluoro-, dichloro-, and dibromomethyl ace-
tate, respectively; TfmAc, TclmAc, and TbrmAc for trifluoro-, trichloro-,
and tribromomethyl acetate, respectively; Tfmk for trifluoromethyl
ketone; Dfmk for difluoromethyl ketone; Dfa for difluoro aldehydes.
Alkylic chains are indicated by a capital C followed by a number indi-
cating the total number of carbon atoms in the alkylic framework.
Other abbreviations: Pfe=perfluoroethyl, Pfb=perfluorobutyl, Pfh=
perfluorohexyl, Df =difluoro, Tf =trifluoro, Ttf=tetrafluoro, Fm =fluoro-
methyl, Dfm = difluoromethyl, Tfm =trifluoromethyl.

The replacement of the acetate group (OCOCH;) of the natural phero-
mone by the trifluoroacyl moiety (COCF;) is one of the most common
strategies.

Three receptor cells responding to the major compound of the phero-
mone blend, Z11-16:Ac, are known and different antagonists are used
by heterospecific species (Z9-14:Ac and Z11-16:Ald).

Some Dfmks are inhibitors of serine (ref. [95a]) and HIV-1 proteases.
Some Dfmas are inhibitors of acetylcholinesterase (ref.[95c]) and of
antennal-oxidizing enzymes in antennal tissues.
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Organic Fluorine: Odd Man Out

Jack D. Dunitz*®!

Organic Fluorine Hardly Ever Makes Hydrogen
Bonds

Linus Pauling had a superb intuitive understanding of chemis-
try, backed by deep intelligence and a prodigious memory. He
seldom made mistakes. The best known is perhaps his ill-fated
three-stranded DNA structure, but one of the few other exam-
ples concerns hydrogen bonds involving fluorine. This is evi-
dent from a comparison between the various editions of his
classic “The Nature of the Chemical Bond”. In the early editions
he wrote:

“only the most electronegative atoms should form hydrogen
bonds, and the strength of the bond should increase with in-
crease in the electronegativity of the two bonded atoms... It is
found empirically that fluorine forms very strong hydrogen
bonds, oxygen weaker ones, and nitrogen still weaker ones.”™

Pauling went on to discuss the strong hydrogen bond in hy-
drofluoric acid (HF), and the very strong one in the hydrogen
fluoride ion [HF,]~ and correctly concluded that the proton in
the latter should lie in a single minimum potential well or in a
double minimum potential with a very small barrier. It was
only in the third edition, published in 1960, some twenty years
after the first, that Pauling conceded:

“It is interesting that in general fluorine atoms attached to
carbon do not have significant power to act as proton accept-
ors in the formation of hydrogen bonds in the way that would
be anticipated from the large difference in electronegativity of
fluorine and carbon.”®

Over the years, many chemists have followed Pauling’s first
line of thought, and more or less taken it for granted that or-
ganic fluorine acts as a powerful acceptor in the formation of
hydrogen bonds. Others have looked at the available structural
evidence as collected in the Cambridge Crystallographic Struc-
tural Database (CSD) and concluded that organic fluorine is at
best only a weak hydrogen-bond acceptor.># A further inten-
sive search of the CSD, including detailed inspection of individ-
ual crystal structures and backed by ab initio calculations on
model systems, confirmed that organic fluorine hardly ever ac-
cepts hydrogen bonds, that is, it does so only in the absence
of a better acceptor.””’ Even in such compounds like crystalline
ammonium trifluoroacetate, in which there are four hydrogen
donors per anion, there is no hint of N—H--F hydrogen bond-
ing; the four N—H bonds all point towards oxygen atoms of
the trifluoroacetate anions. In the ammonium monofluoro
structure® there is just a hint of a bifurcated hydrogen bond
involving carboxylate O and the syn-planar F atom, but the
latter is 0.26 A more distant from the H atom (Figure 1). Like-
wise, the evidence for hydrogen bonding to organic fluorine in
protein-ligand complexes was examined and found to be
unconvincing.”

614 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

F
Hydrogen bonding involving 2.29 H
B—F bonds should be stronger HN
than that involving C—F bonds. Yet H
. . . 2.03 ®°QH
even in crystalline ammonium tet- 5 O

rafluoroborate  NH,*BF,”, surely
the exemplar of such an expected
interaction, no short N-H--F
lengths are observed.” The au-
thors commented “it is believed
that hydrogen bonding contrib-
utes negligibly to the lattice
energy of this crystal”. A search of
the CSD reveals only very few crys-
tal structures showing short inter-
molecular X—H--F—B lengths; one example is 4,4,88-tetrafluor-
opyrazabole, another is 2,2-difluoro-4,6-dimethyl-3-phenyl-
1,3,2-difluorodiazaborine (Figure 2).’ One can hardly deny that
these should be classified as genuine hydrogen bonds, but
there are few such specimens.

It seems clear that with its low polarizability and tightly con-
tracted lone pairs, fluorine is unable to compete with stronger
hydrogen-bond acceptors such as oxygen or nitrogen. The few
authentic examples of O—H--F or N—H--F hydrogen bonding in-
volve systems in which approach of the hydrogen atom to
other better acceptor atoms is sterically hindered. Indeed,
nowadays the occurrence of a genuine hydrogen bond involv-
ing organic fluorine seems to be regarded as sufficiently note-
worthy that it deserves special mention in the title of the pub-
lication, as, for example, ref. [10].

Figure 1. A C—F-+H—N interac-
tion in the crystal structure of
ammonium monofluoroace-
tate’® that might be classified
as part of a bifurcated hydro-
gen bond. Taken from J. D.
Dunitz, R. Taylor, Chem. Eur. J.
1997, 3, 93, copyright Wiley-
VCH.

Aliphatic Hydrocarbons and Fluorocarbons

Quite apart from its, for Pauling, unexpected reluctance to
engage in hydrogen bonding, fluorine occupies a special place
among the elements. It is the most electronegative. The fluo-
rine molecule is the most reactive and the most powerful oxi-
dizing agent known. Fluorine forms the strongest known
single bonds in its links with boron, carbon, silicon, and hydro-
gen. With carbon the bond energy increases with degree of
fluorination: for example, (D°(C-F) =453 kJmol™" in CH;F, 546 in
CF,." Other halogens do not behave in this way. Fluorination
increases the strength of C—C single bonds but weakens the
strength of C=C double bonds.""
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a)

Figure 2. Hydrogen bonds in the crystal structures of 4,4,8,8-tetrafluoropyraza-
bole®™ and 2,2-difluoro-4,6-dimethyl-3-phenyl-1,3,2-difluorodiazaborine.”

Perfluorocarbons are remarkably stable and inert. They have
the lowest dielectric constants of any liquids at room tempera-
ture and the lowest surface tensions—they can wet any sur-
face! They also show striking similarities with their hydrocar-
bon counterparts. Although corresponding pairs, for example,
hexane and perfluorohexane, differ greatly in density, they
have almost the same molecular polarizabilities and boiling
points (Table 1), hence closely similar cohesive energies that
derive mainly from intermolecular dispersion interactions. Ex-
cellent reviews of the similarities and differences between
physical properties of fluorocarbons and their hydrocarbon
analogues are available.!"">'

It came then as somewhat of a surprise that liquid hydrocar-
bons and fluorocarbons do not mix easily. As noted in the clas-
sic monograph Regular and Related Solutions: “before the
advent of fluorocarbons, nonpolar components sufficiently
unlike to yield two liquid phases were scarce... The advent of
fluorocarbons provided a new set of nonpolar liquids which
are only partially miscible with other common, nonpolar lig-
uids.” 1

ChemBioChem 2004, 5, 614-621  www.chembiochem.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

As examples of such mutual phobicity might be mentioned
the high consolute temperatures of hexane and perfluorohex-
ane (296 K) and of cyclohexane and perfluorocyclohexane
(316 K) and the strongly nonideal behavior of butane-perfluor-
obutane solutions, where the partial vapor pressures of the
components are much larger than expected for an ideal solu-
tion (Raoult’s law), and the large positive (endothermic) heats
of mixing."¥ In keeping with this behavior, gas-phase measure-
ments indicate that perfluorocarbon-hydrocarbon interaction
energies are about 10% weaker than expected on the basis of
perfluorocarbon-perfluorocarbon and hydrocarbon-hydrocar-
bon interaction energies.'” As far as relative hydrophobicity is
concerned, perfluorocarbons are even less soluble in water
than are hydrocarbons (on a mole basis).

In accord with the mutual antipathy of aliphatic hydrocar-
bons and fluorocarbons, chain segments of the two types
of molecule tend to segregate when both are present
in the same crystal structure. One of the best examples
of this is found in the «crystal structure of
12,12,13,13,14,14,15,15,16,16,17,17,17-tridecafluoroheptadecan-
1-0l,"% in which double layers of hydrogen-bonded hydrocar-
bon chain segments are separated from those of fluorocarbon
segments (Figure 3). The prominent bend at the junction of

Figure 3. Segregation of hydrocarbon and fluorocarbon chain segments in the
crystal structure of 12,12,13,13,14,14,15,15,16,16,17,17,17-tridecafluoroheptade-
can-1-0l"" Taken from J. D. Dunitz et al., Helv. Chim. Acta 2003, 86, 4073,
with permission.

the two segments allows the short intermolecular C--C distan-
ces between successive chains to differ; these distances are
about 4 A between hydrocarbon chain segments and about
5 A between fluorocarbon ones. The crystal structures of the n-
alkanes themselves have been determined recently."” From n-
hexane onwards, the centrosymmetric even-membered chains
pack with all chains parallel (in space group P1, Z=1) while
successive C,-symmetric odd-membered chains are related by
inversion centers (P1, Z=2). The resulting differences in the
packing of the terminal methyl groups have been invoked to
explain the well-known melting-point alternation between
compounds with even- and odd-membered chains.!'”!

Only one perfluoroalkane crystal structure is known so far
and that is perfluorohexane."® In contrast to the planar zigzag
conformation of the n-alkane chain, the perfluoroalkane chain
is helical with twist angles of about 13° around each C—C
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Table 1. Molecular masses (M), liquid densities (p), refractive indices (np), boiling points (b.p.), and molecular polar- Aromatic Hydrocarbons
izabilities (o) of various aliphatic and aromatic hydrocarbons and fluorocarbons. The data were collected mainly and Fluorocarbons
from chemical suppliers handbooks, and the polarizabilities calculated with the Clausius-Mosotti equation; a.=
(3M/Lp) (n°—1)/(n*+2), where M is the molar mass, L is Avogadro’s number, p is the density, and n is the refractive It seems to have come as yet an-
index. Where comparable o values are given in the CRC Handbook of Chemistry and Physics, the agreement is other surprise when, in sharp
good. _—

contrast to the characteristic be-
compound formula M o Ny b.p. o havior in the aliphatic series,

[gmol ] lgmL™] r°cl I (A hexafluorobenzene was found to

perfluoropentane CsFyn 288 1.664 1.241 29 302 10.47 form a 1:1 co-crystal with ben-
perfluorohexane CeF 14 338 1.700 1.251 60 333 12.49 zene_u]] Since then’ dozens of
perfluoroheptane C,Fie 388 1.720 1.265 81 354 14.91 .

solid compounds of hexafluoro-
perfluorooctane CgFig 438 1.730 1.282 100 373 17.73 p .
perfluorononane CoFao 488 1.799 1276 126 399 1862 | benzene with aromatic hydrocar-
pentane CsHy, 72 0.626 1.358 36 309 10.03 bons have been isolated, and
hexane CeHis 86 0.659 1.375 68 341 11.87 their crystal structures deter-
heptane CHyg 100 0.684 1388 98 371 13.70 . .

mined. The structural informa-
octane CgHig 14 0.703 1.398 125 398 15.54 X X
nonane CoHyo 128 0.718 1.405 151 424 1735 | tion was reviewed several years
benzene CeHs 78 0.879 1.501 81 354 1038 | ago™ and more recently dis-
fluorobenzene CeHsF 96 1.025 1.465 85 358 10.27 cussed in the "ght of density_
1,2-difluorobenzene CeH,4F, 114 1.171 1.443 94 367 10.24 fi .

’ unctional theor calcula-
1,3-difluorobenzene CeH,4F, 114 1.160 1.439 83 356 10.25 . (23, 24] y
1,4-difluorobenzene CeHaFs 14 1.166 1.441 89 362 1024 | tions. In contrast to the be-
1,2,4-trifluorobenzene CeHsFs 132 1.264 1.423 88 361 10.55 havior of the aliphatic liquid mix-
1,2,3-trifluorobenzene CeH;F5 132 1.280 1.423 95 368 10.42 tures with their positive heats of
1,3,5-trifluorobenzene CeHsFs 132 1.277 1.415 76 349 10.27 - .

’ mixing, solutions of hexafluoro-
1,2,3,4-tetrafluorobenzene CeH,F, 150 1.400 1.408 95 368 10.48 9 .
1,2,3,5-tetrafluorobenzene CeH,F, 150 1.393 1.404 83 356 1044 | benzene and aromatic hydrocar-
1,2,4,5-tetrafluorobenzene CeH,F, 150 1.430 1.407 90 363 10.24 bons show large negative (exo-
pentafluorobenzene CeHFs 168 1.518 1.390 85 358 10.40 thermic) heats of mixing, that is,
hexafluorobenzene CeFe 186 1.616 1.378 82 355 10.52 aromatic hydrocarbon-fluorocar-

bond (Figure 4). A similar helical structure (twist angle ca. 14°)
was deduced many years ago for the carbon chain of poly(te-
trafluoroethene) (Teflon)."*?” As Bunn and Howells"® pointed

-165 -165

-169

-163
3 -170

»

Figure 4. Perfluorohexane molecule with torsion angles about C—C bonds as
observed in the crystal structure."® The crystal belongs to an achiral space
group and contains equal numbers of enantiomeric molecules.

out, F atoms attached to a planar zigzag carbon chain in 1,3-
positions would be sterically compressed, and the helical twist
increases the distance between such F atoms to more tolerable
values (from about 2.52 A in the planar zigzag chain with 110°
bond angle to about 2.75 A in the helical chain with bond
angle widening to about 116°). Although perfluoroalkane
chains in some crystal structures are described as being nearly
planar, the apparent planarization is probably the result of
thermal disorder involving partial unwinding of the chains.
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bon interaction energies are
greater than expected from the
properties of the individual components.?>?%

As with the corresponding aliphatic hydrocarbons and per-
fluorocarbons, benzene and hexafluorobenzene resemble one
another closely in their physical properties: melting point, boil-
ing point, enthalpies of vaporization and of sublimation. The
crystal structures are different, although both are characterized
by similar herring-bone packing patterns. In the benzene struc-
ture (space group Pbca, Z=4), the molecules are situated on
inversion centers and related by glide reflection in all three di-
rections of space,””” whereas the hexafluorobenzene structure
contains two crystallographically nonequivalent sets of mole-
cules, one situated on inversion centers, the other in general
positions (space group P2,/a, Z=6).*® In complete contrast to
both these structures, the 1:1 co-crystal is built from stacks of
alternating parallel benzene and hexafluorobenzene molecules
with their planes separated by about 3.5 A (Figure 5). This co-
crystal is more stable than the crystals of the individual com-
ponents, at least it melts at a higher temperature (around
20°C rather than 5°C), and the corresponding liquid shows a
negative heat of mixing (—1.98 kJmol~" at 25°C).”** On cool-
ing, the co-crystal undergoes a series of phase transitions in
which disorder associated with molecular rotation around the
stacking axis is frozen out.” The same general alternating
stack structure is shared by the 1:1 co-crystals of hexafluoro-
benzene (or octafluoronaphthalene) with many other aromatic
hydrocarbons.?>2%

It seems remarkable that all the fluorobenzenes have almost
the same boiling point (349 to 367 K) as benzene itself (354 K);
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11291

Figure 5. Alternating stacks in the 1:1 benzene/hexafluorobenzene co-crystal.

they also have practically the same molecular polarizability
(Table 1). The partially fluorinated compounds have melting
points between 225K and 277 K, the higher temperature
being almost the same as the melting points of benzene and
hexafluorobenzene. The crystal structures of most of the parti-
ally fluorinated compounds have been determined and dis-
cussed in great detail with an emphasis on the importance of
C—H-F interactions.*” From our point of view, one of the most
interesting structures in this series is that of 1,3,5-trifluoroben-
zene, which consists of tightly packed stacks in which alternate
molecules are related by inversion centers so as to place the F
atoms of one molecule almost over the H atoms of its two
neighbors in the stack (Figure 6). This molecule, half benzene

ﬁ o

(A
//”L

Figure 6. Molecular stacks in the crystal structure of 1,3,5-trifluorobenzene.”™”
Taken from J. D. Dunitz et al., Helv. Chim. Acta 2003, 86, 4073, with permis-
sion.

and half hexafluorobenzene, so to say, thus forms a very similar
stacking to that of the 1:1 benzene-hexafluorobenzene co-
crystal, and the same has since been found to hold for the
1,2,3-isomer."® Similar stacks, but with larger slip displace-
ments of adjacent molecules, also occur in the crystal struc-
tures of 1,2,4,5- and 1,2,3,4-terafluorobenzenes. It is likely that,
in analogy to the 1:1 benzene-hexafluorobenzene system, co-
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crystals built from stacks of alternating “matched” fluoroben-
zenes can be prepared. This seems to be the case at least for
the fluorobenzene-pentafluorobenzene system. The solid-li-
quid phase diagram of the binary mixture shows an elevated
melting point at 1:1 composition."

How should we describe the molecular interactions leading
to the patterns observed in these crystal structures? Among
the various models proposed is one based on electric quadru-
pole-quadrupole interactions. The electric quadrupole mo-
ments of benzene and hexafluorobenzene are large and of op-
posite sign (—29x 107* Cm? for benzene, +32x107* Cm? for
hexafluorobenzene), and quadrupole-quadrupole interactions
have been invoked to explain the herring-bone structures of
crystalline benzene and hexafluorobenzene and the columnar
arrangement of alternating benzene and hexafluorobenzene
molecules in the 1:1 co-crystal.®? More generally, the quadru-
pole—quadrupole interaction is also supposed to play a role in
stabilizing mixed stacks involving hexafluorobenzene (or octa-
fluoronaphthalene) and aromatic hydrocarbons. On the other
hand, 1,3,5-trifluorobenzene has, as might be expected, quite a
small electric quadrupole moment (+3x107*° Cm?,5¥ but it
also forms very similar stacks in its crystal structure, as seen in
Figure 5. In my opinion, the importance of quadrupole-quad-
rupole interactions in stabilizing certain types of crystal struc-
ture has been vastly overrated. Elementary electrostatics teach-
es us that the central multipole expansion of a charge distribu-
tion is valid only at distances that are large compared with the
dimensions of the distribution. Thus, interaction energies be-
tween adjacent molecules estimated with the quadrupole-
quadrupole model are quite unreliable and cannot be expect-
ed to produce meaningful results.

Energy Calculations

The recently developed SCDS (semiclassical density sums, or
PIXEL) method®*3 offers the possibility of obtaining some in-
sight into the differences between the mixing behavior of hy-
drocarbons and fluorocarbons in the aliphatic and aromatic
series. This method is being developed primarily for calculating
lattice energies of crystals but it is also well suited for estimat-
ing energies of small supramolecular clusters. Here | summa-
rize the results of some recent PIXEL calculations for homo-
and heterodimers of hydrocarbons and fluorocarbons,®® to-
gether with parallel results obtained with the well-known UNI
force field®”, based on empirical atom-atom potentials.

The PIXEL method

The first step is to obtain the electron density for a given mol-
ecule by standard quantum-mechanical methods, for example,
by a MP2/6-31G** molecular-orbital calculation.®® This electron
density is sampled on a grid containing about 10° pixels with
step size 0.08 A. This grid is then condensed into super-pixels
each containing nxnxn steps where n is typically 3, 4, or 5.
Pixels holding less than some minimum charge of around 107¢
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electrons are discarded as insignificant, and the pixel contents
are then renormalized to balance the sum of the nuclear
charges. In this way, the molecular density ends up described
by some 10000 pixels. For a crystal calculation, the positions
of all pixels and all nuclei are repeated in space by the space-
group symmetry operations. Thus, the method assumes a jux-
taposition of rigid, undistorted electron densities of separated
molecules in a supramolecular array. The coulombic energy be-
tween any two molecules is then calculated simply as a sum
over qgj/r; contributions from each pair of electron-density
pixels g; and g; in the separate molecules. At the short distan-
ces between adjacent molecules in condensed phases, the
coulombic energy calculated by the PIXEL method is much
more reliable than that based on electrostatic interactions
among any distribution of point charges or multipoles.

The remaining terms in the interaction energy are evaluated
with the help of a few assumptions and approximations. Re-
pulsion energy is taken to be proportional to the electron-den-
sity overlap elevated to a power slightly smaller than one. For
the polarization energy, the electric field is evaluated at each
pixel, which is assigned the polarizability of the closest atom,
and the polarization energy is obtained by the linear polariza-
tion assumption. The dispersion energy is obtained as a sum
of pixel-pixel terms by a London-type formula, by using the
assigned pixel polarizabilities and the overall molecular ioniza-
tion potential, taken as the energy of the highest occupied
molecular orbital (HOMO). In the calculation of polarization
and dispersion energies, damping functions are introduced to
avoid singularities. The total interaction energy is taken as the
sum of the coulombic, polarization, dispersion, and repulsion
terms. The method uses only four fully disposable parameters
and is described in detail elsewhere.?*3*

In discussing results obtained by the PIXEL method, it must
be stressed that only the coulombic energies are parameter-
free. The other terms vary significantly for relatively small
changes in the numerical value of the four disposable parame-
ters. Nevertheless, the method in its present parameterization
reproduces sublimation enthalpies of many organic crystals
and interaction-potential curves for some typical molecular
dimers reasonably well.®*** Moreover, if PIXEL energies are
sensitive to small changes in parameterization, quantum-chem-
ical calculations of intermolecular interactions also give quite a
spread, depending on the choice of method, basis set and
basis-set superposition treatment, and other subtle factors.
The underlying problem in all these approaches is that the
energy of interest represents a tiny difference between huge
positive and negative energy values.

The UNI force-field method

The UNI force-field is of the simple form:
E(R;) = Aexp (—BR;)—CR;®

Here R; is the distance between any two atoms i and j in dif-
ferent molecules. Designed specifically for the organic solid
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state, this force field was calibrated against observed structures
and sublimation enthalpies of a collection of crystals of organic
compounds.®** Although these potentials were initially devel-
oped without explicit atom-atom point-charge electrostatic
contributions, they may be supplemented with these by
adding electrostatic potential (ESP) point charges placed at nu-
clear positions. Such charges are available from the electron-
density distribution by fitting them to the ESP produced by
this distribution. The inclusion of ESP charges allows compari-
son between the PIXEL method and the localized charge treat-
ment of coulombic interactions.

Aromatic Dimers'®®

Table 2 shows the PIXEL energies for the homodimers of ben-
zene, hexafluorobenzene, 1,3,5-trifluorobenzene, 1,2,3-trifluoro-
benzene, and for the benzene-hexafluorobenzene heterodim-

Table 2. PIXEL energies [kJmol~"] of aromatic dimers at fixed inter-ring
distance of 3.4 A

dimer Ecou Epol Eagisp Erep Eiotal
(benzene), -0.8 —4.0 —323 235 —13.6
(HFB), —-0.8 —4.2 —36.0 19.4 —19.9
Be:HFB —12.7 —4.7 —33.8 21.6 —29.7
(1,3,5-TFB),

parallel —4.1 —2.3 —34.2 215 —-19.0
antiparallel —84 —24 —34.2 225 —225
(1,2,3-TFB),

parallel —23 —25 —34.2 21.8 —17.2
antiparallel —10.3 —-29 —34.2 2255 —249
[a] Be =benzene, TFB =trifluorobenzene, HFB = hexafluorobenzene.

er, all in face-to-face arrangements at an inter-ring distance
3.4 A and without lateral slip or rotation in the molecular
plane. In the actual benzene-hexafluorobenzene co-crystal, ad-
jacent molecules in the stacks are laterally displaced and mutu-
ally rotated (Figure 5), and in the crystal structures of 1,3,5-
and 1,2,3-trifluorobenzene, adjacent molecules in the stacks
are laterally displaced (Figure 6). According to the PIXEL calcu-
lations, the dimer energies change only little with small devia-
tions from the face-to-face arrangement. The observed stack-
ing displacements in the actual crystal structures could well be
attributable to better interstack packing.

From Table 2, it is seen that although the dispersion energy
makes by far the largest contribution to the net stabilization of
all the aromatic face-to-face dimers, it is clearly the coulombic
contribution that makes the heterodimer more stable than the
homodimers of benzene and hexafluorobenzene. This is per-
haps not too surprising. It is interesting, however, that the cou-
lombic energies of the benzene and hexafluorobenzene homo-
dimers are not strongly destabilizing, as would be expected
from a point-charge or quadrupole moment model, which
yield for the coulombic energy approximately the same nu-
merical value as for the heterodimer but with opposite sign.
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As expected, the coulombic energy makes a large and impor-
tant contribution to the stability of the antiparallel trifluoro-
benzene homodimers and it is also slightly stabilizing for the
parallel dimers. Here again, the simple electrostatic expectation
based on the parallel orientation of the 1,2,3-isomer with its
fairly large electric dipole moment is not fulfilled.

Aliphatic Dimers

The description of the dimers of the aliphatic chain-like mole-
cules is more complicated than for the disk-shaped aromatics.
In the n-hexane dimers (Figure 7), H1 is based on translation
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Figure 7. Low-energy dimers of n-hexane and perfluorohexane calculated with the PIXEL program.”® Taken from J. D.

Dunitz et al., Helv. Chim. Acta 2003, 86, 4073, with permission.

normal to the plane of the C atoms, and H2 on translation in
that plane. In the perfluorohexane dimers, P1 is based on
translation, and P2 on a combination of translation, reflection,
and rotation about the chain axis (recall that the perfluorohex-
ane molecule is chiral so the molecules in the P2 pair are enan-
tiomers). The dimers illustrated are those with the lowest cal-
culated energy (Table 3) and they correspond closely to ar-

Table 3. Equilibrium distances [A] and PIXEL energies [kJmol~"] in low-
energy hexane and perfluorohexane homo- and heterodimers. The homo-
dimers are pictured in Figure 7.

dimer d Ecoul Epol Edisp Erep Etotal
H1 (hexane), 3.8 -85 —3.8 —374 27.8 —22.0
H2 (hexane), 4.4 —5.1 —2.1 —27.1 17.3 -17.0
P1 (perfluorohexane), 5.1 -0.8 —0.1 —12.2 3.9 -9.1
P2 (perfluorohexane), 6.0 -0.3 0.0 — 96 24 -7.6
HP1 heterodimer 49 -1.0 -04 -19 4.7 —8.5
HP2 heterodimer 5.0 —1.1 -04 —-104 5.1 -7.0
HP3 heterodimer 5.0 —1.1 -04 -19 5.4 —-8.0

rangements of successive molecules in the actual crystal struc-
tures. For the heterodimer, no crystal structure is available and
indeed, judging from the behavior of the liquid mixtures, it is
unlikely that a co-crystal will ever be obtained. Data for three
low-energy heterodimers HP1, HP2, and HP3 are also given in
Table 3.
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The coulombic energy for the hexane dimers H1 and H2
amounts to —8.5 and —5.1 kJmol™, respectively. These rela-
tively large values may come as a surprise in view of the usual
description of interactions among such aliphatic hydrocarbons
as “nonpolar”. With parallel planar zigzag chains separated by
38 A (4.1 A in the actual crystal structure), H1 also has the
lowest total energy despite the large repulsion energy at this
short distance. The perfluorohexane dimers P1 and P2 and the
three heterodimers HP1, HP2, and HP3 have markedly larger
interchain separations and correspondingly smaller coulombic
and total stabilization energies. The coulombic energy in the
heterodimers is close to zero. Since the peripheral hydrogen
and fluorine atoms have opposite charges (the ESP charges are
about +0.1e), one might have
expected a greater stabilization
from this source, but one must
not forget the destabilizing inter-

7 actions between the charges of
o\_>o peripheral atoms of one molecule

I and the carbon atoms of the

Qe CQ};O other. The UNI calculations based
o—C{\ Q‘;]\oo on ESP charges give very small
)Q A coulombic energies for all the ali-
U'\FJ_O phatic dimers. They give a some-
o what different pattern of ener-

gies, but both methods agree
P2 that the binding energy of the
heterodimer is not greater than
that of the homodimers but
less—in sharp contrast to the re-
sults for the aromatic dimers.

What Have we Learned?

The relatively simple models described above provide some in-
sight into the problem of hydrocarbon-fluorocarbon compati-
bility. In the aromatic series, the binding energy of the ben-
zene-hexafluorobenzene dimer is found to be markedly great-
er than the energies of the corresponding homodimers. In the
aliphatic series, the binding energy of the hexane-perfluoro-
hexane dimer is less than the energy of the hexane homodim-
er, all this in accord with the contrasting behavior of aromatic
and aliphatic hydrocarbon-fluorocarbon mixtures. While these
results are a long way from explaining the behavior of real sys-
tems, the energy dissection afforded by PIXEL suggests some
general relationships between molecular shape and intermo-
lecular interaction energies of aliphatic and aromatic systems.

Dispersion seems to be by far the most important cohesive
contribution for the molecules discussed here. It derives
mainly from interactions between C atoms because of their
much greater atomic polarizability. The difference between the
aliphatic and aromatic systems seems to be mainly a matter of
the difference in molecular shape. In the aromatic dimers, the
disk shape of the molecules with H or F atoms on the outer
rim allows C atoms of the separate molecules to maintain a
nearly constant close distance of approximately 3.4 A, and
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hence to provide a substantial and nearly constant dispersion
energy throughout the series. The coulomb energy of the het-
erodimer then plays the decisive contribution to its greater sta-
bility over the homodimers. The same is true, to a slightly
lesser extent, for the 1,2,3- and 1,3,5-trifluorobenzene dimers
in suitable mutual orientation.

In the aliphatic series, the C atoms are more shielded from
external influence. The closest intermolecular C--C distances
are around 4 A in the hexane homodimer but appreciably
longer in the other dimers, because the F atoms with their
larger packing radius get in the way of any close contact be-
tween C atoms of different molecules. Hence, dispersion ener-
gies are much smaller. In addition, there is little gain in cou-
lombic energy in the aliphatic heterodimer, so the net result is
indifference or even destabilization upon mixing.

So what is so special about organic fluorine? Why is it the
odd man out? Can this be simply on account of its large elec-
tronegativity and low polarizability? In organic compounds,
fluorine generally replaces hydrogen. It has approximately the
same atomic polarizability as hydrogen although the fluorine
atom has nine times as many electrons—and, of course, a
nine-times-greater nuclear charge! And it needs more space.
The low molecular polarizability of fluorocarbons relative to
their molecular weights and volumes fits in with their low sur-
face tension and low boiling points relative to their molecular
weights (the very similar boiling points of hydrocarbons and
corresponding fluorocarbons point to similar cohesive energies
per mole but not per gram). Instead of relating to molecular
weight, we may relate to molecular volume. Since polarizability
a has the same dimension as volume V, the ratio Q=a/V is a
dimensionless quantity. Among the elements commonly pres-
ent in organic compounds, fluorine has the smallest value of
Q.

If Q were constant over a series of molecules, it would mean
that for a given external electrostatic field, the induced molec-
ular dipole moment would be proportional to molecular
volume. Since the induced dipole moment depends on the dis-
tance between separated charges, that is, to some extent on
the linear dimension of a molecule, such a regularity could
only hold for molecules of similar shape. Ignoring this compli-
cation, large molecules tend to have large polarizabilities,
while small molecules have small ones. Each additional atom
in a molecule adds to the molecular volume and to the molec-
ular polarizability, keeping Q roughly constant. Only replace-
ment of hydrogen by fluorine results in an increase in molecu-
lar volume without any concomitant change in molecular po-
larizability, besides changing the sign of the local charge.

Of course, this is a vastly oversimplified caricature of the un-
derlying physics. The external electric field and the induced
dipole moment are 3-vectors, and the linear polarizability is a
33 tensor, whereby experimental polarizability values such as
those in Table 1 are isotropic averages. Nevertheless, in the ab-
sence of better data, better calculations, and better arguments,
the above discussion may help to throw a hint on the question
of why organic fluorine is special and so often behaves as the
odd man out.
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The Polar Hydrophobicity of Fluorinated

Compounds

Justin C. Biffinger, Hong Woo Kim, and Stephen G. DiMagno*®

Brief Survey of Fluorine Substitution

Fluorine substitution is a powerful tool in bioorganic and me-
dicinal chemistry."™™ The chemical inertness and relatively
small size of fluorine®® coupled with the short C—F bond
length have made C—F substitution attractive for the replace-
ment of a number of functional groups, including C—OH, C—H,
and C=0. Fluorine incorporation into biologically active com-
pounds can alter drug metabolism”'? or enzyme substrate
recognition."*'® The hydrophobic nature of fluorinated com-
pounds is also cited for improved transport across the blood-
brain barrier.""*? Improved oral bioavailability is seen in some
systems where fluorine substitution leads to improved hydro-
lytic stability.?"*=% Furthermore, replacement of sensitive or
reactive groups with fluorinated substituents has led to mech-
anism-based inhibitors for a wide variety of diseases and to
chemotherapeutic drugs."#?" Review articles appear regular-
ly on these subjects; some recent examples are given in
refs. [9,27,32-37].

Properties of Fluorinated Compounds

Fluorinated compounds, like hydrocarbons, have negative en-
tropies of aqueous solvation (at room temperature) due to the
tendency of water molecules to “order” around the hydropho-
bic portions of the solute,®**? although the exact nature of
this “hydrophobic hydration” is a matter of considerable con-
troversy.***? Generally, the entropy of binding hydrophobic
substrates to protein receptors is large and positive due to the
liberation of water by desolvation of the solute. Several strat-
egies have been developed to exploit the hydrophobic
effect® 42 for the design of enzyme inhibitors with increased
free energies of binding. One germane approach from the
group of Whitesides relied on the attachment of a hydropho-
bic group to the substrate at a point distant from the specifi-
cally recognized portion of the molecule.” In this work, the
binding of the inhibitors (Scheme 1) to carbonic anhydrase
was directly proportional to the total surface area of the hydro-
phobic group, irrespective of its (branched or fluorinated)
nature, a result indicating that hydrophobic hydration of ap-

(0] (0]
H2N028‘®—/< H2N0284®—/<
CoHen+1)

CnF 2n+1)

Scheme 1. Inhibitors of carbonic anhydrase featuring hydrocarbon and fluoro-
carbon tails of varying lengths.
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pended fluorocarbon and hydrocarbon segments enhances
the free energy of binding by a similar mechanism. The greater
affinities observed for fluoroalkylated compounds were attrib-
uted solely to the larger hydrophobic surface areas desolvated
upon binding. It should be noted that this general enhance-
ment of molecular recognition is expected to be larger if hy-
drophilic groups are replaced by fluorocarbon moieties or if
the fluorocarbon segment is incorporated into the binding
pocket.

It is not controversial that fluorocarbon groups are hydro-
phobic.’ However, whether the C—F bond can participate in
strong polar interactions is a matter of some debate. The C—F
bond is highly dipolar, as is evidenced by the large dipole mo-
ments (u) of fluorinated hydrocarbons (Table 1). A second criti-

Table 1. Physical properties of the C—F bond.””
Compound Dipole mo- Compound Refractive b.p.
ments
[debye] index [°Cl
CH,F 1.85 perfluorohexane 1.2515 57.1
CH,F, 1.97 hexane 1.3751 69
fluorobenzene 1.70 hexafluorobenzene 1.3777 80.5
benzene 1.5011 80.1

cal feature of the C—F bond is that it is relatively nonpolariza-
ble, which accounts, in part, for the extremely low refractive in-
dices of fluorocarbons. (C—F bonds also reduce overall molecu-
lar polarizabilities of organic molecules by increasing the hard-
ness of the carbon framework, a fact that helps account for
the general increase in lipophilicity (77),“**”" of fluorinated aro-
matics.) Thus, the C—F bond is expected to act as a hard Lewis
base.

In the gas phase, polar fluorinated hydrocarbons such as flu-
oromethane (¢ =1.85 debye) act as hydrogen-bond acceptors
and form hydrogen bonds that are roughly half the strength
of hydrogen bonds formed to water for the same proton
donor.¥ Despite this observation, hydrogen bonding to C—F
dipoles of fluorinated organic molecules is generally not ob-
served in polar solvents such as alcohols, amines, or water.*”
The reason for this divergent behavior is clear; the C—F bond
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Polar Hydrophobicity of Fluorinated Compounds

can interact with ionic or dipolar groups by electrostatic (di-
pole-dipole or point-dipole) interactions, but time-dependent
(dipole-induced dipole, ion-induced dipole, and dispersion) in-
teractions are not as favorable for the relatively nonpolarizable
C—F bond as they are for solvent heteroatoms. In addition, any
covalent (exchange) contribution to C—F hydrogen bonding is
smaller because of the large difference in ionization potentials
between fluorine and the competing heteroatom hydrogen-
bond acceptors.”™® Nevertheless, the gas-phase data indicate
that C—F dipolar interactions can be significant when compet-
ing heteroatoms are absent.

There is a growing body of evidence that C—F bonds can
participate in strong dipolar interactions in the solid state or in
preorganized macrocyclic systems. In 1983, Glusker et al. sur-
veyed the Cambridge Database and systematically analyzed
the crystal structures of compounds with C—F bonds; they
found weak evidence for hydrogen bonding.®*? The empirical
rules developed from these studies stated that “in structures
with an excess of proton donors over acceptors,...we might
expect C—F--H bonding to be observed in the crystal pack-
ing."®"

Such C—F--H—C interactions have been proposed as a design
principle for crystal engineering; Desiraju and co-workers, in
particular have argued that these short range (2.5 A) interac-
tions are responsible for the solid-state ordering seen in the
crystal structures of partially fluorinated aromatic com-
pounds.**4

In contrast to the relatively sparse data supporting hydrogen
bonds to C—F moieties, an updated review of the crystallo-
graphic literature and recent work with macrocyclic fluorinated
ligands conclusively demonstrate C—F--M ligation, where M is
an alkali metal cation.®**" Dipolar C—F--M interactions in pre-
organized, polyfluorinated hosts are sufficiently strong to bind
a variety of cations, even in polar solvents. Consideration of
these data leads to two key conclusions: 1) the energies of
electrostatic interactions of the C—F bond dipole with positive
ions or dipoles can be substantial in appropriately organized
systems, and 2) these same interactions are of minimal impor-
tance in polar heteroatom solvents. These two points are the
basis of the polar hydrophobic effect.

In carbohydrate chemistry, replacement of single hydroxy
groups with a fluorine atom has been advanced as a standard
method to probe whether a binding site contains a hydrogen-
bond-donating or -accepting residue at a specific position.'-¢%
It is postulated that a hydrogen-bond donor in the receptor
site leads to near normal binding, while a hydrogen-bond ac-
ceptor results in decreased free energies of binding (higher in-
hibition constant (K) values) for the fluorinated carbohydrate.
Although the vast majority of work has been performed with
selectively monofluorinated deoxyhexose analogues, hexose
analogues incorporating multiple fluorine substitutions have
been observed to bind more strongly than the normal sub-
strates in some cases. Specific examples are the preferential
binding of 2-deoxy-2,2-difluoro-p-glucose to yeast hexoki-
nase® and the enhanced inhibition of glycogen phosphory-
lase by 2-deoxy-2-fluoro-a-p-glucosyl fluoride (Scheme 2).%4 In
these examples, the corresponding monofluorinated deriva-
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Scheme 2. Inhibitors of glycogen phosphorylase showing the enhanced binding
of the difluorinated derivative. See ref. [62].

tives had greater affinity for the respective enzymes than b-
glucose and the difluorinated derivatives had even more.

These results are difficult to rationalize by specific hydrogen-
bonding arguments, but are readily explained by invoking
polar hydrophobicity. According to this hypothesis, binding of
fluorinated carbohydrates probes the static dipole-dipole and
charge-dipole interactions within the receptor site and the
nature of the compound’s aqueous solvation. Since the multi-
ply fluorinated compounds are more hydrophobic than the
corresponding carbohydrates, the enhanced protein-binding
affinity is not surprising. Furthermore, these results indicate
that the polar hydrophobic effect is cooperative; thus, exten-
sive fluorine substitution for polar hydrophilic groups may in-
crease the free energy of binding because the hydrophobic flu-
orocarbon surface is desolvated upon transfer to the receptor,
thereby liberating water molecules to the bulk solvent. Con-
comitantly, enthalpically favorable dipolar interactions of the
C—F bonds with cationic or dipolar residues in the receptor
site can be retained. These considerations lead to a general
strategy for enhancing molecular recognition: increasing the
fluorocarbon content of a substrate molecule (by judicious C—
F substitution for hydrophilic groups) without significantly per-
turbing the molecular shape should enhance specific binding
in preorganized sites that are able to stabilize the negative
ends of the C—F dipoles. Ideal sites would feature a combina-
tion of hydrophobic, positively charged, dipolar, or hydrogen-
bond-donating residues.

Heavily Fluorinated Carbohydrate Analogues

Inspection of Table 2 indicates that the aggregate size of the
C—F bond is actually substantially larger than C—H and smaller
than C—OH, while an excellent match is found for C=O.
Figure 1 displays a comparison between the relative sizes of
the hydroxymethylene and gem-difluoro groups. Although the

Table 2. Steric consequences of fluorine substitution. For the CHOH group,
the measured distance is to the center of the cone swept out by the hydroxy
proton.

Bond Length [A] van der Waals Total size [A]

radius [A]

C-H 1.09 1.20 2.29

=0 1.23 1.50 2.73

C-O—- 1.43 1.52 295

C-F 1.35 1.47 2.82

O-H 0.96 1.20 2.16

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 623
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Figure 1. A comparison of the relative sizes of the hydroxy-
methylene and gem-difluoro groups.

angular orientation is slightly different, the spatial
extent of the two groups is very similar. On purely
steric grounds, the gem-difluoro group should be su-
perior to CFH as a substitution for CHOH.

Initial studies designed to test the polar hydropho-
bicity concept focused on heavily fluorinated carbo-
hydrate analogues, such as 1-hydroxy-5-hydroxy-
methyl-2,2,3,3,4,4-hexafluorooxane, 1 (see Scheme 3).
These analogues retain the overall shape and pseu-
doquadrupolar charge distribution of the natural
compounds but should have diminished polarizability due to
the increased fluorocarbon content.

In addition to changing solvation and polarizability charac-
teristics, the 2,2-gem-difluoro group has profound electronic
impact on the reactivity of 1. Strong electron-withdrawing
groups (like perfluorocarbons) destabilize the sp*-hybridized
carbonyl form of aldehydes, thus the mutarotation rate de-
creases dramatically and the cyclic acetals are more strongly
preferred for these analogues than for typical sugars. Anomeric

L3 L4, o
O i o}
RO era or LI () Ttera R :
- (-)-DIPCI
THF, -78 °C
R = -CHj or -CH,CH; 60 %

NaBH,, 1) BzCl, EtN, CH,Cl,
MeOH, 0 °C
B
F H,O0/CH,CN/CCl,
OH F 3) BHyTHF H
HOH,C  F

> 97% de, 70% recovery 1

Scheme 3. Synthesis of the heavily fluorinated hexose analogue (S)-1. THF = tetrahydrofuran, (—)-DIPCl=B-chlorodiiso-
pinoxampheylborane, Bz= benzyl, DMAP = 4-dimethylaminopyridine, EDC|= 1-(3-(dimethylamino)propyl)-3-ethylcarbo-

diimide hydrochloride.
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Figure 2. X-ray crystal structure of 2 showing the absolute stereochemistry of the S center.

activation of 1 via an oxocarbenium ion is also quite difficult,
as the electron-withdrawing perfluoroalkyl group destabilizes
an adjacent carbocation center.”®
The synthesis of 1 (shown for the S enantiomer) depicted in
Scheme 3 is straightforward and either enantiomer is obtain-
able in good yield after resolution of the enantiomerically en-
riched products. This synthetic methodology has proven to be
quite general and permits preparation of the 2,3-dideoxy-
2,2,3,3-tetrafluoropentofuranose derivatives as well.
Enantiomeric excess was de-
termined by analytical chiral
HPLC (Chiracel OD, 95% hexane,
5% isopropanol) of 1,6-diben-
zoate derivatives. The absolute
stereochemistry set in the initial
/ o DIPCI reduction was determined
o} )L by anomalous dispersion in the
@/\(CFz)s OR|' X-ray crystal-structure determi-
nation of the diiodinated deriva-
tive shown in Figure 2. The ob-
served stereoselectivity is consis-
tent with previous reports by
Ramachandran et al. describing
the DIPCI reduction of fluorinat-
ed ketones (Scheme 4);%9 the re-

1) (R)-Naproxen
DMAP, EDCI
2) Crystallization

duction by (—)-DIPCI yielded the
S-enriched carbohydrate ana-
logue (Scheme 3).

Racemic compound 1 is a

somewhat volatile (sublimed at
57°C, 0.02 mm Hg), sweet-smell-
ing crystalline material. Structur-
96% al 'H and "F NMR spectroscopy
studies were performed on sev-
eral of the intermediates in the
synthetic pathway, thereby al-
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Scheme 4. Use of (—)-DIPCl in the synthesis of S alcohols from perfluoroalkyl aryl ketones.

lowing all fluorine and proton resonances for the a and f§
anomers of 1 to be assigned. These assignments were used to
distinguish between the two diastereomeric forms of the ana-
logue in two-dimensional EXSY experiments probing transport
across the membrane of red blood cells (RBCs).

Glucose Transporter Studies

Transport studies of 1-, 2-, 3-, 4-, and 6-monodeoxyfluoro-p-
glucose across the RBC membrane have been performed to
probe the binding requirement for transmembrane transport
and anomeric preferences for mediated transport through the
RBC membrane have been noted.”” " 2-Deoxy-2-fluoro-p-glu-
cose (2-DFG) and 3-deoxy-3-fluoro-p-glucose (3-DFG) cross the
erythrocyte membrane at rates very similar to that of glucose,
while permeabilities for the 4- and 6-substituted derivatives (4-
DFG and 6-DFG) are roughly halved.®® The a anomer of each
monofluorinated monodeoxyglucose isomer is transported
more rapidly than the 8 anomer. While fluorine substitution at
individual positions on glucose has a relatively small effect on
the transport rates, alteration of the configuration of a single
hydroxy group on the ring has a profound effect; for example,
galactose is transported over tenfold more slowly than glu-
cose.”" The transport data from nonphysiological substrates
indicate that the active site is sterically fairly discriminating
and that the hydroxy moieties at positions 2-4 are probably in-
teracting with positively charged, hydrogen-bond-donating, or
hydrophobic groups. Thus, this system serves as an ideal re-
ceptor to test the polar hydrophobic hypothesis with 1.
Two-dimensional EXSY experiments were employed to deter-
mine the absolute magnitudes of the transmembrane-trans-
port rate constants for 1. Exchange rates (k... for trans-
membrane transport were determined to be 54 s™' for the a
anomer and 15 s~ for the 8 anomer. Individual efflux (k. rate
constants were extracted from the k., values after correcting
for the differences in intra- and extracellular volumes, to give
kg=22.2s"" for the a anomer and ky=7.6s"' for the
anomer.”? A comparison of the permeability measured for 1
(Pt =9.5%10"cms™' and Pg=32x10"*cms™") with the
values determined for 3-DFG (P.,=0.58x10"*cms™' and
P.3=0.44Xx10"* cms™') shows that the heavily fluorinated ana-
logue crosses the RBC membrane at an approximately tenfold
higher rate. Control experiments, including inhibition studies,
verified that the increased permeability of 1 is consistent with
mediated diffusion and enhanced affinity for the transport protein.

ChemBioChem 2004, 5, 622-627 www.chembiochem.org
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These data indicate that in-

H OH creasing the polar hydropho-
“CF3 bicity of judiciously chosen
substrates may be a useful

strategy for improving biologi-

90% ee, S cal  molecular  recognition.
Given the large number of

pharmaceutically relevant com-
pounds that contain terminal
hexopyranose moieties, and
the recognized role that these
hexopyranose moieties play in transport and delivery, there is
ample opportunity to explore the effects of appending heavily
fluorinated carbohydrate analogues in well-studied systems,
provided that the requisite synthetic methodology is devel-
oped.

[66]

Derivatized Heavily Fluorinated Carbohydrate
Analogues

Recent efforts in our laboratories have extended the synthetic
chemistry to enable relatively facile anomeric activation and
derivatization of carbohydrate analogues. It is amply docu-
mented that an electron-withdrawing perfluoroalkyl group
exerts a potent destabilizing effect on an adjacent carbocation
center.™ Tidwell and co-workers” have shown that solvolysis
reactions of 2-(trifluoromethyl)-2-propyl triflate occur at a
roughly millionfold slower rate than isopropyl triflate. In this in-
stance, only elimination products are obtained for the trifluoro-
methylated derivative. Atypical solvent effects indicate that a
full cationic charge is never generated at the carbon center.
Similarly, Olah and Pittman"¥ have noted that 1,1,1-trifluoro-2-
propanol does not ionize, even under super acid conditions
(FSO3H-SbF; SO,); instead, the alcohol is quantitatively proto-
nated. These considerations, together with the observation
that longer perfluoroalkyl groups are more electron withdraw-
ing than trifluoromethyl groups, dictate that a potent leaving
group and/or strongly ionizing conditions are required to
effect substitution of the anomeric position in heavily fluorinat-
ed carbohydrate analogues.” Indeed, this is the case; 1-tosyl,
bromo, and iodo derivatives are inert to anomeric activation.
Only the anomeric triflate, which is readily isolable by standard
chromatographic methods, is easily displaced by a variety of
nucleophiles (Scheme 5). Thus, incorporating these heavily flu-
orinated carbohydrate analogues into biological macromole-
cules can be accomplished with only minor modifications of
existing synthetic techniques. It is hoped that these synthetic
developments will enable the polar hydrophobic hypothesis to
be surveyed more thoroughly by using heavily fluorinated car-
bohydrate analogues.

These embryonic results in the fluorinated carbohydrate
area notwithstanding, there is much to be gained by embrac-
ing this concept and using it to interpret some of the more
puzzling literature results. For example, in the elegant recent
work by Banner, Miller, Diedrich, and co-workers, it was found
that fluorine substitution on the aromatic ring of a family of
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Scheme 5. Utility of the 1-triflate group for anomeric functionalization of heavily flu
DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene.

thrombin inhibitors (Table 3) led to enhanced binding for the
4-fluoro derivative but near normal binding for the 2- and 3-
fluoro derivatives.”

Table 3. Inhibition constant (K) data for fluorinated thrombin inhibitors.

NH, ®HCI
Inhibitor X K [um]
(£)-1 - 031
(+)-2 2-F 0.50
(+)-3 3-F 0.36
(+)-4 4-F 0.057
(£)-5 2,6-F, 0.61
(£)-6 3,5-F, 0.59
(+)-7 1,2,3,4,5-F5 0.27

Upon investigation of the protein crystal structures in which
the various inhibitors were bound, the authors posited that a
novel C—F--C=0 dipolar interaction was responsible for the en-
hanced molecular recognition (AAG=1.0 kcalmol™) of the 4-
fluoro compound and that such interactions were lacking in
the other derivatives. There are two intriguing aspects to these
data; the first is that the “extra” binding energy of the 4-fluoro
derivative seems exceptionally large given the literature prece-

626 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Wein

90%

orinated carbohydrate derivatives. Tf = triflate = trifluoromethanesulfonyl,

dents for C—F cation interactions, the second is that the 2- and
3-fluoro derivatives provide almost no change in the K; value,
although there are no obvious C—F stabilizing interactions in
binding pocket, according to the structural analyses. These
data are easily rationalized by invoking polar hydrophobicity.
According to this argument, fluorine substitution on the aro-
matic ring reduces its polarizability, increases the hydrophobic
surface area of the molecule, and provides an enhanced driv-
ing force for desolvation. One may estimate from lipophilicity
data that this general driving force may be in the range of
0.2-0.5 kcalmol™". This additional driving force compensates
for any unfavorable low-energy dipolar interactions in the
active site of the 2- and 3-fluoro derivatives and is augmented
by a favorable, but weak, C—F--C=0 interaction for the 4-fluoro
case. Consistent with the polar hydrophobic hypothesis, even
a favorable dipolar interaction is sufficient to afford a sizeable
increase in the binding constant.

Conclusion

In this review we have shown how the polar hydrophobic
nature of fluorine-containing compounds can lead to increased
affinity for natural receptors, despite the relatively weak dipolar
interactions that characterize the hard C—F dipole. Although
the polar hydrophobic concept was developed to help explain
some of the puzzling protein-binding data characteristic of flu-
orinated carbohydrate analogues, we have attempted to show
how this concept can be applied more broadly in medicinal
chemistry.
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Use of Fluorine in the Medicinal Chemistry and
Chemical Biology of Bioactive Compounds—A
Case Study on Fluorinated Taxane Anticancer

Agents

lwao Ojima*™

Introduction

It has been shown that the introduction of fluorine to a bioac-
tive molecule causes minimal steric alterations and, hence, can
facilitate interactions of that biomolecule with enzyme active
sites, receptor recognition sites, transport mechanisms, and
other biological systems."? At the same time, however, the in-
troduction of fluorine significantly alters the physico-chemical
properties of the bioactive molecule because of its large elec-
tronegativity. Thus, this type of modification can also induce
modified biological responses.”?

Rational designs exploiting these special properties of fluo-
rine have been successful in the development of new and ef-
fective biochemical tools as well as medicinal and therapeutic
agents.? Fluorinated congeners can also serve as excellent
probes for the investigation of biochemical mechanisms.
'F NMR spectroscopy can provide unique and powerful tools
for mechanistic investigations in biology.”’

This minireview describes the exploitation of the unique
nature of fluorine in the medicinal chemistry and chemical bi-
ology of taxane anticancer agents as a showcase in this field of
research.

Taxane Anticancer Drugs

Paclitaxel (Taxol’) and docetaxel (Taxotére®) are two of the
most important anticancer drugs, approved for clinical use in
chemotherapy against various
human tumors, for example,
metastatic breast cancer, ad-
vanced ovarian cancer, non-
small-cell lung cancer, and Kapo-
si's sarcoma.>*

These drugs are currently un- R'
dergoing clinical trials worldwide
for the treatment of other can- R R

cers, such as head and neck,
prostate, and cervical cancers. Ef-
fective chemotherapy in combi-
nation with other anticancer
agents like cisplatin, carboplatin,
or doxorubicin has also been developed. These “taxane” anti-
cancer drugs bind to the B-tubulin subunit, accelerate the poly-
merization of tubulin, and stabilize the resultant microtubules,
thereby inhibiting their depolymerization. This results in the

disilazide.

628 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

arrest of the cell-division cycle, mainly at the G2/M stage, and
leads to apoptosis through the cell-signaling cascade.>® Al-
though both paclitaxel and docetaxel possess potent antitumor
activity, recent reports have shown that treatment with these
drugs often encounters undesirable side effects as well as drug
resistance.®*”! Therefore, it is important to develop new taxane
anticancer agents with fewer side effects, superior pharmaco-
logical properties, and improved activity against various classes
of tumors, especially against drug-resistant human cancer.

Paclitaxel : R' = Ph, R® = Ac
Docetaxel : R'= tBuO, R?2=H

Fluorotaxane Anticancer Agents

In the course of our extensive studies on the design, synthesis,
and structure-activity relationships (SAR) of taxane anticancer
agents, we synthesized fluorine-containing taxanes by means
of the B-lactam synthon method®'” (Scheme 1) to investigate

the effects of fluorine incorporation on cytotoxicity and the
[11-13
S.

blockage of known metabolic pathway ! The primary sites

1) MHMDS (M = Li or Na)
2) HF/Py

R® = tBuO, Ph, C,H,F

Scheme 1. Synthesis of fluorine-containing taxanes by means of the S-lactam synthon method. HMDS = hexamethyl-
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of metabolism on the paclitaxel molecule for the P450 (CYP)
family of enzymes are the para-position of the C-3’ phenyl, the
meta-position of the C-2 benzoate, the C-6 methylene, and the
C-19 methyl groups.'*"! A substantial decrease in the rates of
enzymatic oxidation is anticipated for the replacement of a
C—H bond with a C—F bond at these sites; this laid the basis
for our design of fluorine-containing taxanes possessing high
cytotoxicity coupled with enhanced metabolic stability.

In addition, we envisaged the use of these fluorine-contain-
ing taxanes as probes for conformational analysis to aid our ef-
forts to discover the biologically active conformation of pacli-
taxel. We have studied these taxane probes by NMR and mo-
lecular modeling methods and postulated likely recognition
and binding conformations for paclitaxel, both in solution and
at its binding site on the microtubules.

Fluorine-Containing Analogues of Paclitaxel
and Docetaxel for Metabolism Studies

Novel fluorine-containing paclitaxel and docetaxel analogues,
3’-(4-fluorophenyl)paclitaxel (1), 2-(3-fluorobenzoyl)paclitaxel
(2), and 2-(3-fluorobenzoyl)docetaxel (3) have been used as
substrates to probe the metabolic pathways of taxane anti-
cancer drugs, with a focus on the action of the key CYP family
of enzymes, for example, subfamilies CYP 2C (responsible for
6a-hydroxylation of paclitaxel) and CYP 3A (responsible for hy-
droxylation of the tBoc group in docetaxel).'*"® As predicted,
introduction of a fluorine atom at the primary site of enzymatic
hydroxylation in the paclitaxel molecule, that is, the para-
position of C-3" phenyl group to give 3'-(4-fluorophenyl)pacli-
taxel (1), was found to block the enzymatic hydroxylation by
CYP completely.>"¥ A striking result was observed for 2-(3-fluo-
robenzoyl)paclitaxel (2), that is, the hydroxylation occurred only
at C-6, while no hydroxylation was observed at the 3'-phenyl
ring; this suggests a strong allosteric effect of the fluorine-
containing 2-benzoate moiety on the action of the enzyme
(Scheme 2).'>™

However, the corresponding docetaxel analogue, 2-(3-fluoro-
benzoyl)docetaxel (3), was shown to undergo the usual side

CYP 2C

human liver microsomes

chain hydroxylation, which may well be due to the greater re-
activity of the tert-butyl group as compared to the 3’-phenyl of
paclitaxel ~toward enzymatic hydroxylation by CYP
(Scheme 3).'*™ Further studies with novel taxoids containing
strategically placed fluorine atoms are underway to elucidate
these metabolic events in greater detail.

Fluorotaxane Anticancer Agents Bearing CF,
and CF,H Groups at the C3'-Position

Synthesis

A series of 3-CF;-docetaxel congeners was synthesized
through ring-opening coupling reactions of an excess of race-
mic N-tBoc-4-CF;-B-lactam (rac-4, 2.5 equiv) with 7-TES-bacca-
tins (5) (Scheme 4)."" The reaction gave the desired (2'R,3'R)-
3’-CF;-docetaxel congeners (6) with diastereomeric ratios of
9:1 to >30:1 (by ""F NMR analysis) through high-level kinetic
resolution of the B-lactam. In particular, the desired diaster-
eomers of three 3'-CF;-taxanes (6: R=H, Ac, and Me,NCO)
were obtained exclusively (Table 1). The rationale for this
highly impressive level of kinetic resolution is illustrated in
Figure 1. Other second-generation 3'-CF;-taxanes were synthe-
sized by means of the p-lactam synthon method with the
enantiopure N-t-Boc-4-CF,-B-lactam, following the general
process shown in Scheme 1.1

A series of 3'-CF,H-taxanes (12) was synthesized from N-
tBoc-4-CF,H-p-lactam (11), obtained from its enantiopure pre-
cursor (3R,4R)-3-TIPSO-4-(2-methyl-1-propenyl)-B-lactam (7) by
ozonolysis, followed by treatment with (diethylamino)sulfur tri-
fluoride (Scheme 5). Coupling of 7-TES-baccatins (5) with the 4-
CF,H-B-lactam (11) under standard conditions gave the desired
3'-CF,H-taxanes (12) in moderate to good yields."

Anticancer activity

Cytotoxicities of these 3'-CF;-taxanes (6) were evaluated
against five human cancer cell lines (Table 2). All the 3'-CF;-tax-
anes (6) are significantly more potent than either paclitaxel or

or recombinant CYP3A4

human liver microsomes

CYP 3A

or recombinant CYP3A4

No hydroxylation!

F (o]
Allosteric effict?

Scheme 2. Metabolism of 3'-(4-fluorophenyl)paclitaxel (1) and 2-(3-fluorobenzoyl)paclitaxel (2) by CYP.
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human liver microsomes

I. Ojima

recombinant CYP 3A4

Scheme 3. Metabolism of 2-(3-fluorobenzoyl)docetaxel (3) by CYP.

EEO, .CF,
N N

(o) CO,tBu >‘\
rac-4

1) LIHMDS, THF
2) 0.1N HCI, EtOH

5 R =TES, Ac, (CH3),N-CO
morpholine-4-CO
cyclopropane-CO

CH4CH,-CO, Me(CH,);-CO

Me;CCH,-CO, MeO-CO

-

EEO, CF,

+ N,
@) CO,tBu

(2R 3'R)-6

(3S,4S)-enriched 4

Scheme 4. Synthesis of 3'-CF-taxanes through ring-opening coupling with kinetic resolution.

docetaxel in every case. The most remarkable results are, how-
ever, the two orders of magnitude better activities of the 10-
acyl-3'-CF;-taxanes (6: R=EtCO, Me,NCO, MeOCO) relative to
paclitaxel and docetaxel against the drug-resistant breast
cancer cell lines MCF7-MDR and LCC6-MDR.I'>"7

The 3'-CF,H-taxanes (12) follow the pattern of the 3'-CF;-tax-
anes by exhibiting activities greater than those of paclitaxel

and docetaxel against both drug-sensitive and drug-resistant
cell lines. Most notably, these 3'-CF,H-taxanes exhibit single-
digit nanomolar-level ICs;, values against the drug-resistant
human breast cancer cell line LCC6-MDR, thereby showing two
orders of magnitude greater potency than paclitaxel and three
orders of magnitude greater potency than doxorubicin.['>'¢

Table 1. Kinetic resolution coupling of f-lactams with baccatins.

Fluorine-Probe Approach to the Study
of Bioactive Conformations of Taxanes

T Conversion . Yield Isomer ratio'” Solution-phase structure and dynamics of
Taxoid R °q 9] 9”  (2R3R:2'S3'S) onp y
paclitaxel

a H (TES) —40 to —20 80 54 single isomer

b Ac —40to —10 72 4 single isomer The wide dispersion of "FNMR chemical shifts
c (CH;),NCO —40t0 0 100 63 single isomer makes this type of spectroscopy particularly amena-
d morpholine-4-CO  —40to —20 100 60 23:1 ble to th bservation of dynami nformational
e cyclopropane-CO  —40to 0 100 64 10:1 e”o . € observation © .y amic_conformationa
£ CH,CH,CO _40to —15 100 74 ~30:1 equilibria through the freezing of conformers at low
g CH;(CH,),CO —40to —10 100 56 9:1 temperature. Thus, we envisaged using fluorine-
h (CH5);CCH,CO —40t0-20 9 59 221 containing taxanes as probes for NMR analysis, in
i MeOCO —40to —20 93 54 24:1

sis.

[a] Based on consumed Baccatin. [b] Two-step yield. [c] Determined by 'F NMR analy-

conjunction with molecular modeling, of the con-
formational dynamics of paclitaxel, a poorly investi-
gated area.
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Analysis of low-temperature, variable-temperature (°F and
'H) NMR and "F'H heteronuclear NOE spectra of 3'-(4-fluoro-
phenyl)-3'-N-(4-fluorobenzoyl)paclitaxel (F,-probe-1) in con-
junction with molecular modeling has revealed the presence
of an equilibrium between two conformers in protic solvent
systems." Interpretation of the temperature dependence of
the coupling constants between H2' and H3’ for the F,-probe-
1 shows that one of these conformers is anti. The other con-
former has an unusual near-eclipsed arrangement around the
H2'-C2'-C3'-H3’ dihedral angle, which is found to be more
prevalent at ambient temperature. Strong support for this
unique conformer can be found in its close resemblance to a

THE,.

% Lithium

1

fi-lactam carbonyl

(3R,4A)-CF3-p-lactam
(most favorable)

&K

(35,45)-CF3-p-lactam
{very unfavorable)

(35,45)-CF3-p-lactam
(unfavorable)

Figure 1. Rationale for highly efficient kinetic resolution in the ring-opening coupling of N-
tBoc-4-CF;-3-lactams (4) with baccatins (5). Note the steric hindrance in the three unfavor-
able approaches. (The ethoxyethyl protecting group on the 3-hydroxyl moiety of the -lac-

tams is omitted for clarity.)

TIPSO, TIPSO,  .CHO

:< 1) 0,
: 2) Me,S -
puy

o PMP o PMP

TIPSO, CF,H
1 1) NaHMDS, THF
O Boc 2) HF/pyridine
11

Scheme 5. Synthesis of 3'-CF,H-taxanes (12).
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F,-probe-1

proposed solution structure of a water-soluble paclitaxel an-
alogue, paclitaxel-7-MPA (MPA = N-methylpyridinium acetate)."
This previously unrecognized conformer might play an impor-
tant role at the binding site(s) on the microtubules.

Protein-bound conformation of paclitaxel using
fluorine probes in solid-state '°F NMR.

We have successfully extended the fluorine-probe
approach to estimating the F—F distance in the mi-
crotubule-bound 2-(4-fluorobenzoyl)-3'-(4-fluoro-
phenyl)-10-Ac-docetaxel (F,-probe-2) using solid-
state magic-angle spinning (SSMAS) '°F NMR analy-
sis with radio-frequency driven dipolar recoupling
(RFDR). Our preliminary studies revealed that, in the
microtubule-bound complex, the distance between
the two fluorine atoms in the F,-probe was 6.5+
0.5 A'¥ Restrained high-temperature molecular dy-
namics were conducted for F,-probe-2 while main-
taining a distance restraint of 6.5 A between the
two fluorine atoms. This analysis indicated that this
distance (6.5 A) could be maintained by a couple of
energetically similar conformers.

In the mean time, another SS NMR method, rota-
tional echo double resonance (REDOR), was applied
to the same problem by Schaefer and co-workers
using  2-(4-fluorobenzoyl)-C3'(**C)-C3'N(**N)-(*CO-
benzoyl)paclitaxel.”” This led them to propose a mi-
crotubule-bound paclitaxel conformation, which
supported our proposed conformation based on
photoaffinity labeling studies,?" that is, a structure
close to one of the two X-ray crystal structures of
paclitaxel.?? Thus, two SS NMR methods that can
determine the F—F or F—"3C distance have become

TIPSO, CF,H  1)CAN TIPSO,  CFH
— 2) (tBOC),0 —
N
0 PMP @) Boc
9 10

R = H, Ac, Me,NCO,
EtCO, MesCCH,CO
X=H, F, Cl, OMe
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Table 2. Cytotoxicity of 3'-CF;-taxanes and 3'-CF,H-taxanes against human cancer cell lines.
(ICso M)
F Taxoid R R X MCF7 MCF7-R  R/S®! LCC6WT  LCC6-MDR  R/S™  H460 HT-29 A549
(breast) (breast) (breast) (breast) (ovarian) (colon) (NSCLQ)
Paclitaxel Ph Ac H 1.8 484 269 34 216 64 5.5 36 3.6
Docetaxel Ph H H 1.1 359 343 - - - - 1.0 1.2
Doxorubicin - - - 180 2900 16 - - -
SB-T-12841-2 CF, CH,CH,CO H 0.5 16 32 - - - - 0.3 0.4
SB-T-12842-4 CF, (CH,),NCO N, 0.5 42 84 14 22 16 03 0.5 -
SB-T-12844-1 CF, CH;CH,CO N, 0.4 2.6 6.5 1.2 1.6 1.3 0.2 0.4 -
SB-T-12844-2 CF, CH;0CO N; 0.5 4.7 924 1.2 25 2.1 0.2 0.4 -
SB-T-12842 CF,H  CH,CH,CO F - - - 1-0 5-7 89 - - -
SB-T-12843 CF,H  (CH3)),CCH,CO - - - 13 5.0 57 - - -
SB-T-128221 CF,H (CH;),NCO MeO 0.7 10 14 0.8 7.0 39 0.2 0.4 -
SB-T-12821-3 CF,H CH;CH,CO F 0.6 6.4 1" 0.6 3.1 5.2 0.3 0.5 -
SB-T-128221-3 CF,H CH,0CO H 1.1 8.1 74 1.2 6.7 5.6 0.3 0.5 -
SB-T-12823-3 CF,H CH,0CO H 0.8 14 18 1.0 83 8.3 0.3 0.5 -
[a] The concentration of compound which inhibits 50% (ICs,) of the growth of the human tumor cell line after 72 h drug exposure. [b] R/S=drug resistance
factor=1Csy(drug-resistant cell line)/ICso(drug-sensitive cell line).

F,-probe-2

available to investigate interesting problems in chemical biolo-
9y.

Taxane-Antibody Immunoconjugates for
Tumor-Specific Delivery of Anticancer Agents

Current cancer chemotherapy is based on the premise that
rapidly proliferating tumor cells are more likely to be killed by
cytotoxic drugs. Unfortunately, the difference in activity of cur-
rent drugs against tumor tissues relative to healthy tissues is
relatively small. The amount of a drug required to achieve a
clinically effective level of activity against the targeted tumor
cells often causes severe damage to actively propagating non-
malignant cells such as those of the gastrointestinal tract and
bone marrow; this results in a variety of undesirable side ef-
fects. Therefore, it is very important to develop new chemo-
therapeutic agents with improved tumor specificity.

The discovery of antigens that are particularly over-ex-
pressed on the surface of cancer cells suggests that, by using
certain antibodies to selectively “mark” tumor cells, malignant
tissues could be distinguished from normal tissues. Monoclonal
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antibodies (mAbs), which have shown high binding specificity
for tumor-specific antigens, could fulfill this task. In fact, these
mAbs could be used as vehicles to deliver cytotoxic drugs se-
lectively to tumor cells. A drug-mAb conjugate would target
the tumor cells by binding to the antigens on their surfaces.
The conjugate would then be internalized and release the orig-
inal cytotoxic agent in its active form. This type of immunocon-
jugate can be categorized as “tumor-activated prodrugs”
(TAPs; Figure 2).2% Ideally, a TAP should be stable during circu-
lation (no premature release of the drug) and should not bind
to normal tissue cells.

The practical efficacy of such immunoconjugates heavily de-
pends on the nature of the cytotoxic agents, the tumor speci-
ficity of mAbs, and the property of the linker unit. An mAb-cal-
cheamicin conjugate “Mylotarg” has been approved for clinical
use.”” Maytansinoids and CC-1065 analogues have been con-
jugated to mAbs for treatment of tumors and showed encour-
aging potency and selectivity in preclinical models.?>?

Paclitaxel and docetaxel have made a significant impact on
current cancer chemotherapy, mainly because of their unique
mechanism of action® but seriously suffer from a lack of
tumor specificity and multidrug resistance (MDR). Thus, it is
beneficial to develop immunoconjugates of these drugs.
Indeed, two research groups have recently reported paclitax-
el-mAb conjugates as potential tumor-specific anticancer
agents. However, one of the conjugates was only tested in
vitro and the other showed only limited efficacy in vivo. It is
clear from the current understanding of the requirements for
effective immunoconjugates that the cytotoxicity level of pacli-
taxel or docetaxel is not sufficient as the cytotoxic component
of the conjugate for human clinical use.”® In addition, it is an-
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Figure 2. A model for tumor-activated prodrug (TAP) with mAb.

ticipated that those conjugates will be inactive against tumors
expressing MDR phenotypes.

On the basis of our structure-activity relationship study of
taxanes, we have developed a series of highly potent second-
generation taxanes.””? Most of these taxanes exhibited 2-3
orders of magnitude higher potency than those of paclitaxel
and docetaxel against drug-resistant cell lines expressing MDR
phenotypes. One of these second-generation taxanes, “ortatax-
el” (SB-T-110131; IDN5109; BAY59-8862), exhibited an excellent
pharmacological profile in preclinical studies®*>* and is cur-
rently undergoing phase Il human clinical trials, sponsored by
Bayer, against several cancers. Accordingly, in principle we
should be able to develop novel chemotherapeutic agents
with high potency and exceptional tumor specificity by linking
these new-generation taxanes with mAbs. Use of an appropri-
ate linker between a taxane and a mAb is crucial for the effica-
cy of the resulting immunoconjugate. The linker must be
stable for an extended period of time during storage and
during circulation in vivo, but
readily cleavable once inside a
cancer cell. Among possible
linker units reported, we chose
to employ a disulfide linker be-
cause of its favorable characteris-
tics. It is expected that the mAb

component of the conjugate MeS-5-Cystein
binds to the specific antigens on
a tumor surface, and the whole HS-Cystein

conjugate is internalized by en-
docytosis. The disulfide bond is
then cleaved by an intracellular
thiol, such as glutathione, to re-
lease the taxoid in its active
form.

Recently, we launched the de-
velopment of taxane-mAb con-

ChemBioChem 2004, 5, 628-635 www.chembiochem.org
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jugates as TAPs and obtained extremely promising results in
human cancer xenografts in SCID (severe combined immune
deficiency) mice. We clearly demonstrated the tumor-specific
delivery of a taxane anticancer agent without any noticeable
toxicity to the animals, and all the animals tested were
cured.®¥ Thus, we are currently investigating the efficacy of
the fluorine-containing taxane anticancer agents mentioned
above as the taxane portion of taxane-mAb conjugates.
However, the first-generation taxane-mAb conjugates have
a modification at the C-10 position with a sulfhydrylpropanoyl
group (see Scheme 6). The modification at the C-10 position
with this group was found to be the most effective on the

Scheme 6. Fluorine-containing first-generation taxane-mAb conjugate.

basis of in vitro assay results, although the C-7 and the C-2’ po-
sitions were other possible modification sites.*® The introduc-
tion of a sulfhydryl group reduces the taxane’s cytotoxicity by
8-10 times relative to a propanoyl group at the same posi-
tion.®® Accordingly, we have been developing new short link-
ers in combination with the disulfide linkage, which can re-
lease the parent taxane anticancer agent highly efficiently. One
of these approaches is the glutathione-triggered cascade drug
release, which forms a thiolactone as a side product
(Scheme 7). This mechanism-based drug-release concept has
been nicely proven in a model system by monitoring the reac-
tion by F NMR with fluorine-labeled compounds (Figure 3).
The strategic incorporation of a fluorine substituent at the

Fg'

—114 116 118 —120 —122 124 —126  ppm

Figure 3. A model system for the mechanism-based drug release.
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Scheme 7. Proposed glutathione-triggered cascade drug release.

para position to the disulfide linkage would direct the cleavage
of this linkage by a thiol to generate the desired thiophenolate
or sulfhydrylphenyl species for thiolactonization. Also, as de-
scribed above, the incorporation of a fluorine substituent
might increase the metabolic stability of the conjugate. This
system has been successfully applied to an advanced model
system by using a 3'-CF;-taxane. We are now applying the fluo-
rine-probe approach to monitoring drug release in real cancer
cells.

Further applications of the strategic incorporation of fluo-
rine(s) for the medicinal chemistry and chemical biology of bio-
logically active compounds of medicinal interests are under-
way in these laboratories.

Keywords:  antitumor agents cancer fluorine
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Fluorine in Medicinal Chemistry

Hans-Joachim Bohm,* David Banner, Stefanie Bendels, Manfred Kansy,
Bernd Kuhn, Klaus Miiller, Ulrike Obst-Sander, and Martin Stahl™

Fluorinated compounds are synthesized in pharmaceutical re-
search on a routine basis and many marketed compounds con-
tain fluorine. The present review summarizes some of the most
frequently employed strategies for using fluorine substituents in
medicinal chemistry. Quite often, fluorine is introduced to im-
prove the metabolic stability by blocking metabolically labile
sites. However, fluorine can also be used to modulate the physi-

1. Introduction

Carbon-bound fluorine atoms are unique in organic chemistry.

Fluorine is a small atom with a very high electronegativity."

With a van der Waals radius of 1.47 A" covalently bound fluo-

rine occupies a smaller volume than a methyl, amino, or hy-

droxyl group, but is larger than a hydrogen atom (van der

Waals radius of 1.2 A).

While synthetic fluoro-organic chemistry has matured over
recent decades, the specific use of fluorine in small-molecule
drug-discovery research is more recent. Traditional medicinal
chemistry was very much based on the use of natural com-
pounds or closely related derivatives thereof. Traditional Chi-
nese medicines, for example, do not contain fluorinated mole-
cules® As a consequence, until the 1970s fluorinated com-
pounds were rare in medicinal chemistry.” This has changed
quite dramatically over the last 20 years, and fluorinated com-
pounds are nowadays synthesized in pharmaceutical research
on a routine basis.®” According to the World Drug Index
(WDI), there are 128 fluorinated compounds with US trade
names.” Of the 31 new chemical entities approved in 2002,
nine compounds contained fluorine.”

In the present contribution, we select a few examples to
illustrate how fluorine substitution is used in contemporary medici-
nal chemistry. We are not attempting to provide an exhaustive
review of the subject. Instead, we will discuss representative exam-
ples and comment on how we see the use of fluorine evolving.

Current strategies for the introduction of fluorine atoms
center on the following topics:

1) Metabolic stability is one of the key factors in determining
the bioavailability of a compound. Rapid oxidative metabo-
lism by the liver enzymes, in particular the P450 cyto-
chromes, is often found to limit bioavailability. A frequently
employed strategy to circumvent this problem is to block
the reactive site by the introduction of a fluorine atom.
There are many examples "' illustrating that the replace-
ment of an oxidizable C—H group by a C—F group increases
metabolic stability of the molecule.

2) Fluorine can change the basicity of a compound. Highly
basic groups can have a limiting effect on the bioavailabili-
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cochemical properties, such as lipophilicity or basicity. It may
exert a substantial effect on the conformation of a molecule. In-
creasingly, fluorine is used to enhance the binding daffinity to the
target protein. Recent 3D-structure determinations of protein
complexes with bound fluorinated ligands have led to an im-
proved understanding of the nonbonding protein-ligand interac-
tions that involve fluorine.

ty. A fluorine atom introduced close to a basic group re-
duces its basicity; this results in better membrane permea-
tion of a compound and thus improved bioavailability.

3) Increasingly, fluorine substituents are introduced to in-
crease the binding affinity of a compound. For example,
most of the NK1 antagonists currently in clinical develop-
ment contain a 3,5-di(trifluoromethyl)phenyl group to in-
crease binding affinity."” In a recent review on the use of
QSAR and computer-aided design methods, Wermuth de-
scribed  the  3,5-di(trifluoromethyl)phenyl  group as
“magic'"® because it is found in many published NK1 an-
tagonists and classical QSAR does not account for this
strong effect of fluorine.

2. Improving Metabolic Stability with Fluorine

Low metabolic stability is a recurring challenge in many drug-
discovery projects. Lipophilic compounds have a tendency to
be oxidized by liver enzymes, in particular cytochrome P450.
There are several strategies to counter this issue. One of them
is to make the molecule more polar. An alternative strategy is
to block the metabolically labile site with a fluorine substituent
and hope that the small fluorine atom will not impair the bind-
ing to the target protein. Indeed, this approach is frequently
employed and has led to many successful compounds.®'¥

A particularly nice example is the discovery of the cholester-
ol-absorption inhibitor Ezetimibe (Scheme 1).'*"* Starting
from the moderately potent compound SCH48461, blockade
of two metabolically labile sites in the molecule by fluorine
substituents contributed significantly to the discovery of
SCH58235 (Ezetimibe), which is a very potent compound that

[a] Prof. Dr. H.-J. Bbhm, Dr. D. Banner, Dr. S. Bendels, Dr. M. Kansy, Dr. B. Kuhn,
Prof. Dr. K. Miiller, Dr. U. Obst-Sander, Dr. M. Stahl
Discovery Research, Pharmaceuticals Division, Roche
CH 4070 Basel (Switzerland)
Fax: (+41)61-6881745
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Scheme 1. Development of Ezetimibe (SCH58235) by optimization of the lead

SCH48461.12 13 As part of the optimization, two metabolically labile sites are blocked by flu-

orine substituents.
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Scheme 2. Development of the COX 2 inhibitor Celecoxib."” Replacement of a
fluorine group by a methyl group reduces the very long half-life to an accepta-
ble level.

was recently approved by the FDA. Introduction of fluorine
atoms prevent oxidation of the phenyl ring to phenol and
dealkylation of the methoxy group.

Another interesting recent example demonstrating the
strong effect of fluorine on metabolic stability, is the discovery
of the cyclo-oxygenase2 (COX2) inhibitor Celecoxib
(Scheme 2).'™ |n this case, the extremely high metabolic sta-
bility of the lead compound, which results in a very long bio-
logical half life, could be reduced to more acceptable levels by
replacing a fluorine atom by a metabolically labile methyl
group.

Interestingly, there are also a few cases known for which the
introduction of a fluorine substituent does not prevent oxida-
tion at that site.”"'® This phenomenon is observed in particu-
lar for phenyl rings with a nitrogen substituent in the para po-
sition to the fluorine substituent. During P450-catalyzed oxida-
tion, a rearrangement takes place in which the fluorine atom
moves to an adjacent carbon and the phenol metabolite is
formed para to the nitrogen substituent.

3. The Effect of Fluorine on Physicochemical
Properties

3.1 The effect of fluorine on the pK,

As the most electronegative atom, fluorine has a very strong
effect on the acidity or basicity of nearby functional groups.
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Depending on the position of the fluorine substitu-
ent relative to the acidic or basic group in the mole-
cule, a pK, shift of several log units can be observed.
For example, the pK,’s of acetic acid and its a-
fluorinated analogues are 4.76 (CH;COOH), 2.59
(CH,FCOOH), 124  (CHF,COOH), and 0.23
(CF,COOH).I"™ Likewise, the basicities of ethylamine
and its P-fluorinated analogues, measured by the
pK,'s of the protonated amines, decrease in an ap-
proximately linear fashion upon introduction of
fluorine, the pK,’s being 10.7 (CH;CH,NH,), 8.97
(CH,FCH,NH,), 7.52 (CHF,CH,NH,), and 57
(CF3CH,NH,)." Similarly, a fluorine substituent at the
3 and 4 position of a piperidine ring lowers the pK,
by about 2 log units.?*2"

Quite often, a change in the pK, has a strong effect on both
the pharmacokinetic properties of the molecule and its bind-
ing affinity. For example, a strongly basic group may be re-
quired for binding within a certain lead series, but at the same
time this basic group may also be found to result in com-
pounds with low bioavailability due to the limited ability of a
strong basic group to pass through membranes. The drug dis-
covery project team is then faced with the challenge of finding
an optimum between these conflicting effects.

This challenge is very nicely highlighted by the work of
van Niel et al?? on the discovery of novel fluorinated indole
derivatives as selective 5HT,, receptor ligands. The incorpora-
tion of fluorine was found to significantly reduce the pK, of
the compounds, and this reduction of basicity, with a concomi-
tant weakening of the affinity to the receptor, was shown to
have a strong beneficial influence on oral absorption
(Figure 1).

3.2 The effect of fluorine on molecular lipophilicity

Lipophilicity is a key molecular parameter in medicinal chemis-
try. Typically, groups of substantial lipophilicity on the ligand
are required to obtain a good binding affinity to the target
protein.”® However, a high lipophilicity typically results in a re-
duced solubility and a number of other undesirable properties
for a compound. Therefore, the right balance between a re-
quired lipophilicity and a certain minimal overall polarity of the
molecule is one of the recurring challenges for medicinal
chemists.

We investigated the effect of replacing a hydrogen by a fluo-
rine atom on the lipophilicity of a compound. We selected 293
pairs of molecules from the Roche in-house database with
measured logD values that just differ by one fluorine atom.
LogD is the logarithmic coefficient of the distribution of the
compound between octanol and water at a given pH (typically
7.4). A histogram of changes in logD upon one H/F exchange
is shown in Figure 2. The plot reveals a Gaussian distribution
with the maximum slightly higher than 0. On average, the sub-
stitution of a hydrogen atom by fluorine increases lipophicity
slightly, by roughly 0.25 log units. This is in line with expecta-
tions and atomic increments published by others.* Interest-
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IC59 =0.9nM
N= ECSO =0.9nm
N = N pK, =8.7
NN
N\, F
(14% in rat)
N
|C50 =78 nm
pK, =6.7

Figure 1. Effect of pK, value on the bioavailability and receptor binding for a set of 5HT,,
agonists.”? The nonfluorinated parent compound is a very potent receptor ligand, but has a
very low bioavailability. The monofluorinated compound has a lower pK, that is still com-
patible with the requirements for receptor binding, but now results in a compound of sub-
stantially increased bioavaliability. The difluoro compound has a pK, of 6.7. This compound
is no longer basic enough to achieve high binding dffinity for the 5HT,, receptor.

180
160
140
120

No 100
of
obs

AN N -

O S R A o Ay ) R S RN S e et
-1.0 -05 00 05 10 15 20 25 30
log D difference —

Figure 2. Histogram of change in log D observed upon substitution of a hydro-
gen atom by a fluorine atom. On average, logD is increased by roughly 0.25.

ingly, the tail of the Gaussian distribution extends to values
below zero. In other words, there are quite a number of cases
for which an H to F substitution decreases lipophilicity. A
closer inspection of these cases reveals that there are a few re-
curring structural patterns that appear to correlate with this
effect. The substructures are shown in Scheme 3. At the pres-
ent, we cannot offer a conclusive explanation for this effect. In-
terestingly, the compounds are characterized by the presence
of an oxygen atom close to the fluorine. We carried out confor-
mational analyses for 14 compounds with a negative logD
shift associated with one single H/F exchange. All compounds
were found to have at least one low-energy conformer with an
O--F distance smaller than 3.1 A. In order to better understand
this observation, we calculated the solvation free energies for
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ethylbenzene, ortho-fluoroethylbenzene, acetophe-
none, and ortho-fluoroacetophenone in water and in
chloroform (we used chloroform instead of n-octanol
for technical reasons) by using an ab initio quantum-
chemical method.”™ These results indicate that, for
ethylbenzene, the fluorine substituent has little effect
on the solvation energy both in water and in chloro-
form, whereas for acetophenone, the fluorine sub-
stituent enforces the solvation energy in water more
strongly than in chloroform. Taken together with the
results from the conformational analysis, one possi-
ble explanation, is that fluorine in close vicinity to an
oxygen atom increases the overall polarity of the
molecule, leading to a more pronounced gain in sol-
vation energy in the polar medium relative to the
nonpolar solvent. However, it is also possible that the
fluorine polarizes the neighboring oxygen atoms and
this leads to stronger hydrogen bonds between the
oxygen and neighboring water molecules.

The concept of increased lipophilicity due to H/F
exchange does not appear to hold in general and
should therefore be used with care. Moreover, our
results might point to strategies to reduce the lipo-
philicity of a compound while, at the same time, in-
creasing its metabolic stability.

F\/\O/R F\/\/O\R

FWR

OH

e

Scheme 3. Chemical substructures observed in compounds for which a fluorine
substituent decreases log D.

We have also examined the other end of the Gaussian distri-
bution shown in Figure 2, which contains compounds with a
much stronger positive shift in log D than expected for a single
H/F exchange. Most of these compounds contain one or more
basic nitrogen atoms. The fluorine substituent reduces the ba-
sicity of the nitrogen functionality, leading to an increased
log D which was measured at pH 7.4.

In interpreting the data, we should keep in mind that our
data set of 293 molecular pairs might contain a certain struc-
tural bias. Therefore, it is very likely that further substructural
elements will be discovered that will also give rise to interest-
ing effects of a fluorine substituent on lipophilicity.

4. The Effect of a F Substituent on Molecular
Conformation

A fluorine substituent can lead to a change in the preferred
molecular conformation. Again, this effect can be explained by
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the size and electronegativity of fluorine. Based on a van der
Waals radius of 1.47 A for fluorine, the volume of a trifluoro-
methyl group is roughly twice that of a methyl group. As a
result, the effect of fluorine substitution on molecular confor-
mation is quite subtle and sometimes difficult to predict.

For example, methoxybenzenes without ortho substituents
favor a planar conformation. We have carried out a search for
trifluoromethoxybenzenes without substituents in the ortho
positions using the November 2003 release of the Cambridge
Structural Database (CSD)?® and found six entries.””” None of
them has the —OCF; group in the plane of the phenyl ring. For
five entries, the dihedral angle C—C—O—C is around 90°, while
for one crystal structure the dihedral angle is about 36°. Inter-
estingly, similarly twisted conformations are also found for aryl-
bound difluoroalkyloxy groups. Spectroscopic studies and
high-level quantum-mechanical calculations further show that
preference for the planar arrangement in anisole (AE~3 kcal-
mol™) is inverted to the orthogonal orientation in trifluorome-
thylanisole (AF~—0.5 kcal mol™").?®

These observations can have important consequences in a
lead-optimization program. Clearly, the OCF; group is not just
a simple isosteric replacement of a OCH; group, because it
adopts a different conformation. The R group in Ph—OCF,—R
will point in a different direction from that of the R group in
Ph—OCH,—R. A nice example illustrating this point is the work
by Massa et al.” on inhibitors of cholesteryl ester transfer pro-
tein (CETP) containing 3-tetrafluoroethoxy substituents. This
paper suggests that the steric and electronic properties of Ph—
OCF,CF,H are very similar to 2-phenyl-furan, which according
to Massa et al.”” is also nonplanar. From a medicinal chemistry
perspective, this is a very interesting finding because mono-
substituted furan is generally considered to be an undesirable
group due to its metabolic instability and its potential to gen-
erate reactive metabolites. The OCF,CF,H side chain is there-
fore a promising route forward to converting a biologically
active furane into a more stable group.

5. The Role of Fluorine in Protein-Ligand
Interactions

Fluorine can have significant effects on the binding affinity in
protein-ligand complexes. This effect can be direct by interac-
tion of the fluorine with the protein, or it can be indirect by
modulation of the polarity of other groups of the ligand that
interact with the protein.

Frequently, it is found that a fluorine substituent leads to a
slight enhancement of the binding affinity due to an increased
lipophilicity of the molecule (see section 3.2) that results in an
increased (nonspecific) affinity for the protein. If F increases
the affinity by lipophilic interactions, then one will typically see
a gradual increase of the affinity for the series H-F-CI-Br.
Indeed, such behavior has been frequently reported, for exam-
ple, in ref. [30], and it is indicative of unspecific lipophilic inter-
actions of fluorine. However, sometimes within the H-F-CI-Br
series, the observed binding affinity is maximum for F, for ex-
ample in ref. [31]. This behavior may be consistent with the oc-
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currence of specific polar interactions involving F or simply in-
dicate that only limited space is available in the protein cavity.

Probably the strongest indirect effect of fluorine on binding
affinity is the change of basicity or acidity of the ligand mole-
cule. One example is the set of 5HT,, agonists described by
van Niel etal. ®? discussed above (Figure 1). Another striking
example is the binding of CX;SO,NH, (X=H or F) to carbonic
anhydrase Il (CAIl).? CAIll is a metalloenzyme with a zinc
cation in the active site. It is known from 3D X-ray structure
determination that the deprotonated sulfonamide group binds
at the active site through a direct interaction of the negatively
charged R—SO,NH™ group and the positively charged zZn?*
cation. CH;SO,NH, is an extremely weak acid with a pK, of 10.5
and binds to CA Il with K;=100um. CF;SO,NH, is much more
acidic due to the electron-withdrawing effect of the three fluo-
rine atoms and has a pK, of 5.8; at neutral pH, CF;SO,NH, is
dissociated. As an anion, it binds to carbonic anhydrase more
strongly with K;=2 nm. This simple fluoroaliphatic sulfonamide
is thus almost as potent an inhibitor of carbonic anhydrase as
some more complex heteroaromatic compounds that have
been in use for the treatment of glaucoma for more than 50
years. That the binding affinity to carbonic anhydrase is direct-
ly linked to the pK, of the sulfonamides is evidenced by a
linear correlation between the acid pK, (ranging from 5.8 to
11.1) and the binding constant K; (ranging from 2nm to
250 um).?

Benzylic a,a-difluorophosphonates, o,a-difluorosulfonates,
and o,a-difluorocarboxylates have been described as inhibitors
of the protein tyrosine kinase 1B (PTB1B).***¥ Difluoro com-
pounds are relatively good inhibitors of PTB1B, while the non-
fluorinated counterparts are very poor inhibitors. X-ray crystal-
lographic and kinetic studies suggest that this effect is due to
direct interactions of at least one of the fluorine atoms with
the enzyme active site. The effect appears not to be attributa-
ble to pK, shifts.*>3¥

The enzyme carbonic anhydrase Il has also been used to
study direct protein-ligand interactions involving fluorine.?>®
Abbate et al®” synthesized analogues of the CA Il inhibitor
methazolamide. The perfluorobenzoyl analogue binds almost
ten times more strongly to CA Il than methazolamide. The X-
ray crystallographic structure determination reveals a stacking
interaction between the perfluorophenyl ring of the inhibitor
and the aromatic ring of Phe131.

A similar interaction of fluoroaromatic inhibitors of human
CA Il was studied by Doyon et al.*® and by Kim et al.*’-*® Fluo-
rination of a phenyl side chain interacting with the side chain
of Phe131 improves the binding affinity.

5.1 The role of F in polar interactions

Olsen et al. have demonstrated for a set of fluorine-substituted
thrombin inhibitors that C—F--C=0 interactions can play an im-
portant role in protein-ligand interactions and can lead to sig-
nificantly increased binding affinities.®™ A fluorine scan of
thrombin inhibitors led to the discovery of a monofluorinated
compound that binds five times more strongly to thrombin
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than the nonfluorinated parent compound. The binding mode
of the fluorinated compound was determined by X-ray struc-
ture analysis and shows that the F atom is in remarkably close
contact with the H-C,—C=0 moiety of Asn98 of thrombin. The
authors suggest that this H—C,—C=0 fragment should be con-
sidered fluorophilic because it offers several favorable polar
interactions with F.

Interestingly, a very similar structural arrangement has also
been observed in some other protein-ligand complexes with
fluorinated ligands, for example in many fluorinated inhibitors
of p38 kinase.”**? One example™? is shown in Figure 3. A simi-
lar interaction pattern for fluorine was also observed for a
factor Xa inhibitor."*

=2

g\
%
B

Figure 3. Binding of a fluorinated inhibitor to p38 kinase (pdb refcode 1au9™").
The fluorine is in close proximity to two carbonyl groups of the protein. The dis-
tances between the fluorine atom and the carbon atoms of the C=0 units are
3.21 and 3.47 A. Oxygen atoms are in red, nitrogen atoms in blue, carbon
atoms are light gray, fluorine atoms are green, and sulfur atoms are shown in
yellow.

5.2 Does fluorine form hydro-
gen bonds?

The question of whether cova-
lently bound fluorine atom en-
gages in hydrogen bonds in
protein-ligand complexes has l
been the subject of quite a con-
siderable debate. Dunitz*? has }-—-\
pointed out that the number of
cases in small-molecule crystal
structures in which a covalently
bound fluorine atom engages in
a nonbonding interaction that
could legitimately be termed a
hydrogen bond is very small. In
most cases, the interactions of
C—F units appear to be better
described in terms of weak
polar interactions.

We would like to report one

example from our own work. In  F-N distance is 3.47 A.

ChemBioChem 2004, 5, 637-643  www.chembiochem.org

): \’\y }
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our effort to discover novel serine protease inhibitors with
antithrombotic activities, we synthesized a pair of molecules
(Figure 4) that differ just by one fluorine atom. The fluorinated

R K;- Thrombin [um]

Hooc” “NH H 16
F 026

HN” “NH,

Figure 4. Structure and binding affinity of a pair of thrombin inhibitors with
and without fluorine substituent.

compound is a good inhibitor of thrombin with K= 260 nm.
The compound without fluorine is six times less potent (K=
1.6 pum). We determined the X-ray structures of both com-
pounds bound to human thrombin. They are shown side-by-
side in Figure 5. Interestingly, there is a conformational change
of the ligand on going from R=H to R=F. In the fluorinated
compound, the fluorine is within hydrogen-bonding distance
of the N—H group of Gly216 of thrombin, although the dis-
tance is somewhat at the upper end of what would be consid-
ered to be geometrically compatible with a hydrogen bond
(Ren=3.47 R). Therefore, this interaction mode certainly consti-
tutes a favorable dipolar interaction. Whether one wants to call
this a hydrogen bond remains a matter of personal taste.

)
)
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A similar interaction of fluorine with a protein N—H group in
a series of inhibitors for the serine protease complex Tissue
Factor/Factor Vlla (TF/Vlla) has been described by Parlow
et al.**. They report a fluorinated compound (Figure 6) with

R! l R2 R! R?

§ s
O Z N/\ﬂ/
o) N 0
F ﬁ/go
YNH YNH
HNZ “NH, HNZ “NH,

K; - Tissue Factor Vlla = 0.34 um
(R"=NH,, R?%=H)

Figure 6. Structure of two inhibitors of the serine protease factor Vlla with
pyrazinone and benzene core structures.

a benzene core that is a good inhibitor of TF/Vlla with K=
340 nm.” The X-ray structure of the protein-ligand complex
reveals a hydrogen bond between the fluorine and the N-H
group of Gly216 of the protein with (R;y=3.4 A). However,
Parlow et al. also report that the fluorinated compound has a
weaker binding affinity than the pyrazinone inhibitors, which
form strong hydrogen bonds to the N—H group of Gly216
through the pyrazinone carbonyl group.”®

6. Fluorine as Key Component in Drugs

As indicated in the Introduction, there are now many marketed
drugs containing one or more fluorine atoms. In many cases,
fluorine was introduced to modulate the molecular properties,
for example, as described in Section 2 for Ezetimibe.'>'¥ In
the case of fluorouracil,*® the unique properties of fluorine are
exploited to generate a potent irreversible inhibitor of thymi-
dylate synthase (actually, the active compound is a metabolite
that is formed in vivo).

The discovery of the fluoroquinolones as antibacterials is a
striking example of the strong effect of fluorine atoms on mo-
lecular properties.®"*>*® Fluoroquinolones are highly active
and safe antibacterial agents that are widely used. The usage
of a first generation of molecules, exemplified by nalidixic acid
(Scheme 4), was limited by a rather narrow antibacterial spec-
trum and a comparatively weak activity. These problems could
be overcome by the discovery of the fluoroquinolones such as
ciprofloxacin (Scheme 4). The role of the fluorine atom has
been investigated in detail by Domagala et al.*”' A comparison
of several fluoroquinolones and their nonfluorinated parent
compounds revealed that i) F increases binding affinity by a
factor of 2-17, ii) F reduces plasma protein binding leading to
a higher free fraction of the drug, and iii) F increases cell pene-
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COOH F COOH

)

Scheme 4. Chemical structures of the DNA gyrase inhibitors nalidixic acid (left)
and ciprofloxacin (right).

tration by a factor of 1-70. The combination of these effects
results in a dramatically improved antibacterial activity. Inter-
estingly, the same effect is also found when the fluorine atom
is introduced into the first generation compound nalidixic
acid.®”

Conclusion

Fluorinated compounds are frequently synthesized in modern
medicinal chemistry and have led to a large number of highly
effective drugs. Most frequently, fluorine is introduced to block
a metabolically labile site in the molecule. Increasingly, fluorine
is also introduced to modulate the physicochemical properties
and to increase binding affinity by exploiting specific interac-
tions of F with the target protein.

Modern fluorine-organic chemistry has dramatically widened
the synthetic repertoire for the specific introduction of fluorine
into organic molecules. Our continuously improving under-
standing of the diverse physicochemical, biophysical, and phar-
macological effects of H/F substitution offers interesting new
opportunities in medicinal chemistry.
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Atropisomerism, Biphenyls, and Fluorine: A
Comparison of Rotational Barriers and Twist

Angles

Frédéric Leroux*™

1. Introduction

Axially chiral biaryl compounds are attracting more and more
attention. One reason is the growing number of known biolog-
ically active natural products that contain the biaryl motif!" (for
example, vancomycin, steganone, and michellamine™?). Fur-
thermore, the stereogenic axes provide rigid molecular frame-
works for highly efficient tools in asymmetric synthesis,”® such
as chiral ligands like BINAP® and Meo-BIPHEP" just to men-
tion two of the most prominent ones. The biaryl core is also
commonly encountered in the liquid-crystal field, where its de-
rivatives have found commercial application.” Moreover, the
biphenyl unit belongs to the group of six or seven privileged
structures,” reputated to be “safe bets” in pharmaceutical re-
search because they guarantee versatility and high hit rates.
The stretched and slim shape of this aromatic unit enables it
to intercalate in the empty space between transmembrane-re-
ceptor helices and to be recognized as an unnatural ligand.
For example, the biaryl unit is a key feature in the sartan
family of drugs for high blood pressure: losartan (Merck,
Sharpe and Dohme trademarks: Cozaar, Lorzaar), valsartan (No-
vartis trademark: Diovan), irbesartan (Bristol-Myers Squibb
trademark: Aprovel), or candesartan (Astra trademark: Ata-
cand).®

Similarly, the biaryl unit can dive into deep pockets or long
clefts of enzymes. In this way, 3'- and 4’-substituted biphenyl
derivatives were recognized as extremely potent 17a-hydroxy-
lase-C17,20-lyase (P-450,,) inhibitors.”! They could become
promising substances for the treatment of steroidal-hormone-
dependent cancers, in particular prostate cancer."”

In view of the increasing importance of axially chiral biaryls,
attention has to be paid to the stereoisomerism, called atropi-
somerism, that arises from the hindered rotation about the
sp’-sp” carbon-carbon single bond. In this article, the influ-
ence of fluorine, the only element capable of mimicking hydro-
gen by virtue of comparable size (“isosterism”),"" will mainly
be considered, in particlular how it alters the electronic and
geometric properties of the biaryl unit.

2. Rotational Barriers of Fluorinated and Non-
fluorinated Biphenyls

Christie and Kenner were the first to separate axially chiral bi-
phenyls in 1922.'% The separation of stereoisomers at room
temperature requires energy barriers of at least 22 kcalmol™.
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The rotational barrier of biaryl derivatives depends on the
nature, position, and number of the substituents. The unsubsti-
tuted biphenyl has a rotational barrier of approximately 2 kcal-
mol™". Increasing bulkiness of substituents in the ortho posi-
tions causes increasing conformational stability as a result of
steric interactions in the coplanar transition state. The majority
of tetra-ortho-substituted biaryls have a rotational barrier suffi-
ciently high to prevent racemization of the atropisomers at
room temperature. Atropisomeric tri-ortho-substituted biaryls
frequently racemize above room temperature and di-ortho-
substituted biphenyl can only be resolved when both substitu-
ents are large."?

Grein calculated the rotational barrier of substituted biphen-
yls using the B3LYP6-3114-G* formalism."” In Table 1, the influ-
ence of halide substitution on the rotational barrier is illustrat-
ed for mono- and di-ortho-substituted biphenyls. As expected,
the rotational barrier increases from the smallest halogen to
the heaviest halogens. Since the van der Waals radius of the
fluorine atom is only 0.27 A larger than that of the hydrogen
atom! (see Table 2), one anticipates only a small increase in

Table 1. Calculated (B3LYP6-311+ G¥) rotational barriers (AE®") for biphen-
yl, 2-mono-, and 2,2'-disubstituted biphenyls."”
Compound AEY™® Compound AESS
[kcalmol™'] [kcalmol™"]
F
) ws
F
F
Cl
Cl
Cl
Br.
Br
Br

[a] Dr. F. Leroux
Laboratoire de Stéréochimie associé au CNRS (UMR 7008)
Université Louis Pasteur (ECPM)
25 rue Becquerel, 67087 Strasbourg Cedex 2 (France)
Fax: (+33) 3-90-24-27-42
E-mail: lerouxf@ecpm.u-strasbg.fr

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  DOI: 10.1002/cbic.200300906 ChemBioChem 2004, 5, 644 - 649





Atropisomerism, Biphenyls, and Fluorine

Table 2. van der Waals radii (r) of hydrogen and first-period elements.!

Tyaw [A]

1.20
1.47
152
155
1.70

NZOoOmMI|Xx

the rotational barrier upon substitution with a fluorine atom.
This is true in the case of mono- and difluoro-substituted bi-
phenyls. The increase in rotational barrier is more pronounced
for the heavier halogens.

Sternhell and co-workers determined the rotational barriers
of numerous ortho-substituted 6-aryl-1,1,5-trimethylindanes by
dynamic NMR spectroscopy." The results are summarized in
Table 3. The study by Sternhell’s group offers the possibility to

Table 3. Rotational barriers (AG*") of ortho-substituted 6-aryl-1,1,5-trime-
thylindanes."”
s
H,;C
R AGSs [kealmol™']
10.6
F 14.2
cl 18.8
Br 19.8
| 20.6
OCH, 16.0
CH, 19.3
CF, 21.9
CH(CH,), 222
CeHs 176

estimate the rotational barriers of 2,2"-disubstituted biphenyls
as the sum of additive contributions, designed as interference
values (see Table 4). These interference values have, in fact, a

Table 4. Interference values (I,1") of Sternhell and co-workers for the rota-
tional barriers of biphenyls.!""!

Interacting 5! Interacting 5!

group X [kcal mol~"] group X [kcal mol~"]
H 1.0 CH, 9.7

F 4.6 SCH; 9.9

CN 6.1 Br 10.2

OCH, 6.4 NHCH, 10.6

NO, 7.7 [ 10.9
N(CH), 7.8 Si(CH5), 13

CeHs 7.9 CF, 12.1
COOCH, 8.2 CH(CH,), 12,6

a 9.1 C(CHy), 183

ChemBioChem 2004, 5, 644-649  www.chembiochem.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

high predictive capacity, as Sternhell and co-workers showed
by comparing the predicted rotational barriers with experi-
mentally accessible values.

The apparent sizes of substituents roughly parallel the van
der Waals radii." It can be seen, whenever comparison can be
made with either the van der Waals radii derived from crystal-
lographic data or with effective sizes obtained by Charton,”
that fluorine (Table 3, 14.2 kcalmol™), although halfway be-
tween a hydrogen atom and a methyl group in size, falls closer
to the unsubstituted congener (Table 3, 10.6 kcalmol™) than
the methyl-substituted one (Table 3, 19.3 kcalmol™) in its rota-
tional barrier. The influence of a trifluoromethyl group on the
rotational barrier also becomes obvious from the values in
Table 3. Actually, the rotational barrier of the trifluoromethyl-
substituted derivative (21.9 kcalmol™) is slightly less than the
rotational barrier of the isopropyl-substituted congener
(22.2 kcalmol™). The trifluoromethyl group is often claimed to
be “at least as large as isopropyl”."® However, one must con-
sider, that a trifluoromethyl group is rotationally symmetrical
about its C—C bond axis, a fact that does not hold for an iso-
propyl group. In the planar biphenyl transition state, the iso-
propyl group may be oriented in a more favorable conforma-
tion, with the bulky methyl groups facing away from the ortho’
position. This means, in terms of “effective bulk”, that the ani-
sotropic isopropyl group appears to be only slightly larger
than the isotropic trifluoromethyl group, although the latter
occupies a smaller volume. The calculated van der Waals
volume of the trifluoromethyl group (V,qw=239.8 A® per sub-
stituent) is substantially smaller than that of the isopropyl
group (V,qy=56.2 A% per substituent) and lies almost exactly
halfway between an isopropyl and a methyl group (V,gw=
21.6 A3 per substituent). Thus, a trifluoromethyl group would
be comparable by volume, but not by shape, to an ethyl
group (V,qw=238.9 A* per substituent).

According to Table 4, the interference values for a methyl
group (9.7 kcalmol™) and a tert-butyl group (18.3 kcalmol™)
allow, with assumption of a linear response of the rotational
barrier with the “isotropic substituent volume”, the interpola-
tion of the rotational barriers for an ethyl group (12.6 kcal-
mol™") and an isopropyl group (15.4 kcalmol™'). However, due
to the rotational anisotropy, the “effective bulk” of the ethyl
and isopropyl groups should be smaller, a fact that is reflected
by the reduced rotational barrier for the isopropyl group
(Table 4, 12.6 kcalmol™ instead of 15.4 kcalmol™). It is interest-
ing to see that the reported value for the trifluoromethyl
group (Table 4, 12.1 kcalmol™") compares well with the interpo-
lated value for an “isotropic” ethyl group (12.6 kcalmol™). Of
course, the real anisotropic ethyl group would have a smaller
rotational barrier than the interpolated value.””

Nevertheless, electronic contributions of the ortho substitu-
ents are not negligible. This becomes apparent in the case of
fluoro-substituted biphenyls. As mentioned above, in most
cases, fluorine appears to be a small substituent with rotational
barriers that fall closer to the unsubstituted derivative.”” The
same was observed for the rotational barriers of ortho,ortho’-
disubstituted cumenes® and 4,5-disubstituted 9,10-dihydro-
phenanthrenes.” However, controversial results can be found
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in the literature dealing with the question of whether ortho,or-
tho'-tetrafluoro-substituted biphenyls are resolvable or not. “A
nonresolvable, tetra-ortho-substituted biphenyl is shown in...”
This statement from Adams and Yuan referring to the impossi-
ble resolution of 2,2,6,6"-tetrafluoro-5,5'-dichloro-1,1"-biphenyl-
3,3"-dicarboxylic acid®? can be found in a modern textbook of
organic stereochemistry."® In agreement with this, Csizmadia
and co-workers calculated (using the AM1 formalism) the rota-
tional barrier of 2,2',6,6'-tetrafluorobiphenyl to be 16 kcal-
mol~"»! A more recent study from Grein indicates a rotational
barrier for perfluorobiphenyl of 24.5 kcal mol~"." This value is
in good agreement with the experimentally determined rota-
tional barrier of 26 kcal mol .2 Similarly, 6,6'-difluoro-2,2’-bis(-
diphenylphosphino)biphenyl has a surprisingly high rotational
barrier (>35 kcalmol™)?” in comparison to its unsubstituted
congener 2,2'-bis(diphenylphosphino)biphenyl (22 kcal -
mol~").”8¥ Unfavorable electrostatic interactions between the
polar subunits significantly increase the rotational barrier of
these compounds.

The influence of substituents in the meta and para positions
of the biphenyl unit on the rotational barriers is smaller than
the influence of ortho substituents. For 3,3'-dihalide-substitut-
ed biphenyls, all rotational barriers are virtually the same.'”
Apparently the two halogen atoms interact little with each
other. However, it is known that additional meta substituents
exert a stabilizing “buttressing effect” by preventing the out-
ward bending of an ortho substituent."™ The influence of sub-
stituents in the para position depends mainly on electronic ef-
fects. Resonance effects that stabilize the planar transition
state by increasing conjugation are expected when electron-
donating groups on one phenyl ring are combined with elec-
tron-accepting groups on the other. Electron-donating sub-
stituents increase the electron density at the carbon atoms in
the pivot bond and in this way facilitate out-of-plain bending
in the transition state. Both effects decrease the rotational bar-
rier.??

3. Twist Angles of Fluorinated and Nonfluori-
nated Biphenyls

The unsubstituted biphenyl is twisted in the gas phase with a
twist angle of 45°. In the crystalline state, biphenyl appears to
be planar. (A search in the Cambridge Structural Database re-
vealed an average twist angle for the unsubstituted biphenyl
of 1°.) However, this is a statistically centered arrangement.
When the temperature is lowered, the two phenyl rings
become slightly twisted (10° at 40 K).'” The twist angles of bi-
phenyl and of mono-halide-substituted biphenyls are shown in
Table 5. As expected, the twist angle increases when replacing
an ortho hydrogen atom with a halogen atom, from the calcu-
lated angle of 42.5° for biphenyl to 45.1° for 2-fluorobiphenyl,
59.5° for 2-chlorobiphenyl, and 63.6° for 2-bromobiphenyl. Un-
fortunately, X-ray crystal structure analyses can only be found
in the literature for 2-fluorobiphenyl; none were found for the
higher homologues. Therefore, the average twist angles for
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Table 5. Twist angles (®) of biphenyl and 2-halide-substituted biphenyls.
Compound (pcalcd[a] d)eray
100
F
47°1
59.9°0014 53°1d
Cl
Br
[a] Calculated by using the B3LYP6-311+G* formalism. [b] Average twist
angle of biphenyl from X-ray crystal structures available in the Cambridge
Structural Database. [c] Average twist angles of molecules with a 2-halo-
biphenyl unit as a substructure (from X-ray crystal structures available in
the Cambridge Structural Database).

molecules with a 2-halobiphenyl substructure that were availa-
ble in the Cambridge Structural Database are shown in Table 5.

Table 6 reveals the calculated (B3LYP6-311+4G*) and meas-
ured twist angles of 2,2’-dihalide-substituted biphenyls as well

Table 6. Twist angles (®) of biphenyl and 2,2'-dihalide-substituted biphen-
yls.
Compound pealcdal Prry
1o
F
57.9°04 57.6°5
F
56° [a
Cl
gt .
Cl
64° [a
Br.
Br
8ol
|
|
[a] Calculated by using the B3LYP6-311+G* formalism. [b] Average twist
angle of biphenyl from X-ray crystal structures available in the Cambridge
Structural Database. [c] Average twist angles of molecules with a 2,2"-di-
halobiphenyl unit as a substructure (from X-ray crystal structures available
in the Cambridge Structural Database).

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org
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as the average twist angles for molecules with a 2,2’-dihalobi-
phenyl substructure. Compared with the twist angle of 42.5°
for biphenyl, the increased repulsion between the fluorine
atoms in 2,2'-difluorobiphenyl causes a shift of 15.4° towards a
perpendicular orientation of the two phenyl rings. The calculat-
ed values for the heavier halogens are close to 90°. The calcu-
lated twist angle for 2,2'-difluorobiphenyl is very close to the
value obtained by X-ray diffraction studies. However, the twist
angles obtained by this method for the heavier halogens are
quite a bit below the calculated ones.

The introduction of fluorine atoms into the meta position of
the phenyl ring should change neither the form nor the shape
of the molecules relative to the nonfluorinated analogues. This
prediction was supported by single-crystal X-ray diffraction
studies. The biphenyl core in meta-difluoro-substituted biphen-
yls (Table 7) is only slightly twisted around the central C—C
axis.®¥

Table 7. Twist angles (®) of biphenyl and meta-substituted biphenyls.

Compound (p(alcd[a] ¢measured
-Ic[c]

F F

42.9°0 26°1

Cl Cl

Br Br

[a] Calculated by using the B3LYP6-311+G* formalism. [b] X-ray crystal

structure data. [c] Average twist angle of biphenyl from X-ray crystal

structures available in the Cambridge Structural Database. [d] Average

twist angle of molecules with a 3,3'-dichlorobiphenyl unit as a substruc-

ture (from X-ray crystal structures available in the Cambridge Structural

Database). [e] Measured gas-phase twist angle.

By relocating the fluorine atoms from the meta to the ortho
positions, the two aryl rings of the bipheny! unit are forced to
occupy distinctly separated planes. Single-crystal X-ray diffrac-
tion studies revealed twist angles of 59.5°*®" and 64.1°% for
2,2',6,6'-tetrafluoro-substituted biphenyls. This was anticipated
from the twist angle of 59.7° for perfluorobiphenyl®” in com-
parison with the calculated value of 55.0°.1"

4. Biological Study of Fluorinated versus Non-
fluorinated Biphenyls

Fluorine substitution can have profound effects on the biologi-
cal activity of small molecules. Fluorine is often introduced
into molecules to mimic hydrogen with respect to steric re-
quirements at binding sites on receptors and enzymes. In addi-

ChemBioChem 2004, 5, 644-649  www.chembiochem.org
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Table 8. Inhibition of CYP 17 and CYP 19 by fluorinated biphenylmethylimi-
dazoles in comparison to the nonfluorinated parent compounds.*”

Compound % Inhibition % Inhibition
of CYP 17 of CYP 19
(|C50 [}LM])

>80 (0.96) 66
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tion, due to flourine’s electron-withdrawing power, fluorine
substitution may cause stereoelectronic discrimination, may
confer metabolic stability to natural and xenobiotic materials,
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may enhance the lipophilicity of these materials, and, as a cor-
ollary, may facilitate cell-membrane permeation."®
17a-hydroxylase-C17,20-lyase  (P-450,,, CYP 17, androgen
synthase), a cytochrome P450 monooxygenase, is the key
enzyme of androgen biosynthesis. It produces androstene-
dione and dehydroepiandrosterone from progesterone and
pregnenolone. As androgens are implicated in the de-
velopment of prostate cancer, a promising alternative

40

to treatment with antiandrogens would be to develop 100 4
selective inhibitors of this enzyme. N-Imidazolylmeth-
yl-substituted biphenyls are highly potent inhibitors

of CYP17 and CYP 19 (aromatase).”) Unfortunately,

the very encouraging in vitro results are contrasted

by a lack of in vivo activity due to rapid degradation

of the compounds by metabolic oxidation. The major §
metabolites were isolated and identified by means of §
biomimetic methods. They were found to be products %
formed by mono- and dihydroxylation at the ortho e

and meta positions of the biphenyl unit.®¥ Sequential
introduction of fluorine atoms increases the oxidation

potential of an aromatic system and should increase

the metabolic stability. Therefore, the metabolically

sensitive positions of N-(4-biphenylmethyl)imidazoles 0

were blocked by fluorine atoms. These compounds
were tested for their inhibitory activity towards
CYP 17 and CYP 19 and were compared with the non-
fluorinated parent compounds. When the inhibitory
activities exceeded 80%, the ICs, values were deter-
mined (see Table 8).*?

The fluorinated biphenyl derivatives exhibit poor to
moderate inhibitory activity towards CYP 19. However,
3,3,5,5-tetrafluoro-substituted biphenylmethylimidazoles are
potent inhibitors of CYP 17. Their inhibitory activity generally
equalled or surpassed the inhibitory activity of the unfluorinat-
ed parent compounds. The 4’-unsubstituted compound
(entry 2, Table 8) showed an almost threefold higher activity
towards CYP 17 (ICs, value of 0.37 pum) than the nonfluorinated
analogue (entry 1, Table 8, IC,, value of 0.96 um). In contrast,
2,2',6,6'-tetrafluoro-substituted congeners generally did not
match the activity of the halogen-free derivatives.

The different biological activity can be explained with the
different torsion angles in both cases. The strongly twisted
ortho-fluoro-substituted biphenyls (see Section 3, Table 6) seem
to be too “bulky” to interact well with the active site of the
target enzyme. In addition, the rotational barrier for planariza-
tion of the biphenyl unit is too high (26 kcalmol™, see Sec-
tion 2) to be surmounted in the enzyme pocket. In contrast,
the meta-fluoro-substituted congeners are only slightly twisted
(see Section 3, Table 7) and adopt a conformation comparable
to the nonfluorinated parent compounds. Thus, one benefits
from the metabolism-retarding ability of the fluorine atoms
without modifying the conformation of the biphenyl unit.

In an additional study, the effect of fluorine substitution on
the metabolic stability of the biphenylmethylimidazoles was in-
vestigated. The two fluorinated hydroxy isomers with the high-
est inhibitory activity towards CYP 17 (entries 11 and 12 in
Table 8) were tested for their metabolic stability in an in vitro
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study. Phenol and the unsubstituted analogues were used as
reference compounds (Figure 1). The ortho-tetrafluoro-substi-
tuted compound was metabolized faster than the unfluorinat-
ed parent compound, whereas the meta-tetrafluoro-substitut-
ed derivative showed a reduced in vitro metabolism relative to
its nonfluorinated congener (see Figure 1).

Gﬁ*&qg < <1 <]
N 3 s
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Figure 1. In vitro biodegradation of 3,3',5,5'-tetrafluoro-4'-(1H-imidazole-1-ylmethyl)-1,1'-bi-
phenyl-4-ol (meta-fluoro-substituted) and 2,2',6,6'-tetrafluoro-4'-(1H-imidazole-1-ylmethyl)-

1,1"-biphenyl-4-ol (ortho-fluoro-substituted) compared with the unfluorinated parent com-

pound and phenol.*”
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The Coordination Chemistry of Fluorine in

Fluorocarbons

Herbert Plenio*®?

1. Introduction

Organofluorine compounds have received considerable inter-
est in recent years due to their growing importance in the Life
Sciences, especially for drug development and crop protec-
tion." The inclusion of a fluorine atom in a bioactive com-
pound can alter the physicochemical properties (bond
strength, lipophilicity, conformation, electrostatic potential,
dipole, pK,) and the pharmacokinetic properties (tissue distri-
bution, route and rate of metabolism) in distinct ways.” Fluo-
rine often replaces a hydrogen atom, even though its proper-
ties are more closely related to those of oxygen. Both atoms (F
and O) share a very high electronegativity, have comparable
van der Waals radii, similar bond lengths to carbon and both
possess lone pairs. Consequently the isosteric replacement of
-OH by an -F group is a common strategy in medicinal chemis-
try.?

Despite the obvious similarities of oxygen and fluorine, one
aspect concerning the interaction of organic fluorine with
metals has escaped the attention of most chemists for a long
time.

In 1970 the crystal structure of Rb*-fluorocitrate revealed
close F-+M contacts. Consequently it was proposed by Glusker
et al. that such interactions might be responsible for the high
toxicity of fluorocitrate (fluoroacetate) due to an efficient inhib-
ition of the active iron centre of aconitase.® It took another
thirteen years until a landmark publication, again by Glusker
et al.,” reported on the results of a Cambridge Structural Data-
base (CSD) search (Figure 1) looking for molecules which dis-
play exceptionally short F--M contacts.

A detailed analysis of all seven crystal structures known then
led Glusker to finally conclude: “We believe that the C—F bond
is capable of significant, if not prominent interactions with
both alkaline metal cations and proton donors”.® Consequent-
ly, for the solid state, there was little doubt left on the exis-
tence of F-+M interactions. At this point it was, however, far
from clear whether such contacts were simply the result of
packing forces within the crystal or whether F--M contacts
could have a significant stabilizing effect in metal complexes.

Several years ago we decided to initiate studies to firmly es-
tablish the existence of F-+M interactions in solution and in the
solid state, to work towards a detailed understanding of the
coordination chemistry of fluorocarbons and to obtain a
deeper knowledge of F--M interactions.”

650 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2. Ligands that Coordinate through Organic
Fluorine

In order to test the idea of fluorine as an efficient donor atom
towards metal ions, one has to first decide which metal cations
could be the most suitable candidates for such interactions
and next what kind of ligands are best suited to allow coordi-
nation of metal ions via organic fluorine.

Due to the similarity between fluorine and oxygen it was
reasonable to assume that fluorine atoms should be classified
as Pearson-type hard donors® which preferentially coordinate
correspondingly hard metal cations, that is, those from groups
| and Il. However, such metals are known to form reasonably
stable complexes exclusively with carefully preorganized li-
gands of the crown ether and of the cryptand type as first
shown by Petersen and Lehn.”

Consequently, we proceeded to synthesize macrocyclic li-
gands in which one or more oxygen donors are replaced by
fluorine atoms. This was done by treating 1,3-bis(bromometh-
yl)-2-fluorbenzene with various crown ethers or polyethylene-
glycols in the presence of suitable templating bases, resulting
in the formation of the fluorocryptands and fluorocrown
ethers, respectively, in good yields (Scheme 1).1% %2

To be able to understand the effect of fluorine coordination
in more detail, we also synthesized closely related crown
ethers and cryptands, in which one fluorine atom is substitut-
ed by one hydrogen (Scheme 2). Hydrogen is an unlikely can-
didate for metal coordination and, on comparing the ligating
properties of closely related ligands, the coordination proper-
ties of fluorine can be elucidated.

We have studied the coordination chemistry of the ligands
depicted in Schemes 1 and 2 in great detail.">'® By doing so,
we have identified a number of effects observed in the pres-
ence of fluorine that can be explained only by assuming direct,
attractive F--M interactions. In the following sections, | wish to
present evidence obtained from various experimental tech-
niques that supports the idea of fluorine’s being an important
coordination partner of group | and Il metal ions.

While convincing evidence in favour of such interactions is
available, the situation is much less clear cut when it comes to
the heavily debated question of whether organic fluorine can
participate in hydrogen bonding.™ This topic will be dealt
with by Dunitz in another review in this issue™ and is there-
fore not discussed here. Our own results confirm the conclu-
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Figure 1. Alkali metal salts of fluorinated carboxylic acids.
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Scheme 1. Representative examples of fluorinated cryptands and crown ethers. relative to the '"F NMR signal of
the free ligand. Typical shifts of
the "°F NMR signal are depicted

F4-Carcerand Fe-Carcerand

in Figure 2 for metal complexes of the F-[2.2.1]cryptand. It is

K@\ HQ\ important to realize that such shifts are only qualitative signs

of F--M interactions and that it is not possible to correlate the

@O 0:\‘_7 [ O <_K/O\)__> extent of the signal shift with the degree of F--M interaction.
O

T o

H-[2.2.1]-cryptand H-[18]crown-6 H-[2.1.1]-cryptand

Scheme 2. Representative examples of related flourine-free crown ethers and
cryptands.

sions drawn in there on the reluctance of organic fluorine to
undergo hydrogen bonding.""”

It is important to stress that the conclusions presented in
the following paragraphs are based on results drawn from the
analysis of a large number (> 100) of metal complexes. Howev-

er, in order to be short and concise only a few carefully select-

ed examples are presented here. Li Na K Rb Cs Ca & Ba

Figure 2. Shifts of the °’F NMR resonance upon complexation of metal cations
relative to that of the reference ligand F-[2.2.1]cryptand.
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Based on the analysis of a large number of such complexes,
we realized that at least two opposing effects appear to oper-
ate on the 'F NMR signal: one that causes upfield shifts and
another that results in downfield shifts. Consequently, in a few
cases it is possible to observe shifts of the '’F NMR resonance
close to zero,"” despite the fact that other analytical techni-
ques are indicative of close F--M interactions.

NMR spectroscopy—">C,"°F NMR coupling

The 'J coupling constant is a valuable diagnostic tool for
probing F-+M contacts because it appears to be directly corre-
lated with the level of F--M interactions. Consequently, on
complementarity of the size of the macrocyclic cavity and the
size of the metal cation, strong F--M interactions result in de-
creased coupling constants relative to that of the free ligand.
This can be understood in terms of competition for the lone
pairs attached to the fluorine between the benzene ring and
the metal cation coordinated to fluorine. The stronger the F--M
interaction, the weaker the +M effect of fluorine and the less
lone-pair electron density is present in the sp> C—F bond. As
the lone pairs possess significant s character and because the
Fermi contact term is important for spin—-spin coupling, such a
relationship makes sense.l'®

An instructive example to illustrate the dependency of the
BC°F coupling constant on the interaction between fluorine
and a metal ion would be the complexes of F-[18]crown-6 with
various group | and Il metal ions. The coupling constants of
the ligand itself and of corresponding metal complexes are dis-
played in Figure 3.

255
250

245

T 240

coupling 235
constant

e 230

225

=

o0 x

Rb

(1] o @
4 Q m

crown

ligand and complexes

Figure 3. ')(°C,”F) coupling constants of F-[18]crown-6 and its metal com-
plexes. Metal ions are sorted according to ionic radii.

NMR spectroscopy—**M,'’F NMR coupling

Direct evidence for close interactions between NMR-active
nuclei is the observation of spin-spin coupling between two
nuclear spins. In the case of several complexes of metal ions
with fluorinated ligands, spin-spin coupling has been ob-
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served. Known examples include complexes with ©7Li,"

107,109Ag [19] 133CS[20] and 205T| [21]
’ .

Stability constants of metal complexes of fluorinated
ligands.!""3?

Extensive studies by potentiometry, calorimetry, picrate extrac-
tion technique and NMR competition experiments demon-
strate that the stability of the complexes of alkali and alkaline
earth metal ions with partially fluorinated ligands is significant-
ly higher than that of related complexes that have a hydrogen
instead of the fluorine atom. To illustrate this, the stability con-
stants for several metal complexes of F-[2.2.1]cryptand and H-
[2.2.1]cryptand are listed in Table 1. For metal ions like Na®,

Table 1. Stability constants for metal complexes of F-[2.2.1]cryptand (logK)
and H-[2.2.1]cryptand (logK,) as determined by potentiometry.

cation log Ky logK; A(logK)
Na* 4.90 7.02 +2.1
K* 5.56 6.71 +1.1
Rb* 4.68 4.99 +0.3
Cs* 476 4.70 +0.1
Cca’t 2.15 4.36 +22
St 4.44 6.55 +2.1
Ba’* 5.94 7.63 +17

Ca’* and Sr**, which are complementary in size to the F-
[2.2.1]cryptand, the extra stabilization inferred by the fluorine
donor can be higher than two orders of magnitude. In conclu-
sion, there is unequivocal evidence in favour of attractive F--M
interactions.

X-ray crystal structures

A more detailed insight into the nature of F--M interactions is
provided by acquiring precise structural information on metal
complexes with fluorinated ligands. Most important in this re-
spect are the distances between fluorine and the respective
metal cation, as well as the organization of the coordination
sphere of the metal ion. Numerous crystal structures provide
evidence for close F--M contacts.” The presentation here will
be limited to a few representative examples. Two closely relat-
ed complexes highlight the role of fluorine in the coordination
sphere of lithium. In Figure 4“2 the crystal structures of Li*-F-
[2.1.1]cryptand and Li*-H-[2.1.1]cryptand are shown. Chemical-
ly the only difference between those two complexes is the
presence of fluorine in the former and its absence in the latter
complex. This seemingly small difference, however, has drastic
structural consequences on the coordination sphere of the
metal cation. With the fluorinated ligand, Li* is coordinated in
a tetrahedral FO; environment within the F-[2.1.1]cryptand.
With the fluorine-free ligand, an unusual trigonal-planar O; co-
ordination around Lit* is observed, with an additional water
molecule completing the coordination sphere of LiT." Evi-
dently, in the H-[2.1.1]cryptand, a donor atom (fluorine!) is
missing that is present in the F-[2.1.1]cryptand.

ChemBioChem 2004, 5, 650 - 655
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Figure 4. Crystal structures of Li*-F-[2.1.1]cryptand (left) and Li*-H-[2.1.1]crypt-
and (right) (Li yellow, O red, N blue, F pink). Coordination sphere of Li* in the
F-[2.1.1]cryptand: F--Lit 203.5 pm, O--Li* 193.6, 201.3, 202.1 pm and in the
H-[2.1.1]cryptand: O-Li* 200.5, 215.0, 210.2 pm, H,0--Li* 192.8 pm.

In order gain a better insight on the range of metal-ligand
distances a few examples of F--Na® and O--Na* bond lengths
observed in complexes of fluorinated macrocycles are given in
Table 2. To avoid misunderstanding the large variations of
metal-ligand distances, one should keep in mind that this is

Table 2. Nat-ligand bond lengths in complexes of fluorinated macrocy-
cles.”

Fluorinated macrocycle ~ F~Na%t [pm]  O-Na‘ [pm]

F,-[3.1.1]cryptand 229.8, 235.7  228.5, 242.0, 243.8, 247.6
FH-[3.1.1]cryptand 236.0 234.8, 239.3, 240.3, 240.6, 285.7
F-[18]crown-6 237.4 230.2, 240.2, 2574
F-benzo-[2.1.1]cryptand  246.8 230.1, 234.6, 260.0
F-[2.1.1]cryptand 257.1 224.9, 233.0, 233.9, 2433
F-[2.2.1]cryptand 267.1 2426, 243.9, 246.2, 247.6, 248.6

typical in coordination chemistry in general, and even more so
for group | metal ion complexes, which are all characterized by
extremely shallow potential wells for metal-ligand interactions.

The coordination of metal ions by fluorine-ontaining ligands
can be extended to complexes in which two (ligand displayed
in Scheme 1), four (F,-carcerand in Scheme 1)?*?¥ or even
six (Fg-carcerand in Scheme 1) fluorine atoms coordinate metal
ions. The coordination chemistry of the F¢-carcerand, which
allows the homoleptic coordination of metal ions by fluorine
atoms, was studied in great detail by the Takemura group.
Many hard metal cations (Na™, K*, Cs*, La’*, etc.) are coordi-
nated exclusively through fluorine donors within the macrocy-
clic cavity.” It was further noted by Takemura etal. that in
some crystal structures a small lengthening of the C—F bond is

ChemBioChem 2004, 5, 650-655 www.chembiochem.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

observed.?™ Other more recent examples of F--M interactions

show that, even in less preorganized ligands, organic fluorine
can bind to group | cations.””

Cambridge structural database

Should an attractive interaction of the F--M type exist, statisti-
cal analysis of the distance distribution of all crystal structures
involving organic fluorine and suitable metal cations should
reveal a maximum in the number of F--M contacts at a certain
fluorine-metal distance. This distance should correspond to
the optimum interaction distance between two such atoms.
However, as is typical for coordination chemistry, especially
that of the group | metal ions, the potential surface for such
an interaction will be rather shallow since the energy of inter-
action is fairly weak.”® In Figure 5, a histogram with the result
of the CSD search™ for F--Na* contacts is displayed.®®3"

20
18
16
14
12
10

No. of
contacts &

230- 240- 250- 260- 270- 280- 290- 300- 310-
240 250 280 270 280 290 300 310 320

o

distance range/pm

Figure 5. Histogram of F--Na* contacts from the CSD search.

There can be little doubt about the maximum number of
F--Na* contacts in the range of 250-270 pm, which gradually
tails off towards longer distances. This observation further sup-
ports our view of attractive F--M interactions.

Calculations

In collaboration with Martin Kaupp, we determined the bind-
ing energy of a F-Li* interaction in the gas phase using DFT
calculations.®? For the model complexes Li(OMe,), and Li-
(OMe,);(C4HsF),, the binding energy of F-Li* was found to be
about 64% of the O-Lit interaction, the F-Li* bond length
was calculated to be 198.0 pm. It is interesting to note that in
complexes of group | metal cations with fluorobenzene in the
gas phase (according to DFT calculations at the B3LYP6-31G*
level of theory), the lighter alkali metal ions prefer to coordi-
nate to the m-face, while for the heavier ones an equilibrium
between ni-face and F-+M coordination occurs.®*3%

653



www.chembiochem.org



BIO

4. Where Else are F--M Contacts Found?

Interactions of fluorine with metals are not limited to the co-
ordination chemistry of macrocyclic ligands, but occur more
often. Some examples are summarized below:

a) In several CVD processes involving metal salts of fluorinat-
ed alkoxides, deposition of metal fluorides has been ob-
served and shown to be due to significant F--M contacts in
the alkoxides.®”

b) CF activation by transition metal compounds is most likely
preceded by coordination of metal ions to fluorine.®

) In cationic catalysts of the type Cp,ZrR™, which are used in
the Ziegler-Natta polymerization of a-olefins, the interac-
tion of perfluorinated counter anions through fluorine is
often observed. This interaction is postulated to be of sig-
nificance for the control of catalyst reactivity through such
hemilabile ligands.””

5. F---M Coordination in the Life Sciences?

This question could be of relevance in the future, since the use
of fluorinated molecules in the Life Sciences is increasing and
because there are several metals (Na*, K*, Mg**, Ca’* and
Zn?*) that are highly abundant in living organisms and partici-
pate in numerous biological functions.®® Based on our experi-
ence, we have selected a number of fluorine-containing com-
pounds that are potential candidates as chelating ligands with
fluorine participation (Scheme 3). There are good chances for
such interaction to be of significance in biochemistry.”

OH Et,N
F (0]
N )J\
K NH
NH
o~ F
- OH
Cl N
Fluoramodiaquin Fluorparacetamol Flurazepam
Anti-Malaria Analgetic Anxiolytic
0 0 HF,C(N-_CF;
GOSN PN oA L
Y - | OH " y,cooc \J
o N Cl Cl N
H NH,
Fluoruracil Fluoroxypyr Thiazopyr
Antimetabolite Herbicide Herbicide

Scheme 3. Potential metal-ligating fluorinated drugs and herbicides.

Conclusion

It is my opinion that the data presented in the present Mini-
review convincingly demonstrate that organic fluorine can be
regarded as an efficient donor atom in the coordination

H. Plenio

chemistry of alkali and alkaline earth metal ions. It remains to
be shown whether this interaction is strong enough to influ-
ence the biochemistry of bioactive, fluorinated compounds.
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Experimental Measurement of Noncovalent
Interactions Between Halogens and Aromatic

Rings

Harry Adams,”” Scott L. Cockroft,” Claudio Guardigli,”’ Christopher A. Hunter,**
Kevin R. Lawson,®™ Julie Perkins,® Sharon E. Spey,” Christopher J. Urch,” and

Rhonan Ford'

Chemical double mutant cycles have been used to quantify the
interactions of halogens with the faces of aromatic rings in
chloroform. The halogens are forced over the face of an aromatic
ring by an array of hydrogen-bonding interactions that lock the
complexes in a single, well-defined conformation. These interac-
tions can also be engineered into the crystal structures of simpler
model compounds, but experiments in solution show that the

Introduction

Noncovalent interactions involving halogens have been a
matter of debate in the literature for many years." As expect-
ed for electronegative elements with accessible lone pairs, hal-
ogens can act as hydrogen-bond acceptors, but in the 1950s,
it became clear that halogens could also form complexes with
hydrogen-bond acceptors.? This behaviour has been rational-
ised based on molecular electrostatic potential surfaces
(Figure 1).”! Fluorine behaves like a ball of negative charge, so
that it can only act as a hydrogen-bond acceptor. The other
halogens have a more positive region on the surface opposite
to the X—C bond direction as well as an equatorial belt of neg-
ative potential, so that they can act as hydrogen-bond donors
or acceptors depending on the angle of approach. The magni-
tude and area of the zone of positive potential increases with
the size of the halogen, so that iodine in particular makes rela-
tively strong interactions with hydrogen-bond acceptors. This
view is borne out by an analysis of the geometric preferences
of the interactions of hydrogen-bond donors and acceptors
with halogens in the Cambridge Structural Database.”
Noncovalent interactions between halogens and aromatic
rings were first discussed in relation to the so-called charge-

a) b) c) d)

Figure 1. Molecular electrostatic potential surfaces of (a) methyl fluoride, (b)
methyl chloride, (c) methyl bromide and (d) methyl iodide calculated by using
the STO-3G basis set in Spartan. The red regions represent negative electrostat-

ic potential, the blue regions positive electrostatic potential, and yellow is neu-
tral.

ChemBioChem 2004, 5, 657-665 DOI: 10.1002/cbic.200400018 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

halogen-aromatic interactions observed in the solid state are all
unfavourable, regardless of whether the aromatic rings contain
electron-withdrawing or electron-donating substituents. The halo-
gen-aromatic interactions are repulsive by 1-3 kJmol™'. The
interactions with fluorine are slightly less favourable than with
chlorine and bromine.

transfer complexes formed between molecular iodine and aro-
matics such as mesitylene.”’ However, halogen—mt interactions
are not commonly observed, and the possible role of such in-
teractions in more complicated molecular recognition events is
not clear. Ooki has used a triptycene torsion balance to com-
pare the interactions of a methyl group and a chloro group
with substituted aromatic rings.! Aromatics with electron-
withdrawing substituents preferred to interact with the chloro
group, but all other aromatics preferred to interact with the
methyl group. However, the details of the interaction geome-
tries are not known.

In this paper, we report a systematic study of the thermody-
namic properties of the halogen-m interaction as a function of
the identity of the halogen and substituents on the aromatic
ring. The approach is based on the chemical double mutant
cycle method that we have developed for measuring weak in-
termolecular interactions within synthetic hydrogen-bonded
complexes in chloroform.”” The approach is illustrated for the
previously reported measurement of aromatic interactions in
Figure 2. To quantify the terminal aromatic interaction in com-
plex A, we can compare the free energy of complexation of

[a] H. Adams, S. L. Cockroft, C. Guardigli, Prof. C. A. Hunter, J. Perkins, S. E. Spey
Centre for Chemical Biology, Krebs Institute for Biomolecular Science
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complex A with either complex B or complex C. In both cases,
one of the interacting aromatic rings is missing, and so
AG,—AGg or AG,—AG. provides an estimate of the free
energy contribution of the aromatic interaction to complex A.
However, this simplistic analysis does not allow for any
changes in hydrogen bond strength or secondary interactions
involving the aromatic ring that is removed. These additional
contributions can be measured by using the double mutant,
complex D. Thus, the difference AG.—AGp provides a direct
measure of any secondary effects that contribute to the differ-
ence AG,—AGg, and hence allows us to dissect out the free
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Figure 2. Chemical double mutant cycle to measure the terminal edge-to-face aromatic
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energy contribution of the terminal aromatic interac-
tion from all of the other interactions present in com-
plex A [Eq. (1)]:

AAG = AG,—AGy—AG, + AGy (1)

Here, we show how this system can be adapted to
quantify halogen-aromatic interactions.

Results and Discussion
Design and synthesis

X-ray crystal structures of simple model compounds
can be used to probe the geometry of the terminal
interaction of complex A in Figure 2. Thus, 3 forms a
hydrogen-bonded polymer with the head-to-tail
packing and the same edge-to-face aromatic interac-
tions that are present in the 1:2 complex in solution
(Figure 3).® It is important to note that the com-
plexes are not symmetric. At one end, the benzoyl
carbonyl oxygen atom is a hydrogen-bond acceptor,
and at the other, the benzoyl amide moiety is a hydrogen-
bond donor. Consequently, there are two different geometries
of interaction between the terminal functional groups, desig-
nated a and f in Figure 3. The two different interaction geo-
metries are also found in the X-ray crystal structures of the
model compounds (Figure 3). To investigate the possibility of
introducing halogen-aromatic interactions into this system,
twelve model compounds (4-15) were prepared by coupling
tribromoacetyl chloride, trichloroacetyl chloride, trifluoroacetic
anhydride or acetic anhydride with three 2,6-diisopropylaniline
derivatives (Scheme 1). Single-crystal X-ray structures were ob-

¥
: , T O~
H. - \. 5}
%: o J H ‘ [
. — _,(
—t-‘"'}—O

Figure 3. The 1-2 zipper complex used to measure the terminal edge-to-face aromatic interaction in solution, and model compound 3 used to probe the geometry
of this interaction in the solid state. Three molecules from the X-ray crystal structure of 3 are shown. The o and f interaction geometries are labelled.
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Noncovalent Halogen-zt Interactions

Y
H
0PN
NH2 (CX4CO)0
—_—
Y Y
is
H
NH2 CX5COCl or N
—
Y Y

Y = NO, (trace)

Y =H (99%)

Y = NMe, (80%)
'Y = NO, (60%)

Y =H (46%)

Y = NMe, (62%)

woo~NOUGA~
XX X X X X
1l

10 X = ClI, Y = NO, (66)
11 X =Cl, Y = H (92%)

12 X = Cl, Y = NMe, (74%)

13 X =Br, Y = NO, (37%)
14 X = Br, Y = H (90%)

15 X = Br, Y = NMe, (90%)

Scheme 1. Preparation of model compounds 4-15 by direct trihaloacetylation

or acetylation of 2,6-diisopropylanilines.

tained for nine of these compounds. The packing of the molecules in
the solid state is remarkably similar in all of the crystal structures
(Figure 4). The molecules are arranged in hydrogen-bonded chains in a
head-to-tail orientation with the CX; groups over the faces of the aniline
7t systems. The shortest halogen-aromatic contact occurs for the o ge-
ometry interaction (Figures 4 and 5). One of the halogens is in van der
Waals contact with the aromatic ring in all of the structures, and the
angle (¢) between the C—X bond and the plane of the & system is 20—
40° away from orthogonal (Table 1). It might be tempting to ascribe this
observation to attractive interactions between the CX; groups and the

aromatic rings, but as will become clear this is not the case.

Y = NO,

Y = NMe,

no
structure

no
structure

FULL PAPERS

In all of the X-ray crystal structures of the model
compounds, the shortest halogen-aromatic contact
occurs for the a geometry interaction (Figures 3 and
4). We have previously developed a method for
studying this interaction by locking the conformation
of unsymmetrical complexes with a terminal nitropyr-
role group.”’ By using this approach (Figure 6), we
can design complexes to hold CX;—aromatic interac-
tions in the a geometry, thereby ensuring close con-
tact between the halogen and the it system. The pro-
posed double mutant cycles are illustrated in

Y
!

’
”

o
K@

v"\'\l\n
O%Z ,Ilmmno

Figure 5. The o. geometry interaction in the X-ray crystal structures
of model compounds 4-15 is described by the distance between
the halogen and the plane of the aromatic ring (d) and the angle
between the C—X bond and the plane of the aromatic ring (¢).

X=Cl X=Br

AN TS

\ { \ (
/ / )-'-\'=—:_.‘

X

| ]
Y no

structure

Figure 4. Dimers found in the X-ray crystal structures of model compounds 4-15. Three compounds (8, 9 and 15) failed to give single crystals suitable for X-ray

structure determination. There is some disorder of the CBr; group in the structure of compound 14 as illustrated (X=Br, Y=H). Hydrogen atoms are shown in calcu-
lated positions. In the structures shown, all compounds pack in a head-to-tail arrangement with hydrogen bonds between the amide groups. The CX; groups all lie
over the faces of aromatic rings with close halogen- contacts.
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Table 1. Geometry of the halogen-aromatic interaction for the closest contact (o geometry) in the X-ray crystal structures of the model compounds shown in
Figure 4, and the crystallographic R factor for the structures.”

dAl ¢ R [%]
X X X
Y F (@ Br F a Br F a Br
NO, 3.07 333 3.61 37 33 33 7 10 9
Y H - 3.38 3.38 - 18 35 - 9 6
NMe, - 3.27 - - 43 _ _ 4 _

[a] See Figure 5 for the definition of d and ¢.

Figure 6. The complex designed for measuring the halogen-aromatic interac-

tion (X=F, Cl, Br; Y=NO,, H, NMe,).

Figure 7.  Compounds 17-19
were therefore synthesised from
the known compound 16
(Scheme 2).! The other com-
pounds required to construct
the required double mutant
cycles are shown in Figure 8 and
have all been described previ-
ously.”

Binding studies

The complexation properties of
the prepared systems were stud-
ied by using "H NMR titration ex-
periments in CDCl,.”” The behav-
iour of the bisaniline compounds
17-20 is complicated by cis—
trans, anti-syn conformational
equilibria of the amide and ni-
tropyrrole groups, aggregation
that takes place with self-associ-
ation constants of the order of
10m~", and low solubility.” How-
ever, we have shown previously
that the errors associated with
these equilibria cancel out in the
double mutant cycle, and the
system behaves well if the bisa-
niline compounds are used as
the guests in the titrations. Thus,
although the association con-
stants are subject to significant

660
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errors, a simple analysis assuming only 1:1 binding gives
double mutant cycle results that are very similar to the results
obtained by using a full detailed analysis of all of the equilibria
present. For compounds 17-20, low solubility precludes accu-
rate analysis of the competing equilibria, so the data presented
are based on the simple 1:1 binding model. The effect of this
approximation is to increase the apparent association con-
stants that are reported in Table 2 and increase the size of the
errors.

The association constants and limiting complexation-
induced changes in chemical shift for the formation of 1:1

X H X H
QY7 N AGy - AGy N
N )\ﬁ. N
ozN—C,f:t': ::_O’ ) X e ozNQ,{LHE 59/ Me
OY@\rH é\ H
N (s N
R\ WS ﬁ@
Y Y Y Y
AG, - AGe AGg - AGp

D
Figure 7. Chemical double mutant cycle to measure the halogen-aromatic interactions in complex A (X=F, Cl, Br;
Y=NO,, H, NMe,).
o O ®
0 O O CX3COOH o
_—
OEN‘Q)L : s =0e oN—CT
N, H N_N, B
H *H 07 "CXs

17 X = F (49%)
18 X = CI (92%)
19 X = Br (78%)

Scheme 2. Preparation of bisaniline compounds 17-20 by direct EDC-mediated coupling of the primary amino func-
tion of 16 with the respective trihaloacetic acid.
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Table 2. K, [M~'] and AG [kJmol~'] values and limiting complexation-induced changes in chemical shift (5 in ppm) measured in CDCl; at 295 K for complexes used in the double mutant cycles.”’
Isophthaloyl compound 6 Bisaniline compound ¢
Complex Y X K, AG s d t nh aa me pl p2 p3 nl n2 b1 b2 b3 b4 Me
A
2217 NO, F 31+5 —84+04 +0.1 -0.2 —0.5 +0.5 0.0 —0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. -
217 H F 56+6 —9.9+£03 +0.1 —-04 -1.2 +0.6 0.0 —0.1 +0.7 —-1.2 0.0 +1.0 +0.7 0.0 +0.1 +0.1 —0.1 -
2317 NMe, F 122+42 —11.8+£0.9 +0.2 —0.5 —-1.1 +13 0.0 —0.1 +14 —1.1 +0.1 +1.8 +0.9 0.0 +0.1 +0.1 —0.1 -
2218 NO, @ 28+6 —82+06 +0.1 —0.3 -0.8 +0.7 —0.1 —0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. -
2:18 H @ 89+10 —11.0+0.3 +0.3 —-04 —-1.2 +1.2 n.d. —0.1 +1.2 —1.2 +0.3 +1.8 +0.3 —0.1 +0.1 +0.2 +0.1 -
2318 NMe, @ 217 +42 —13.2+0.5 +0.3 —-04 -1.2 +1.4 nd. —0.1 +1.5 —-1.2 +0.1 +1.9 +0.2 —0.1 +0.1 +0.2 +0.1 -
22:19 NO, Br 85+39 —109+1.1 +0.3 —0.1 -0.3 +1.3 —0.1 —0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. -
2:19 H Br 139+26 —12.1+£0.5 +0.3 —-0.3 -1.0 +1.1 0.0 —0.1 +0.9 —-1.1 n.d. +1.4 +0.1 —0.1 +0.1 +0.2 +0.1 -
2319 NMe, Br 236144 —13.4+05 +0.1 —-04 -1.2 +0.9 0.0 —0.1 +1.2 1.1 +0.1 +1.2 +0.1 —0.1 +0.1 +0.2 +0.1 -
B
22:20 NO, - 10417 —13.0+04 +0.1 —-0.2 —0.6 +0.7 0.0 —0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd.
2:20 H - 170+40 —12.6+0.6 0.0 —0.4 -1.2 +0.7 0.0 —0.1 +13 n.d. n.d. +1.9 +0.4 —0.1 +0.2 +0.1 0.0 —0.4
2320 NMe, - 399498 —147+0.6 +0.1 —-0.5 -13 +0.9 0.0 —0.1 +1.6 —-1.2 0.0 +1.9 +0.1 —0.1 +0.1 +0.2 0.0 —-0.3
C
2117 - F 3443 —8.7£03 +0.1 —-04 -0.8 +0.5 - - +1.8 0.0 +0.6 +1.9 +1.7 n.d. 0.0 +0.1 —0.1 -
2118 - cl 32+4 —85+03 +0.1 —-04 -0.9 +0.7 - - +1.7 0.0 +0.6 +2.0 +0.7 —-0.2 —0.1 +0.1 +0.1 -
2119 - Br 45+4 —93£0.2 +0.1 —-0.3 -0.7 4 0.6 - - +13 +0.2 +0.5 +1.7 +0.3 —-0.2 —0.1 40.1 0.0 -
D
2120 - - 33+8 —8.6+0.6 +0.1 —-04 -0.8 4 0.6 - - +14 40.1 +0.6 +1.9 n.d. 0.0 —0.1 +0.1 —0.2 0.0
[a] The data were analysed assuming a simple 1:1 complexation model and ignoring the effects of the conformational and aggregation equilibria that are clearly present in this system. See Figure 8 for the
proton labelling scheme. There are no significant changes in chemical shift for the signals belonging to the protons on the cyclohexyl group; n.d.=not determined. Titration experiments were repeated at least
twice, and K, is a weighted mean based on the observed change in chemical shift for all the signals monitored. The error is twice the standard error.
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Table 3. Halogen-aromatic interaction free energies (AAG [kJmol~']) mea-
sured in CDCl; at 295 K by using the double mutant cycle shown in Figure 7.
Errors are +1.0 k/mol™'.

X
F Cl Br
Y NO, 3.0 3.1 1.2
H 2.8 1.5 1.2
NMe, 29 14 2.0

arylmethane subunit (b2-b4) indicate that the face of this ring
interacts with the edge of another and confirm that edge-to-
face aromatic interactions are present in the core of the complex.

The data in Table 2 were used in Equation (1) to construct
double mutant cycles for the halogen-aromatic interactions,
and the results are shown in Table 3. The interactions are all
repulsive. Thus, the interactions that appear to be reliably en-
gineered into the crystal structures of the model compounds
reported above are in fact forced there by the neighbouring
amide—-amide hydrogen bonds and represent contacts that are
unfavourable. There are no clear trends in the values of AAG
in Table 3, and most of the differences lie within the experi-
mental error. However, the interactions of the aromatic rings
with fluorine atoms appear to be slightly more repulsive than
with the other halogens.

Conclusion

We have measured noncovalent interactions between a series

of halogens and substituted aromatic rings in chloroform. The

interactions are all unfavourable, slightly more so for fluorine
than for chlorine and bromine. More detailed interpretation of

the values is not sensible, as the experiment is subject to a

number of limitations:

1) The compounds have low solubility which leads to errors
that are large relative to the differences in the interaction
energies. All of the results in Table 3 lie within the experi-
mental errors.

2) The complexation-induced changes in chemical shift for
the complexes involving 22 (i.e. with the nitro group on
the aromatic ring) differ from the rest of the complexes,
and may be indicative of a change in conformation for this
system.

3) Although the X-ray crystal structures of the model com-
pounds suggest that the supramolecular motif used in
these experiments can accommodate all three halogens,
the halogens are different in size, and so the observed free
energy differences may reflect steric as well as electrostatic
effects.

4) The electrostatic potential surfaces of the larger halogens
shown in Figure 1 are highly anisotropic, and so relatively
subtle changes in geometry could significantly alter the
nature of the electrostatic potential surface presented to
the m system. The geometry of the zipper complexes is
constrained by the architecture of the system, and a differ-
ent arrangement of the interacting groups could result in
quite different interaction energies.
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Experimental Section

Synthesis of N-(2,6-diisopropyl-4-nitrophenyl)acetamide (4): A
solution of 2,6-diisopropyl-4-nitroaniline (0.36 g, 1.6 mmol) and a
catalytic amount of 4-(dimethylamino)pyridine (DMAP, 0.04 g) were
taken up in anhydrous pyridine (20 mL). Acetyl chloride (0.14 mL,
2.0 mmol) was then added dropwise. The mixture was heated at
reflux (140°C) for 24 h. After this time, the reaction mixture was al-
lowed to cool to room temperature and then poured into 2m hy-
drochloric acid cooled on an ice bath. The resulting aqueous mix-
ture was extracted into dichloromethane (2x40 mL). The organic
layers were combined, washed with brine and dried over anhy-
drous sodium sulfate. The solvent was removed under reduced
pressure. The main product was the diacetyl derivative, but it was
possible to separate the required product in trace amounts (0.01 g,
2%) by column chromatography on silica by using dichlorometh-
ane as the eluant. An X-ray crystal structure was used to confirm
the structure. '"H NMR (250 MHz, CDCl;): 6=8.05 (s, 2H), 6.92 (s,
1H), 3.10 (sept, 2H), 2.23 (s, 3H), 1.22 ppm (d, 12H); *C NMR
(250 MHz, CDCl): 6=170.00, 148.55, 119.00, 29.26, 26.20,
23.36 ppm.

Synthesis of N-(2,6-diisopropylphenyl)acetamide (5): Acetic anhy-
dride (1.5 mL, 5 mmol) was added dropwise to diisopropylaniline
(1.1 mL, 5 mmol) in a round-bottomed flask cooled by an ice bath.
The resulting solid was filtered and washed sequentially with 1m
hydrochloric acid (2x20 mL), 1 M sodium hydroxide (2x20 mL) and
brine (1x20 mL). Recrystallisation from dichloromethane/petrole-
um ether 40-60 yielded the title compound (12.89g, 99%) as a
white solid. M.p. 198-200°C; 'H NMR (250 MHz, [DgIDMSQ): 6 =
9.20 (s, 1H), 7.50 (t, 1H), 7.30 (d, 2H), 3.05 (sept, 2H), 1.10 ppm (d,
6H); “CNMR (250 MHz, [DJDMSO): 6=169.48, 146.40, 133.21,
127.82, 123.25, 28.47, 24.19, 23.69, 22.98 ppm; EIMS: m/z: 219 [M]*+
; elemental analysis calcd (%) for C,,H,,NO: C 76.67, H 9.65, N 6.39;
found: C 76.59, H 9.78, N 6.38.

Synthesis of N-(2,6-diisopropyl-4-dimethylaminophenyl)aceta-
mide (6): Acetic anhydride (0.046 mL, 0.66 mmol) was added to a
stirred solution of 2,6-diisopropyl-4-dimethylaminoaniline (0.09 g,
0.40 mmol) in dry dichloromethane (75 mL) at 0°C. The tempera-
ture was allowed to increase to room temperature. The reaction
mixture was washed with 0.5m sodium hydroxide (4x10 mL) and
brine (2x10 mL), and the organic phase was dried over sodium
sulfate. Evaporation of the solvent under reduced pressure gave
the title compound (0.08g, 80%) as a brown solid. 'H NMR
(250 MHz, CDCl5/[DsJDMSO): 6=8.79 (s, 1H), 6.50 (s, 2H), 3.09
(sept, 2H), 2.16 (s, 6H), 1.21 ppm (d, 12H); *CNMR (250 MHz,
CDCly): 6=170.16, 150.44, 146.76, 120.91, 107.81, 40.79, 29.02,
24.47, 23.72 ppm; EIMS: m/z: 262 [M]T; elemental analysis calcd
(%) for CieHyN,0: C 73.24, H 9.99, N 10.68; found: C 73.21, H
10.15, N 10.39.

Synthesis of N-(2,6-diisopropyl-4-nitrophenyl)trifluoroacetamide
(7): A solution of 2,6-diisopropyl-4-nitroaniline (0.09 g, 0.4 mmol),
trifluoroacetic anhydride (0.7 mL, 0.5 mmol) and a catalytic amount
of DMAP (0.01 g, 0.07 mmol) were taken up in anhydrous pyridine
(10 mL) and heated at reflux (145°C) for 48 h. After this time, the
reaction mixture was allowed to cool to room temperature, and
2™ hydrochloric acid was added gradually until the solution was
acidic. The resulting aqueous mixture was extracted into dichloro-
methane (3x25 mL). The organic layers were combined, washed
with brine and dried over anhydrous sodium sulfate. After filtra-
tion, the solvent was removed under reduced pressure and the
products were separated by column chromatography on silica with
dichloromethane/methanol as eluant. The first compound eluted
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was the desired product (0.08 g, 60%). '"H NMR (250 MHz, CDCl,):
0=28.09 (s, 2H), 7.57 (brs, 1H), 3.03 (sept, 2H), 1.26 ppm (d, 12H);
BCNMR (250 MHz, CDCly): 0=156.15 (q, *J=37 Hz), 148.70,
148.58, 133.62, 119.34, 116.10 (q, 'Jor =286 Hz), 29.33, 23.24 ppm;
YFNMR (CDCl,): 6 =—75.50 ppm; EIMS: m/z: 318 [M]*; elemental
analysis calcd (%) for C,4H,,F3N,O5: C 52.83, H 5.38, N 8.80; found:
C 53.07, H 5.43, N 8.64.

Synthesis of N-(2,6-diisopropylphenyl)trifluoroacetamide (8): Tri-
fluoroacetic anhydride (0.75 mL, 5 mmol) was added dropwise to
diisopropylaniline (1.1 mL, 5 mmol) in a round-bottomed flask
cooled by an ice bath. The resulting solid was filtered and washed
with hydrochloric acid (5x20 mL) and brine (1x20 mL). Purification
by recrystallisation from dichloromethane/petroleum ether 40-60
yielded the title compound (0.66 g, 46%) as a light pink solid.
'HNMR (250 MHz, [D¢]DMSOQ): 6=9.45 (s, 1H), 7.25 (t, 1H), 7.15
(d, 2H), 3.02 (sept, 2H), 1.15ppm (d, 6H); *CNMR (250 MHz,
[DJDMSO): 6=156.53 (q, Ye=36Hz), 14594, 129.87, 129.20,
123.89, 116.70 (q, "Jer =289 Hz), 28.58, 23.70 ppm; '°F NMR (CDCl,):
0 =—75.59 ppm; EIMS: m/z: 273 [M]*; elemental analysis calcd (%)
for CyH,sFsNO: C 61.53, H 6.64, N 5.13; found: C 61.89, H 6.99, N
5.17.

Synthesis of N-(2,6-diisopropyl-4-dimethylaminophenyl)trifluoro-
acetamide (9): Trifluoroacetic anhydride (0.14 g, 0.66 mmol) was
added to a stirred solution of 2,6-diisopropyl-4-dimethylaminoani-
line (0.11 g, 0.51 mmol) in dry dichloromethane (75 mL). The tem-
perature was allowed to increase to room temperature. The reac-
tion mixture was washed with 0.5m sodium hydroxide (4x10 mL)
and brine (2x10mL), and the organic phase was dried over
sodium sulfate. Evaporation of the solvent under reduced pressure
gave the title compound (0.10 g, 62 %) as a brown solid. M.p. 196-
198°C; 'H NMR (250 MHz, CDCl;/[DJDMSO): 6 =9.35 (s, 1H), 6.33
(s, 2H), 2.78 (sept, 2H), 2.78 (s, 6H), 1.00 ppm (d, 12H); *C NMR
(250 MHz, CDCly): 0 =157.16 (q, *Js =36 Hz), 150.99, 146.47, 116.98,
116.30 (g, "Jer =289 Hz), 107.65, 40.56, 29.08, 23.58 ppm; '°F NMR
(CDCly): =-75.56 ppm; HRMS (El+): m/z calcd for C;4H,;5F;N,O:
316.176; found: 316.176; elemental analysis calcd (%) for
C,6H45F3N,0: € 60.75, H 7.33, N 8.85; found: C 60.99, H 7.32, N 8.88.

Synthesis of N-(2,6-diisopropyl-4-nitrophenyl)trichloroacetamide
(10): A solution of 2,6-diisopropyl-4-nitroaniline (0.36 g, 1.6 mmol),
trichloroacetyl chloride (0.18 mL, 2 mmol) and a catalytic amount
of DMAP (0.036 g, 0.16 mmol) were taken up in anhydrous pyridine
(20 mL) and heated at reflux (145°C) for 48 h. After this time, the
reaction mixture was allowed to cool to room temperature, and
2™ hydrochloric acid was added gradually until the solution was
acidic. The resulting aqueous mixture was extracted into dichloro-
methane (3x25 mL). The organic layers were combined, washed
with brine and dried over anhydrous sodium sulfate. After filtra-
tion, the solvent was removed under reduced pressure, and crystal-
lisation from chloroform and petroleum ether 40-60 gave the title
compound (0.4 g, 66%) as a yellow solid. '"H NMR (250 MHz, CDCl,):
0=8.08 (s, 1H), 7.90 (s, 1H), 3.15 (sept, 2H), 1.28 ppm (d, 6H);
3C NMR (250 MHz, CDCl,): 6 =161.80, 148.72, 135.08, 119.30, 29.24,
23.28 ppm; CIMS: m/z: 384 [M+NH,]*.

Synthesis of N-(2,6-diisopropylphenyl)trichloroacetamide (11):
Trichloroacetyl chloride (0.5 mL, 5 mmol) was added to a stirred
solution of 2,6-diisopropylaniline (1.1 mL, 5 mmol) and triethyl-
amine (0.7 mL, 5mmol) in dry dichloromethane (100 mL) in a
round-bottomed flask cooled by an ice bath. The temperature was
allowed to increase to room temperature. The solvent was evapo-
rated under reduced pressure, and the resulting solid was filtered
and washed with hydrochloric acid (5x20 mL) and water (1x
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20 mL). The desired product was obtained as a light pink solid
(1.5 g, 92%). 'H NMR (250 MHz, CDCl5): 6=7.83 (s, TH), 7.37 (t, 'J=
7.8Hz, 1H), 7.47 (d, 'J=7.8 Hz, 2H), 3.05 (sept, 'J=6.7 Hz, 2H),
1.25 ppm (d, 'J=6.7 Hz, 6H); *C NMR (250 MHz, CDCl,): 6 = 160.99,
146.26, 129.36, 129.30, 123.83, 28.78, 23.56 ppm; EIMS: m/z: 321
M1+

Synthesis of N-(2,6-diisopropyl-4-dimethylaminophenyl)trichloro-
acetamide (12): Trichloroacetyl chloride (0.12 g 0.68 mmol) was
added to a stirred cold solution of 2,6-diisopropyl-4-dimethylami-
noaniline (0.11 g, 0.51 mmol) and triethylamine (0.70 mL, 0.5 mmol)
in dry dichloromethane (75 mL). The temperature was allowed to
increase to room temperature (RT). The reaction mixture was
washed with 0.5m sodium hydroxide (4x10 mL) and brine (1x
10 mL), and the organic phase was dried over sodium sulfate.
Evaporation under reduced pressure gave the title compound
(0.14 g, 74%) as a brown solid. M.p. 220-222°C; 'H NMR (250 MHz,
CDCl;): 6=7.70 (s, 1H), 6.50 (s, 2H), 3.00 (sept, 2H), 2.98 (s, 6 H),
1.20 ppm (d, 12H); *CNMR (250 MHz, CDCl,): 6 =150.88, 146.72,
118.57, 107.61, 40.62, 29.01, 23.60 ppm; EIMS: m/z: 364 [M]*; ele-
mental analysis calcd (%) for C,¢H,;CI5N,O: C 52,55, H 6.34, Cl
29.08, N 7.66; found: C 52.63, H 6.38, Cl 28.88, N 7.41.

Synthesis of N-(2,6-diisopropyl-4-nitrophenyl)tribromoacetamide
(13): A solution of 2,6-diisopropyl-4-nitroaniline (0.38 g, 1.7 mmol),
tribromoacetyl chloride (0.4 mL, 2 mmol) and a catalytic amount of
DMAP (0.04 g, 0.17 mmol) were taken up in anhydrous pyridine
(20 mL) and heated at reflux (145°C) for 48 h. After this time, the
reaction mixture was allowed to cool to room temperature, and
2™ hydrochloric acid was added gradually until the solution was
acidic. The resulting aqueous mixture was extracted into dichloro-
methane (3x25 mL). The organic layers were combined, washed
with brine and dried over anhydrous sodium sulfate. After filtra-
tion, the solvent was removed under reduced pressure, and the
product was crystallised from chloroform and petroleum ether 40-
60. Purification by column chromatography on silica with dichloro-
methane as eluant gave the title compound (0.31 g, 37%) as a
yellow solid. "H NMR (250 MHz, CDCl,): 6 =8.10 (s, 2H), 7.90 (s, 1H),
3.15 (sept, 2H), 1.25 ppm (d, 6H); *C NMR (250 MHz, CDCl,): 6=
148.72, 119.29, 29.21, 23.31 ppm; EIMS: m/z: 501 [M]™.

Synthesis of N-(2,6-diisopropylphenyl)tribromoacetamide (14):
Tribromoacetyl chloride (0.5 mL, 2.6 mmol) was added to a stirred
solution of 2,6-diisopropylaniline (0.54 mL, 2.6 mmol) and triethyl-
amine (0.36 mL, 2.6 mmol) in dry dichloromethane (75 mL) on an
ice bath. The temperature was allowed to increase to room tem-
perature. The solvent was evaporated under reduced pressure, and
the resulting solid was filtered and washed with 1M hydrochloric
acid (5x20 mL) and water (1x20 mL) to afford the title compound
(1.05 g, 90%) as a white solid. "H NMR (250 MHz, CDCl,): 6 =8.02 (s,
1H), 7.35 (t, 'J=7.8Hz, 1H), 7.20 (d, 'J=7.8 Hz, 2H), 3.10 (sept,
'J=6.9 Hz, 2H), 1.25 ppm (d, 'J=6.9 Hz, 6H); *CNMR (250 MHz,
CDCly): 6=161.26, 146.38, 129.59, 129.31, 123.82, 36.51, 28.74,
23.60 ppm; HRMS (FAB+): m/z calcd for Cy4H,oBr;NO: 453.902;
found: 453.899.

Synthesis of N-(2,6-diisopropyl-4-dimethylaminophenyl)tribro-
moacetamide (15): Tribromoacetyl chloride (0.038 g, 0.32 mmol)
was added to a stirred cold solution of 2,6-diisopropyl-4-dimethyl-
aminoaniline (0.068 g, 0.3 mmol) and triethylamine (0.35 mL,
4.7 mmol) in dry dichloromethane (75 mL) at 0°C. The temperature
was allowed to increase to room temperature. The reaction mix-
ture was washed with 0.5m sodium hydroxide (4x10 mL) and
brine (1x10mL), and the organic phase was dried over sodium
sulfate. Evaporation under reduced pressure afforded the title com-
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pound (0.18 g, 90%) as a brown solid. '"H NMR (250 MHz, CDCl,):
0=7.87 (s, TH), 6.52 (s, 2H), 3.06 (sept, 2H), 2.98 (s, 6H), 1.23 ppm
(d, 12H); CNMR (250 MHz, CDCl;): 6=161.57, 150.70, 146.90,
119.89, 107.79, 40.77, 28.97, 23.64 ppm; HRMS (FAB+): m/z calcd
for C;4H,4Br;N,0: 496.944; found: 496.939.

N-(4-Nitropyrrole-2-carboxy)-N'-trifluoroacetyl-(1,1-bis((4-amino-
3,5-dimethyl)phenyl)cyclohexane) (17): Trifluoroacetic  acid
(0.23 mL, 3 mmol) and 16 (0.92 g, 2 mmol) were taken up in dry
dichloromethane (150 mL) and cooled to 0°C on an ice bath. After
a few minutes, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride (EDC, 0.57 g, 2.97 mmol) was added to the solution,
and the temperature was allowed to increase to room tempera-
ture. Purification by recrystallization from dichloromethane/petrole-
um ether 40-60 gave the title compound (0.55 g, 49%) as a yellow
solid. M.p. 188-190°C; 'H NMR (250 MHz, CDCly/[DJDMSOQ): 6 =
11.90 (s, 1H), 9.50 (s, 1H), 8.90 (s, 1H), 7.65 (s, 1H), 7.45 (s, TH),
6.90 (s, 2H), 6.85 (s, 2H), 2.12 (brs, 4H), 2.08 (s, 6H), 2.05 (s, 6H),
1.40 ppm (brs, 6H); °F NMR (CDCl;): 6 = —75.66 ppm; FABMS: m/z;
557 [M+H]*; elemental analysis calcd (%) for CyeH5,N,0,"/, H,0: C
61.58, H 5.70, N 9.91; found: C 61.75, H 5.67, N 9.64.

N-(4-Nitropyrrole-2-carboxy)-N'-trichloroacetyl-(1,1-bis((4-amino-
3,5-dimethyl)phenyl)cyclohexane) (18): Trichloroacetic acid
(0.40 g, 2.45 mmol) and 16 (0.83 g, 1.8 mmol) were taken up in dry
dichloromethane (150 mL) and cooled to 0°C on an ice bath. After
a few minutes, EDC (0.6 g, 3.0 mmol) was added to the solution,
and the temperature was allowed to increase to room tempera-
ture. The product was purified by washing with 1m hydrochloric
acid (4x15 mL) and 1M sodium hydroxide (4x 15 mL). The organic
solution was dried over anhydrous sodium sulfate, and the solvent
was evaporated under reduced pressure to give the title com-
pound (0.83 g, 92%) as a yellow solid. M.p. 167-169°C; 'H NMR
(250 MHz, CDCl,): 6=9.80 (s, 1H), 7.82 (s, TH), 7.78 (dd, /=34,
2J=1.4Hz, 1H), 7.23 (dd, 2J=2.4, 2J=1.4Hz, TH), 7.11 (s, TH), 7.01
(s, 2H), 7.00 (s, 2H), 2.23 (s, 6H), 2.21 (s, 6H), 2.20 (brs, 4H),
1.54 ppm (brs, 6H); *CNMR (250 MHz, CDCly/[D]DMSO): &=
160.42, 158.53, 148.18, 147.20, 137.13, 135.39, 135.19, 131.10,
129.95, 126.82, 126.47, 126.50, 122.00, 106.20, 45.22, 36.54, 26.19,
22.78, 18.79, 18.27 ppm; FABMS: m/z: 607 [M+H]™.

N-(4-Nitropyrrole-2-carboxy)-N'-tribromoacetyl-(1,1-bis((4-amino-
3,5-dimethyl)phenyl)cyclohexane) (19): Tribromoacetic acid
(0.85 g, 2.8 mmol) and 16 (1.09 g, 2.4 mmol) were taken up in dry
dichloromethane (150 mL) and cooled to 0°C by using an ice bath.
After a few minutes, EDC (0.64 g, 3.3 mmol) was added to the solu-
tion, and the temperature was allowed to increase to room tem-
perature. The solution was washed with 1M hydrochloric acid (3 x
15mL) and 1M sodium hydroxide (3x15 mL). The solvent was
evaporated under reduced pressure, and the brown solid was puri-
fied by recrystallization from dichloromethane/petroleum ether
40-60 to afford the title compound (1.37 g, 78%). M.p. 205-206°C;
'H NMR (250 MHz, CDCl,): 6=10.28 (s, 1H), 8.03 (s, TH), 7.77 (dd,
1J=3.5,2J=14Hz, 1H), 7.25 (dd, 2J=24, *J=1.4Hz, TH), 7.12 (s,
1H), 7.01 (s, 2H), 7.00 (s, 2H), 2.25 (s, 6H), 2.20 (s, 6H), 2.20 (brs,
4H), 1.54 ppm (brs, 6H); *CNMR (250 MHz, CDCl,): 6=160.70,
158.73, 148.27, 147.96, 137.46, 135.34, 135.25, 130.36, 129.74,
127.15, 126.82, 125.76, 122.00, 105.92, 45.27, 36.80, 30.94, 26.24,
22.85, 18.79, 18.40 ppm; HRMS: m/z calcd for C,eH5,BrsN,O,:
736.997; found: 736.990.

Crystal structure data: CCDC-229124 to 229132 contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.
html (or from the Cambridge Crystallographic Data Centre, 12
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Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336033; or
deposit@ccdc.cam.uk).

Compound 4: Crystal data for C;,H,,N,0;: M,=264.32; crystallises
from methanol as light brown blocks; crystal dimensions 0.32x
0.12%x0.12 mm. Orthorhombic, a=9.1715(18), b=10.738(2), c=
15.152(3) A, U=1492.1(5) A3, Z=4, p,=1.177 Mgm™, space
group Pnma (D}, No.62, Moy, radiation (=0.71073 A), w(Moy,) =
0.083 mm™', F(000) = 568.

Compound 5: Crystal data for C,,H,;NO: M,=219.32; crystallises
from dichloromethane/petroleum ether as colourless blocks; crystal
dimensions  0.55x0.27x0.25 mm. Orthorhombic, a=17.799(7),
b=8.492(3), ¢=9326(5A U=14096(11) A%, Z=4, pou=
1.033 Mgm™, space group Pca2, (G, No.29), Moy, radiation (1=
0.71073 A), u(Moy,) =0.064 mm~", F(000) = 480.

Compound 6: Crystal data for C;sH,sN,O: M,=262.39, crystallises
from methanol as colourless plates; crystal dimensions 0.41Xx
0.21x0.12 mm. Monoclinic, a=16.181(2), 6=10.5392(16), c=
9.3966(14) A,  =90.000(3)°, U=16024(4) A}, Z=4 pou=
1.088 Mgm ™, space group P2,/c (G,, No.14), Moy, radiation (1=
0.71073 A), w(Moy,) =0.068 mm~", F(000) = 576.

Compound 7: Crystal data for C;,H;,F;N,05: M, =318.50; crystallises
from dichloromethane as colourless plates; crystal dimensions
0.30%x0.30%0.12 mm. Orthorhombic, a=9.43(4) b=10.51(4), c=
15.89(6) A, U=1574(11) A%, Z=4, p.,.a=1.343 Mgm 3, space group
P2,2,2, (D% No.19), Moy, radiation (1=0.71073 A), p(Moy,)=
0.118 mm™', F(000) = 664.

Compound 10: Crystal data for C,,H,,ClsN,0;: Mr=367.65; crystalli-
ses from dichloromethane as colourless needles; crystal dimensions
0.21x0.12x0.12 mm. Monoclinic, a=10.84(3), b=16.75(4), c=
9.76(2) A, B=97.96(2)°, U=1755(7) A}, Z=4, pyca=1.392 Mgm 3,
space group P2,/c (C,, No.14), Moy, radiation (1=0.71073 A),
WMoy,) =0.534 mm~"', F(000) = 760.

Compound 11: Crystal data for C,,H,sClsNO: M,=322.64; crystalli-
ses from dichloromethane as colourless needles; crystal dimensions
0.21x0.08x0.08 mm. Monoclinic, a=10.145(3), b=17.913(5), c=
9847(3)A, p=116012(6)°, U=1608.18)A%, Z=4, pPow=
1.333 Mgm™>, space group P2,/c (C,, No.14), Moy, radiation (1=
0.71073 &), w(Moy,) =0.562 mm~', F(000) = 672.

Compound 12: Crystal data for C,¢H,;Cl3N,O: M,=365.71; crystalli-
ses from dichloromethane as colourless needles; crystal dimensions
0.21x0.12%x0.12 mm. Monoclinic, a=9.6323(8), b=9.6702(8), c=
20.5301(18) A, B=97.741(2)°, U=1894903) A}, Z=4, pou=
1.282 Mgm™, space group P2,/c (C,, No.14), Moy, radiation (1=

0.71073 A), w(Moy,) =0.486 mm ', F(000) = 768.

Compound 13: Crystal data for C,,H;,Br;N,05: M,=501.03; crystalli-
ses from chloroform/petroleum ether as colourless blocks; crystal
dimensions 0.13x0.11x0.06 mm>. Monoclinic, a=9.769(2), b=
16.817(3), c=10.8202) A, $=99.26(3)°, U=1754.5(6) A, Z=4,
Peatca=1.897 Mgm ™3, space group P2,/c (C,, No.14), Moy, radiation
(1=0.71073 &), u(Moy,) =6.910 mm~', F(000) = 976.

Compound 14: Crystal data for C;,H;sBr;NO: M,=456.02; crystalli-
ses from acetone/petroleum ether as colourless blocks; crystal
dimensions 0.30x0.20x0.12 mm. Monoclinic, a=10.270(3), b=
18.254(6), c=9.994(3) A, B=117.350(6)°, U=1664.1(10) A, Z=4,
Peaica=1.820 Mgm ™, space group P2,/c (C,, No.14), Moy, radiation
(2=0.71073 &), w(Moy,) =7.265 mm~', F(000) = 888.

ChemBioChem 2004, 5, 657 — 665



www.chembiochem.org



Noncovalent Halogen-zt Interactions

Acknowledgements

We thank the Lister Institute (C.A.H.), EPSRC (J.P), AstraZeneca
(C.G.), Zeneca Agrochemicals (J.P) and Hoffman-La Roche (S.L.C.)
for financial support.

Keywords: double mutant cycles - halogens - hydrogen
bonds - molecular recognition - pi interactions

[1] a) K. Yamasaki, J. Phys. Soc. Jpn. 1962, 17, 1264; b) S. C. Nyburg, J. Chem.

2

Phys. 1962, 48, 4890; c) D. H. Rank, B.S. Rao, J. Mol. Spect. 1964, 13,
34-42; d)O. Hassel, J. Hvoslef, J. Science 1970, 170, 497 -502; e) K.
Mirsky, M. D. Cohen, Chem. Phys. 1978, 28, 193-204; f) L.-Y. Hsu, D.E.
Williams, Inorg. Chem. 1979, 18, 79-82; g) S. C. Nyburg, W. Wong-Ng,
Proc. Royal Soc. London Ser. A 1979, 367, 29-45; h)S. C. Nyburg, W.
Wong-Ng, Inorg. Chem. 1979, 18, 2790-2791; i) L--Y. Hsu, D. E. Williams,
Inorg. Chem. 1980, 19, 2200; j) E. Burgos, C.S. Murthy, R. Righini, Mol.
Phys. 1982, 47, 1391-1403; k) S. L. Price, A. J. Stone, J. Lucas, R.S. Row-
land, A.E. Thornley, J. Am. Chem. Soc. 1994, 116, 4910-4918; ) H. 1.
Bloemink, K. Hinds, A.C. Legon, J. C. Thorn, Angew. Chem. 1994, 106,
1577-1579; Angew. Chem. Int. Ed. Engl. 1994, 33, 1512-1513; m)D. E.
Williams, G. Daquan, Inorg. Chem. 1997, 36, 782-788; n) V. Amico, S. V.
Meille, E. Corradi, M. T. Messina, G. Resnati, J. Am. Chem. Soc. 1998, 120,
8261; o) A. Lunghi, P. Cardillo, M. T. Messina, P. Metrangolo, W. Panzeri,
G. Resnati, J. Fluor. Chem. 1998, 91, 191; p)J. M. A. Robinson, B. M.
Kariuki, K. D. M. Harris, D. Philp, J. Chem. Soc. Perkin Trans. 2 1998,
2459-2469; q) E. Corradi, S.V. Meille, M. T. Messina, P. Metrangolo, G.
Resnati, Angew. Chem. 2000, 112, 1852-1856; Angew. Chem. Int. Ed.
2000, 39, 1782-1786.

a) O. Hassel, J. Hvoslef, Acta Chem. Scand. 1954, 8, 873; b) O. Hassel, J.
Hvoslef, Proc. Chem. Soc. 1957, 250.

[3] S. L. Price, A.J. Stone, Mol. Phys. 1982, 47, 1457 - 1470.

ChemBioChem 2004, 5, 657 - 665

[4] a) P. Murray-Rust, W.D.S. Motherwell, J. Am. Chem. Soc. 1979, 101,

[9

4374-4376; b) V. R. Pedireddi, S. D. Reddy, B.S. Gould, D. C. Craig, A.D.
Rae, G.R. Desiraju, J. Chem. Soc. Perkin Trans. 2 1994, 2353-2360;
c) J. P. M. Lommerse, A.J. Stone, R. Taylor, F. H. Allen, J. Am. Chem. Soc.
1996, 118, 3108-3116; d) F. H. Allen, Acta Crystallogr. B 1997, 53, 1006 -
1016; e) M. D. Prasanna, T. N. G. Row, Cryst. Eng. 2000, 3, 135-154.

a) R. S. Mulliken, J. Am. Chem. Soc. 1950, 72, 600-608; b) J. L. Lippert,
M. W. Hanna, P. J. Trotter, J. Am. Chem. Soc. 1969, 91, 4035-4044.

Y. Nakai, G. Yamamoto, M. Ooki, Chem. Lett. 1987, 89-92.

a) H. Adams, F. J. Carver, C. A. Hunter, J. C. Morales, E. M. Seward, Angew.
Chem. 1996, 108, 1628-1631; Angew. Chem. Int. Ed. Engl. 1996, 35,
1542-1544; b) H. Adams, K. D. M. Harris, G. A. Hembury, C. A. Hunter, D.
Livingstone, J.F. McCabe, Chem. Commun. 1996, 2531-2532; ¢)F.J.
Carver, C. A. Hunter, E.M. Seward, Chem. Commun. 1998, 775-776;
d) G. Chessari, C. A. Hunter, J. L. Jiminez Blanco, C. M. R. Low, J. G. Vinter
in NMR in Supramolecular Chemistry (Ed.: M. Pons), Kluwer, 1999, 331 -
334; e)F.J. Carver, C.A. Hunter, P.S. Jones, D.J. Livingstone, J.F.
McCabe, E. M. Seward, P. Tiger, Chem. Eur. J. 2001, 7, 4854-4862; f) H.
Adams, J.-L. Jiminez Blanco, G. Chessari, C. A. Hunter, C. M. R. Low, J. M.
Sanderson, J. G. Vinter, Chem. Eur. J. 2001, 7, 3494-3503; g) F. J. Carver,
C. A. Hunter, D. J. Livingstone, J. F. McCabe, E. M. Seward, Chem. Eur. J.
2002, 8, 2848-2859; h)C.A. Hunter, P.S. Jones, P. Tiger, S. Tomas,
Chem. Eur. J. 2002, 8, 5435-5446; i) C. A. Hunter, C. M. R. Low, C. Rotger,
J. G. Vinter, C. Zonta, Proc. Natl. Acad. Sci. USA 2002, 99, 4873-4876;
j)C. A. Hunter, C. M.R. Low, C. Rotger, J. G. Vinter, C. Zonta, Chem.
Commun. 2003, 834-835; k) C. A. Hunter, C. M. R. Low, J. G. Vinter, C.
Zonta, J. Am. Chem. Soc. 2003, 125, 9936-9937.

H. Adams, P. L. Bernad, D. S. Eggleston, R. C. Haltiwanger, K. D. M. Harris,
G. A. Hembury, C. A. Hunter, D. J. Livingstone, B. M. Kariuki, J. F. McCabe,
Chem. Commun. 2001, 1500-1501.

H. Adams, C. A. Hunter, K. R. Lawson, J. Perkins, S. E. Spey, C.J. Urch,
J. M. Sanderson, Chem. Eur. J. 2001, 7, 4863 -4877.

[10] C.A. Hunter, M. J. Packer, Chem. Eur. J. 1999, 5, 1891-1897.

Received: January 20, 2004 [F400018]

www.chembiochem.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

665



www.chembiochem.org




BIO

Fluorine Interactions at the Thrombin Active
Site: Protein Backbone Fragments H—C,—C=0
Comprise a Favorable C—F Environment and
Interactions of C—F with Electrophiles

Jacob A. Olsen,”™ David W. Banner,* Paul Seiler,” Bjérn Wagner,”’
Thomas Tschopp,™ Ulrike Obst-Sander,” Manfred Kansy,” Klaus Miiller,*® and

Francois Diederich*"!

In a systematic fluorine scan of a rigid inhibitor to map the fluo-
rophilicity/fluorophobicity of the active site in thrombin, one or
more F substituents were introduced into the benzyl ring reach-
ing into the D pocket. The 4-fluorobenzyl inhibitor showed a five
to tenfold higher dffinity than ligands with other fluorination
patterns. X-ray crystal-structure analysis of the protein-ligand
complex revealed favorable C—F--H—C,—C=0 and C—F--C=0 in-
teractions of the 4-F substituent of the inhibitor with the back-
bone H—C,—C=0 unit of Asn98. The importance of these interac-
tions was further corroborated by the analysis of small-molecule

Introduction

Organic fluorine is rarely found in nature, as evidenced by the
small number of known fluorinated natural products. In con-
trast, it is abundant in synthetic materials as documented by
the nearly 1.8 million C- and F-containing molecules listed by
Chemical Abstract Services (CAS). Moreover, the number of flu-
orinated drugs is continuously increasing, with 1020 (~5%) in-
cluded in the Derwent Drug File™ which contains 21146 chem-
ical entities, and more than 150 fluorinated drugs currently in
clinical use.

The introduction of F atoms causes minimal steric effects
due to their small size, with a van der Waals radius of 1.47 A
(120 A for H)>¥ while several important pharmacokinetic
properties, such as metabolic stability and absorption proper-
ties, can be modulated in a favorable way.

Much less is known about how the thermodynamics of pro-
tein-ligand interactions are affected by the replacement of H
by F, which is still generally taken as a bioisosteric replace-
ment. Characteristic physical properties of F substituents are a
very low polarizability (hard atom), the highest electronegativi-
ty in the periodic table, and the presence of three tightly
bound nonbonding electron pairs.? They confer unique be-
havior on fluoro-organic compounds: teflon and other fluori-
nated compounds are neither hydrophilic nor hydrophobic.”
For a more effective use of organic fluorine in medicinal
chemistry, tuning not only pharmacokinetic properties but also
ligand binding affinity, a better understanding of the nature of
favorable (fluorophilic) and unfavorable (fluorophobic) environ-
ments for F substituents is required.

666

X-ray crystal-structure searches in the Protein Data Base (PDB)
and the Cambridge Structural Database (CSD). In the C—F--C=0
interactions that are observed for both aromatic and aliphatic
C—F units and a variety of carbonyl and carboxyl derivatives, the
F atom approaches the C=0 C atom preferentially along the
pseudotrigonal axis of the carbonyl system. Similar orientational
preferences are also seen in the dipolar interactions C—F--C=N,
C—F--C—F, and C—F--NO,, in which the F atoms interact at sub-
van der Waals distances with the electrophilic centers.

A survey of the literature provides some insight into the
nature of favorable F environments in proteins. The C—F unit
has been reported to interact favorably with strong H-bond
donors, such as the N—H groups of backbone amide linkages
and His side chains or the H—O groups of Tyr, Ser, and protein-
bound water.”® These contacts are possibly best characterized
as C—F--H—X dipolar interactions rather than true H-bonds.”
Lipophilic side chains constitute another favorable F environ-
ment in proteins. Notably, close contacts are observed be-
tween aromatic C—H, for example in Phe, and F—C residues.” '
In particular, the CF; group has a pronounced lipophilicity, as
reflected by its Hansch-Leo substituent parameter 7 of 0.88
(—CH,: w=0.56, —CH,CH;: 7=1.02)."""" In other cases, the
effect of F substitution on protein-ligand binding is a more in-
direct one. Thus, the introduction of F atoms into aromatic
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Fluorine Interactions at the Thrombin Active Site

rings greatly affects aromatic-aromatic interactions by influ-
encing the electronic nature of the rings.'"*'

We recently started to systematically exchange one or more
H atoms for fluorine in all possible positions of a previously de-
veloped family of thrombin inhibitors"” in order to explore the
fluorophilicity/fluorophobicity of the active site of this trypsin-
like serine protease from the blood coagulation cascade
(Figure 1). The rigid tricyclic core ensures that differently deco-
rated inhibitors adopt nearly identical binding geometries in
the structurally well-defined active site; a requirement for
meaningful structure-activity relationships. Here, we report the
results of the fluorine scan involving the benzylic residue un-
dergoing edge-to-face interactions with the indole ring of
Trp215 in the spacious lipophilic D pocket of the enzyme.''® By
using a combination of solution binding assays, X-ray crystal
structure analysis of a protein-ligand complex, small-molecule
X-ray crystallography, and data-base mining, we show that H—
C,—C=0 fragments in proteins provide a pronounced fluoro-
philic environment. We provide evidence that C—F groups un-
dergo favorable dipolar interactions with electrophilic residues
such as (=0, (=N, C-F, and even —NO,, with the F atom point-
ing in a distinct orientation onto the positively polarized elec-
trophilic center.

Results and Discussion
Synthesis of the inhibitors

The fluorinated inhibitors were prepared from tricycle (£+)-1a,
which was obtained by 1,3-dipolar cycloaddition of maleimide,
4-formylbenzonitrile, and L-proline together with diaster-
eoisomer (+)-2a (Scheme 1). The product ratio was solvent-de-
pendent, varying from (+)-1a/(£)-2a 1:3 in MeCN to 1:4.3 in
dimethylformamide (DMF). Following chromatographic separa-

Asp189

Figure 1. Fluorine scan of tricyclic thrombin inhibitors and the schematic repre-
sentation of the binding mode in the active site of thrombin. Only the (3aS,4-
R,8asS,8bR)-configured enantiomer is bound, according to X-ray crystallogra-
phy7** In addition to the catalytic triad flanked by the oxyanion hole, the
active site can be described in terms of the selectivity pocket S1, a small proxi-
mal pocket (P1), and a large hydrophobic distal (D) pocket.

tion, the assigned configuration of the diastereoisomers was
confirmed by X-ray crystallography. A more favorable ratio
(1:1.8) of the desired to undesired diastereoisomers (+)-1b
and (+)-2b was obtained in MeCN, starting from p-bromoben-
zaldehyde. Interestingly, (+)-1a and (£+)-2a have the same
space group (P2,/c) but very different crystal packings. The
enantiomers of (+)-1a form dimers with two C=0-+-H—N hydro-

O H 0 . ) g
o I 2, AL
)*'-«r Y =) a HN IN' *HN | N7
HN}.___J L)+ (L w — };r H} ;;,/—H /
I z 0 . o 7~
o o COOH & ) ( E)
8% -/
R=CN, Br R R
(tH1aR=CN (+}2aR=CN
(tF1IbR=Br (+)}2bR=8r
4 x 3 4 X 3
o= i B
s AT N /P H 5
= b A S c & A ﬁ]
5 N %i + (£)-1a i N\]/[__ N - Ni?_g | AL
e - iz
B Br o H }\1 o H }_\
y _ iy .'\-_-
(£)}-3a-(1)-3) I““./ (x)-4a-(1)-4] “-2
CN A=NH
HaN HC

(£)-4b

Scheme 1. Synthesis of inhibitors (+)-4a-j. a) CH;CN, reflux; 15% (+)-1a and 38 % (+)-2a; b) K,CO;, [18]crown-6, toluene, reflux; 58-86 %; c) i) AcCl, MeOH,
CH,Cl,, 5°C; i) NH; in MeOH, 65°C; 40-79 %. Also shown is the ORTEP representation of (+)-4b with vibrational ellipsoids obtained at 203 K and shown at the
30% probability level. The two crystal bound water molecules have been omitted for clarity. For the substitution pattern X in (+)-3a-j and (+)-4a-j, see Table 1.
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gen bonds between their imide moieties (d(C=0--H—N)=
2.12 A (150°), while the enantiomers of (£)-2a are arranged
in infinite chains, stabilized by C=N--H-N hydrogen bonds
(d(C=N--H-N)=2.16 A (172°)) (see Supporting Information).
Alkylation of (4)-1a with commercially available benzyl bro-
mides (K,CO,, [18]crown-6, PhMe) afforded nitriles (+)-3a-j in
high yields, and the Pinner reaction gave the desired phenyla-
midinium inhibitors, benzyl derivative (+)-4a,"’" a series of
eight mono-, di-, and pentafluorinated ligands (4)-4b-i, and
monochlorinated (+)-4j. An X-ray crystal structure was ob-
tained for the 2-fluorophenyl inhibitor (+)-4b and is shown in
Scheme 1.

The synthesis of the tricyclic thrombin inhibitor (£)-5, which
has an isopropyl group to fill the P-pocket!"*9 started with the
1,3-dipolar cycloaddition of 4-fluorobenzylated maleimide 6, 4-
bromobenzaldehyde, and L-proline to give tricycle (£)-7
(Scheme 2). Regioselective reduction with Li[Et;BH], followed

F F
O H
0
a

N | + +{ NH ——
o Br COOH

6

F F

Scheme 2. Synthesis of inhibitor (+)-5. a) CH;CN, reflux; 38 %; b) i) Li[Et;BH], THF, —78 ——45°C; ij) 4-toluenesulfin-
ic acid, CaCl, CH,Cl,; 70% over 2 steps; c) iPrMgCl, ZnCl,, CH,Cl,, 0°C; 71 %; d) CuCN, DMF, reflux; 63 %; e) AcCl,

MeOH, CH,Cl,, 5°C; i) NH, in MeOH, 65°C; 75 %.

by treatment with 4-toluenesulfinic acid and CaCl, afforded
sulfone (4)-8. Nucleophilic substitution (presumably via the
acyliminium ion) with i-PrMgCl in the presence of ZnCl,"™ pro-
vided (£)-9, which was converted into nitrile (+)-10 and finally
into the phenylamidinium salt (+)-5.

Biological results and crystal structure of (+)-4d bound to
the thrombin active site.

Inhibitory activity against thrombin and trypsin was deter-
mined as previously described by using the chromogenic sub-
strate $-2238.%Y Surprisingly, whereas eight fluorinated and
chlorinated inhibitors (inhibitory constant K,=0.19 to 0.61 um)
showed a potency similar to that of non-fluorinated (+)-4a
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(Ki=0.31 um), the 4-fluorophenyl derivative (+)-4d was much
more active with K=0.057 uM (AAG)4.—1)aa=—1.05=£
0.17 kcalmol™) (Table 1). Furthermore, this compound showed
the best selectivity (Ki(trypsin)/K(thrombin)=67) against tryp-
sin in the entire series. The introduction of the isopropyl resi-
due in (£)-5 to fill the P-pocket led to a large additional in-
crease in affinity and selectivity, as expected from earlier
work."” Ligand (£)-5 with a K; value of 5 nm and a 413-fold se-
lectivity over trypsin is the most active in the series of tricyclic
thrombin inhibitors prepared to date. Table 1 also includes
measured logD values (logarithmic distribution coefficient at
pH 7.4)2" Due to the charged phenylamidinium residue, they
are all in an unfavorable negative range. Since they do not
vary much upon F substitution, the particularly increased bind-
ing affinity of (+£)-4d does not result from F-mediated en-
hancement in lipophilicity. Also, possible differences in the
edge-to-face interaction of the various fluorinated benzyl resi-
dues with the indole ring of Trp215
cannot explain the biological re-
SUltS.[17c'22'23]

Important insight into the origin
of the enhanced affinity of (+)-4d
was obtained by solving the X-ray
crystal structure of the thrombin
complex at 1.67 A resolution.”” Not
surprisingly, only the (3aS4-
R,8aS,8bR) enantiomer is bound, as
had already been shown for related
R thrombin inhibitors.'”*"! Superimpo-
sition with a previously reported
crystal structure of thrombin com-
plexed with an inhibitor that has a
piperonyl group pointing into the
D pocket'’? revealed an identical
binding mode for both inhibitors
(see Supporting Information). This
corroborates our modeling-based
assumption that all fluorinated in-
hibitors have identical binding
geometries.

NH
HoN.HCl

Table 1. Activities of the fluorinated thrombin inhibitors and selectivities
with respect to trypsin. Also shown is the distribution coefficient LogD at
pH 7.4, see®"!

Inhibitor X K; [um]® Selectivity™ LogD
(£)-4a - 0.31 15 —1.24
(+)-4b 2-F 0.50 9.8 <-1
(+)-4c 3-F 0.36 26 —1.24
(+)-4d 4-F 0.057 67 —1.08
(+)-4e 2,3-F, 0.49 18 n.d.@
(+)-4f 2,6-F, 0.61 9.0 n.d.
(£)-49 3,4-F, 0.26 29 n.d.
(+)-4h 3,5-F, 0.59 25 —1.25
(+)-4i 1,2,3,4,5-F 0.27 44 —-1.14
(+)-4j 4-Cl 0.19 30 n.d.

[a] The uncertainty of measured K; values is +20%. [b] K(trypsin)/Ki(-

thrombin). [c] Not determined.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org
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The F atom of (3aS,4R8aS,8bR)-4d is in remarkably close
contact with the H-C,—C=0 moiety of Asn98 (Figure 2), as in-
dicated by the short distances d(F-C,)=3.1 A (d(F-H-C,)=
2.1A, a(f-H-C)=157°) and d(F-C=0)=3.5A (a(F-C=0)=
96°, a(F-C(O)-pseudotrigonal axis of the carbonyl system)=
280)_[25]

lle174

Figure 2. Binding mode of the 4-fluorobenzyl moiety of (+)-4d in the D pocket
of thrombin. All F contacts with the protein within a distance of <4.0 A are
shown with dotted lines. Color code: dark-blue: thrombin skeleton, light-blue:
inhibitor skeleton. gray: C atoms, blue: N atoms, red: O-atoms, green: F atom.

What are the possible energetic contributions of these F
contacts? The weak H-bond-donating ability of the polarized
H—C, unit in peptides is increasingly being recognized, and
calculations indicate that weak X—O--H—C, (X=H, and C) H-
bonds may contribute roughly half of the strength of the con-
ventional C=0--H—N hydrogen bond between two amide moi-
eties.”® Due to the very low polarizability of fluorine atoms, C—
F residues are considerably weaker H-bond acceptors than C—
O and C—N residues, and C—F-H—C is presumably better
viewed as an attractive dipolar contact® Nevertheless, C—
F--H—C interactions have been reported to play an important
role in crystal packing,”” biological systems,””™ and catalysis.””
Furthermore, intermolecular perturbation theory (IMPT) calcu-
lations in the Isostar Data Base suggest that interactions be-
tween the F atom of fluorobenzene and the H—C,—C=0 unit of
acetone are energetically similar to the C—F-+-H—N interaction
between fluorobenzene and N-methylacetamide.2”

The C—F unit in (3aS,4R,8aS,8bR)-4d is also in close contact
with the positively polarized C atom of the C=0 unit of Asn98.
Such organofluorine interactions with carbonyl groups have
not previously been reported in the literature. However, a
survey of the PDB revealed that such contacts are not uncom-
mon.B?" Short C—F--C=0 contacts, down to d(F--C)=2.9 A, are
seen for both aromatic C—F residues as well as for —CF;
groups. In several of these examples, the C—F bonds approach
the carbonyl C atoms along the pseudotrigonal axis. Figure 3
shows the structure of an inhibitor of the trifluoroacetylpep-
tide class bound to porcine pancreatic eleastase at 2.50 A reso-
lution (PDB code: 2EST).E'? All three F atoms of the CF,CO
group interact with backbone C=0O groups of Cys191

ChemBioChem 2004, 5, 666-675 www.chembiochem.org
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Cysii
S

Gly183 Phe215

Figure 3. C—F--C=0 interactions seen in the crystal structure of the complex be-
tween porcine pancreatic elastase and an inhibitor of the trifluoroacetyl pep-
tide class at 2.50 A resolution (PDB code 2EST).”'¥ Color code: gray: C atoms,
blue: N atoms, red: O-atoms, green: F atom, yellow: S atom.

(dF~Q=35A af-C=0)=59°), Thr213 (d(F~C)=3.6A,
a(FC=0)=87°), Ser214 (d(F-~C)=3.0 A, a(F-C=0)=74°), and
Phe215 (d(F-C)=3.1 A, a(F-~C=0)=103°).

In view of these data, we suggest that the dipolar
C—F--H-C, and C—F-C=0 interactions with the H-C,—C=0
moiety of Asn98 are the major determinant for the large in-
crease in activity seen for (+)-4d when compared with the
other inhibitors in the series. More structural information will
be needed to explain why the ligands with different F-substitu-
tion patterns or additional F atoms (as in the 3,4-difluoro deriv-
ative 4g), feature reduced binding affinities compared with
(£)-4d.

C—F-.C=0 interactions in small-molecule X-ray crystal struc-
tures.

Additional support for the postulated C—F--H-C, and
C—F--C=0 interactions was obtained by analyzing the X-ray
crystal structures of the nitrile precursors (+)-3d, (+)-3g, (£)-
3i, and (£)-10, inhibitor (+)-4b, and N-(4-fluorobenzyl)male-
imide 6.5%% In the crystal packing environments of (+)-3d,
(£)-3i, and (£)-10, C—F-+H-C,—C=0 and C—F--C=0 contacts
similar to the one seen in the thrombin complex of 4d were
found."® Only one close C—F-+H—C,—N contact below the sum
of the van der Waals radii (2.67 A) was observed in the crystal
packing of compounds (+)-3¢g (d(F--H—C,—N)=2.52 A, a(F--H—
C-N)=137.8°) and (+)-4b (d(F~H-C)=229A, a(F-H-C)=
145.1°) (see Supporting Information).?”’

Each of the three molecules in the unit cell of N-(4-fluoro-
benzyl)maleimide 6 is engaged in intermolecular C—F--C=0
contacts (d(F-C=0)=2.94A, 3.11 A, and 3.18 &) (Figure 4).
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These contacts are significantly
below the sum of the vander
Waals radii (ca. 3.30 A). Presumably
they make a significant contribu-
tion to the energetics of the ob-
served crystal packing.

A search in the CSD®* for inter-
molecular C—F--C=0 interactions
in crystals of fluorine-containing
organic carbonyl derivatives (ke-
tones, esters, amides, urethanes,
ureas, etc, as well as heterocyclic
derivatives containing these struc-
tural elements) was carried out
(see ref. [18] for a detailed discus-
sion). A considerable number of
C—F--C=0 contacts (43 out of 1091 occurrences) with distances
significantly below the sum of the van der Waals radii of C and
F atoms (ca. 3.3 A) were observed; this is indicative of an at-
tractive interaction between the two polar groups. Both ali-
phatic and aromatic C—F units were found to be participating

2.94 A"-,C5'(°)l

Figure 4. Short intermolecular
C-F--C=0 contacts seen in the
X-ray crystal packing of N-(4-
fluorobenzyl)maleimide 6.

D. W. Banner, K. Miiller, F. Diederich et al.

in these short contacts. The F--C=0 interaction bears some
structural resemblance to the interaction of nucleophiles with
carbonyl groups as investigated by Biirgi and Dunitz,®® In con-
trast to the latter, which involve partial transfer of electron
density from the nucleophile to the electrophilic carbonyl
system with concomitant rehybridization of the carbonyl
group, the F--C=0 contact is probably best described as a
purely multipolar interaction between the intrinsically polar C—F
and C=0 units, without discernible structural changes in the
carbonyl unit.

In our previous communication,™® we used the scatterplot
correlating the angle «,(F~C=0) with the contact distance
d,(F-+C(C=0)). While this scatterplot nicely shows a narrow
cone of points, which suggests preferential positioning of the
F atom near to 90° at close contacts, it does not discriminate
between cases in which the F atom may approach the carbon-
yl group from the side, or even in the plane from those cases
in which the F atom is truly located above or below the car-
bonyl unit at or near its pseudotrigonal axis. Therefore, we
prefer the presentation shown in Figure 5a (left and center),
here the distance d, of the F atom to the plane of the carbonyl

26 28 80 82
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0.0 : :
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Figure 5. A) left: Scatterplots of d, versus d, of close C—F-C=0 contacts with 2.5<d, < 4.0 A obtained from 628 hits of the CSD search of fluorine-containing organ-
ic carbonyl derivatives (Q=C, N, O). Right: Superposition of 43 intermolecular [C—F--Q(CO)Q] subunits with 2.77 <d, < 3.09 A extracted from the crystal structures
and superimposed on the carbonyl unit."® The thin vertical line marks the pseudotrigonal axis of the carbonyl system (norm of the Q(CO)Q plane). B. Scatterplots
of d, versus d, of close C—X--C=0 (X=Cl, Br, I) contacts obtained from a CSD search of X-containing organic carbonyl derivatives (Q=C, N, O). C—Cl: 1701 hits

(2.8<d,<4.3A) C—Br: 1148 hits (3.0<d,<4.5 A). C-1: 193 hits (3.2<d, < 4.7 A).
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unit (defined by its three atoms Q—Q—O0) is correlated with the
internuclear distance d,(F--C(CO). In this plot, a sharp tip results
at close contact distances with a straight upper boundary for
d,~d, for all those cases in which the F atom lies at or very
close to the pseudotrigonal axis of the (planar) carbonyl unit.
Points below this boundary belong to cases in which the F
atom deviates from the pseudotrigonal axis (d,<d;). In all
these cases, the carbonyl unit adopts a nearly planar arrange-
ment with the carbonyl C atom almost exactly in the plane of
its three ligand atoms (distance from the plane 0-0.03 A for all
F--C contact distances). Very rarely, a point is found to lie
above the linear boundary; this might occur when the carbon-
yl unit is significantly pyramidal, hence d,>d,.

Superimposition of the crystal structures with short intermo-
lecular contact distances of 2.9 A <d,(F--C=0) <3.1 A with re-
spect to the carbonyl system convincingly showed that the F
atoms of the C—F unit prefer a position close to the pseudo-
trigonal axis. Figure 5a (right) shows the narrow cone around
the pseudotrigonal axis of the carbonyl group (cone angle ca.
12°) within which the fluorine atom of a closely interacting
C—F bond prefers to be located. Noticeably, at very short F--C
contact distances, the C—F--C(O) angle a, lies between 110 and
150°. With increasing distance, this angle range widens, taking
a value between 90 and 180° near the van der Waals contact
distance. The analysis also clearly revealed that a close contact
of the F atom with the C=0 group does not necessarily imply
a close C—F--H—C, contact."® Conversely, there are clear cases
in which the F atom interacts predominantly with the C,—H
unit, but is somewhat more remote from the C=0 group. Thus,
there appears to be a range of possibilities for a C—F unit to
engage in potentially attractive contacts with the H—C,—C=0
moiety.

It is interesting to compare the C—F--C=0 case with those of
C—Cl, C—Br, and C—l approaching a carbonyl system (Fig-
ure 5b). For all halogens, we can clearly identify the character-
istic tip in the scatterplots that indicates those cases in which
the C—X unit approaches the C=0 group at short contact dis-
tances with X lying at or close to the pseudotrigonal axis of
the carbonyl group. Note that the tip of the scatterplot occurs
typically at distances significantly below the van der Waals con-
tact distances; however, we note that, in going from F to the
heavier halogens, the tip gets broader and the scatterplot
widens more rapidly into a domain without preferential loca-
tion of the X atom relative to the carbonyl unit (0<d, <d,). In-
terestingly, the onsets of these wide scatter domains occur at
distances equal to or larger than the corresponding van der -
Waals contact distances for X--C. However, even at these larger
distances some preference for C—X close to the pseudotrigonal
axis of the carbonyl system remains, except in the case of C—
[-C=0; here the scatterplot for d,>4.0 A becomes rather
evenly distributed. The protrusion of the tip of the scatterplot
from the onset of the wide, vertical (d,) distribution is clearly
most pronounced for the C—F case and is continuously re-
duced on going from C—F to C—Cl, C—Br, and C—I.

These results stimulated our interest in further investigating
interactions between the C—F unit and electrophilic centers
comparable to the C atom of the C=0 unit.
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Evidence for dipolar interactions between C—F units and
other electrophilic centers from small-molecule X-ray crys-
tallography

Intermolecular C—F--CN interactions, which strongly resemble
the C—F--C=0 interactions described above, were observed in
the crystal-packing environment of several precursors to inhibi-
tors, prepared as part of a fluorine scan to map the fluorophi-
licity/fluorophobicity of the S1-pocket in thrombin. An example
is shown in Figure 6. Again, the F atom of (+)-11 approaches
the electrophilic C atom of the nitrile group in a neighboring

'H'} F15
CZB(,.--- }"(’b\m

©N) ¥ 3014 {J)&H{{Ju\ }_{

I a(F -CN) = 97°

Figure 6. C—F--CN interactions observed in the crystal packing environment of
(£)-11.

molecule at sub-van der Waals distance (d(F--C=N=3.01 A) and
in a nearly orthogonal fashion (a(F-+C=N)=97°). A similar
contact had been noted by Nishide et al. as a novel intramo-
lecular through-space interaction between F and CN in the X-
ray crystallographic analysis of fluorocyanides.®”

The C—F interactions observed in the X-ray crystal packing
analyses of 14 fluorinated precursors prepared for the F scan
at the thrombin active side and further supported by CSD
searches can be divided into three main types (Figure 7). The
first type comprises the interaction of C—F moieties with car-
bonyl and carboxyl derivatives as described above, as well as
dipolar C—F--C—F interactions with similar geometrical prefer-
ences (Figure 7a). The second type comprises interactions be-
tween the F atom and positively polarized H atoms with a
good number of contacts significantly below the sum of the
van der Waals radii (2.67 A) (Figure 7b). These contacts include
C—F--H-C,—C=0, C—F-+H—C,—N, and C—F--H-C,, in particular if
the positive polarization of the aromatic H atom is enhanced
by a CN group in the ortho-position. In the third type, the posi-
tively polarized C atom of the C—F unit interacts with CI~ ions
or negatively polarized O atoms of carbonyl groups (Fig-
ure 7). It is clear that further experimental and computational
investigations are needed in order to determine the energetic
contributions associated with these interactions and to explore
their importance in chemical and biological systems.

Finally, we provide a first CSD search of the interaction of
C—F units with organic nitro groups, which have an isosteric
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Figure 7. Schematic representation of the three main types of intermolecular interactions observed for the C—F
unit in the crystal packing environments of 14 different fluorinated synthetic precursors to tricyclic phenylamidi-
nium inhibitors of thrombin. The shortest distances observed in the crystal structures are shown.

resemblance to the carboxyl group. This analysis of intermolec-
ular C—F--NO, contacts includes crystals of F-containing organ-
ic nitro derivatives with an intermolecular (nonbonded) dis-
tance between the C-bound F atom and the nitro N atom in
the range 2.0 A < d(F-~NO,) < 4.0 A.B¥ According to our DFT cal-
culations (RB3LYP, 6-31G** geometries),®® the N atom in nitro-
benzene carries a partial charge of +0.674, as derived from
the molecular electrostatic potential, and a Mulliken charge of
+0.387 and therefore possesses substantial electrophilic char-
acter.

The search resulted in 80 hits with 188 occurrences of
F--NO, contacts and ten cases significantly below (<3.09 A)
the sum of the van der Waals radii of the N and F atoms (ca.
3.2 A); this indicated an attractive interaction between the C—F
unit and the NO, group (Figure 8). This dipolar interaction has,
to the best of our knowledge, not been reported in the litera-
ture. The favored position of the F atom relative to the plane
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Figure 8. Scatterplots of d, versus d, of close C—F--NO, contacts with
2.0<d, <4.0 A obtained from 86 hits of the CSD search of fluorine-containing
organic nitro derivatives (Q=C).
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c) of the NO, group was further investi-
N .

c gated. Comparing the scatterplot for

C:)d—so4A C—X-+NO, in Figure 8 with those of

. R o C—X--C=0 (Figure 5), we note striking

FQF similarities. For C—F-~NO,, a relatively

E sharp tip protrudes from the “bulk”

o beginning at d,~3.4 A. However, the

. 'g=334A tip is not as sharp as in the case of
R\: the carbonyl system. Therefore, we
F may conclude that there is a marked

NC

tendency of the C—F unit to approach
the electrophilic nitro group again
more or less along the pseudotrigo-
nal axis, but that this preference is
somewhat less pronounced than in
the case of a carbonyl unit.*® In going to the heavier halogens,
the scatterplots become much more diffuse, although a tip-
forming cluster can always be recognized (not shown). Inter-
estingly, for C—I--NO,, a second cluster with d,~0-0.5A is
found at relatively short contact distances. This cluster relates
to crystal structures in which the C—I unit approaches the nitro
group in plane with short O- contacts.*” The closest
C—F--NO, contact (2.67 A) found in the search, appears from a
visual inspection not to be controlled by other crystal packing
forces."+?

Conclusion

A fluorine scan of thrombin inhibitors to map favorable F envi-
ronments in the D pocket of the enzyme has revealed that
H—C,—C=0 fragments provide a pronounced fluorophilic envi-
ronment. This finding, resulting from an X-ray crystal-structure
analysis of a thrombin-ligand complex, was further corroborat-
ed by small-molecule X-ray crystallography and PDB and CSD
searches. The previously unrecognized favorable C—F.-C=0
contacts displayed by a variety of carbonyl and carboxyl deriv-
atives as well as by aliphatic and aromatic F substituents are
best described in terms of multipolar interactions between the
intrinsically polar C—F and C=O units. As the F atom ap-
proaches the carbonyl C atom, it is preferentially located near
the pseudotrigonal axis of the carbonyl system. In considera-
tion of the high propensity of H—C,—C=0 units in the active
sites of proteins, such F interactions can be effectively exploit-
ed in medicinal chemistry for enhancing ligand affinity and/or
selectivity in lead optimization.

Small-molecule X-ray crystallography and CSD searches
show that the oriented interaction between aliphatic or aro-
matic C—F units and electrophilic centers below van der Waals
contact distances is a more general one. F atoms prefer to ap-
proach C=N units at an angle close to 90°. Favorable dipolar
C—F--C—F contacts with similar orientation are observed, and
the dipolar interaction between C—F units and NO, groups
closely resembles, in its geometric preference, the one be-
tween C—F and C=0 groups. On the other hand, CI~ anions
and carbonyl O atoms have been found to approach the elec-
trophilic C atom of C—F units in an orthogonal alignment. The
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study has further confirmed the propensity of C—F units to
undergo dipolar interactions with H—C residues, contacts that
are increasingly classified as weak H-bonds. A preference of
C—F to undergo such interactions with aromatic C—H units
that are particularly polarized by ortho-substituents such as
CN, is clearly visible in the small-molecule crystal structures.

While it was important in a first step to identify the interac-
tion preferences of C—F units, further studies must focus on
the energetic quantification of the strength of these intermo-
lecular contacts. For this purpose, we have recently initiated
the design, synthesis, and study of specific model systems.

Experimental Section

General: Fluorinated benzyl bromides were purchased from Al-
drich. Other solvents and reagents were of reagent grade, pur-
chased from commercial suppliers and used without further purifi-
cation. CH,Cl, was freshly distilled from CaH,, and toluene was dis-
tilled from Na. Anhydrous MeOH was purchased from Aldrich.
Column chromatography (CC) on SiO,-60 (230-400 mesh, 0.040-
0.063 mm) from Fluka. TLC on SiO,~60 F,,s, Merck, visualization by
UV light at 245 nm or by staining with 5% phosphomolybdic acid
in EtOH. Melting points were determined on a Blichi SMP-20 and
are uncorrected. In several cases, the compound decomposed
before melting. IR spectra (cm™") were obtained with a Perkin-
Elmer 1600-FTIR instrument. 'H, C, and '°F NMR spectra were ob-
tained on a Varian Gemini300 with the solvent peak as internal ref-
erence, or CFCl; for the 'F spectra. In the *CNMR spectra of
(£)-3e, (£)-3j, (£)-4b, (+)-4f, (+)-49, (+)-4i, and (£)-8, one aro-
matic signal is missing due to overlap, and only one of the signals
of the F-bound C atoms in compound (+)-4i is reported. High-
resolution MALDI mass spectra (HRMS) were obtained with 2,5-di-
hydroxybenzoic acid as matrix on a lonSpec Ultima instrument.
Molecular ions (M*) reported for phenylamidinium salts refer to
the corresponding phenylamidine derivatives. Elemental analyses
were performed by the Mikrolabor at the Laboratorium fiir Organi-
sche Chemie, ETH Zirich. All syntheses and characterizations of
compounds not included in the manuscript are reported as Sup-
porting Information.

(3aSR,4RS,8aSR,8 bRS)-4-(1,3-Dioxodecahydropyrrolo[3,4-alpyr-
rolizin-4-yl)benzonitrile ((+)-1a) and (3aSR,4SR,8aRS,8 bRS)-4-
(1,3-dioxodecahydropyrrolo[3,4-alpyrrolizin-4-yl)benzonitrile ((+)-
2a): A solution of maleimide (2.42 g, 25.0 mmol), 4-formylbenzoni-
trile (3.28 g, 25.0 mmol), and L-proline (2.88 g, 25.0 mmol) in MeCN
(75 mL) was heated at reflux for 16 h. The solvent was removed in
vacuo, and (£)-1a and (4)-2a were separated by CC (eluent EtOAc/
Et,0, 15:85).

(£)-1a: Yield: 1.05 g (15%), colorless crystals; m.p. >220°C (dec.,
EtOAC/Et,0); '"HNMR (300 MHz, (CDs),SO): 6=1.56-1.72 (m, 2H),
1.88-2.04 (m, 2H), 2.44-2.50 (m, 1H; H—C(6)), 2.70-2.82 (m, 1H; H—C
(6)), 3.28-3.36 (m, 1H; H—C(8b)), 3.49-3.58 (m, 1H; H—C(8a)), 3.61 (t,
J=84, TH; H—C(3a)), 417 (d, J/=8.7, 1H; H—C(4)), 7.51, 7.74 (AA'BB’,
J=8.1, 4H), 11.12 (s, TH; NH); *C NMR (75 MHz, (CD,),SO): 6 =24.2,
30.2, 509, 51.4, 52.6, 684, 68.5, 110.7, 120.0, 129.9, 1326, 146.3,
177.8, 180.7; IR (KBr): 2228, 1770, 1706, 1607, 1367, 1349, 1206,
1189 cm™"; HRMS: calcd for CigH,¢N;O,: 282.1243 [MH]*; found
282.1239; X-ray.

(£)-2a: Yield: 2.69 g (38%), colorless crystals; m.p.>220°C (dec.,
EtOAC/Et,0); 'HNMR (300 MHz, (CDs),S0O): 6=1.54-1.76 (m, 2H),
1.78-2.02 (m, 2H), 2.50-2.60 (m, 1H; H—C(6)), 2.78-2.98 (m, 1H; H—C
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(6)), 3.29 (dd, J=9.0 and 6.9, 1H; H—C(3a)), 3.62 (t, J/=9.0, 1H; H-C
(8b)), 3.68-3.78 (m, 1H; H—C(8a)), 4.09 (d, /=6.9, 1H; H—C(4)), 7.63,
7.82 (AA'BB, J=8.1, 4H; An), 11.21 (s, TH; NH); *CNMR (75 MHz,
(CD,),S0): 6=25.4, 27.6, 49.7, 52.3, 57.2, 66.5, 69.2, 110.9, 119.8,
129.1, 133.3, 149.5, 179.2, 180.0; IR (KBr): 2228, 1771, 1704, 1604,
1363, 1342, 1193 cm™'; HRMS: calcd for C,gH,gN;0,: 282.1243 [MH]*;
found 282.1236; elemental analysis calcd (%) for C;¢H;5sN;O,: C 68.31,
H 5.37, N 14.94; found: C 68.46, H 5.48, N 14.80; X-ray.

(3aSR,4RS,8 aSR,8 bRS)-4-(2-(4-Fluorobenzyl)-1,3-dioxodecahydro-
pyrrolo[3,4-a]pyrrolizin-4-yl)benzonitrile ((+)-3d): A mixture of
(£)-1a (140.7 mg, 0.5 mmol), [18]crown-6 (13.2 mg, 0.05 mmol),
K,CO; (103.7 mg, 0.75 mmol), and 4-fluorobenzyl bromide (65 pL,
0.525 mmol) in toluene (2.5 mL) was stirred under N, at 100°C for
2 h. After addition of H,O (5 mL) and EtOAc (5 mL) and phase sepa-
ration, the aqueous phase was extracted with EtOAc (3x5 mL). The
combined organic phases were dried (Na,SO,) and concentrated in
vacuo, and recrystallization (EtOAc/hexane) afforded pure (£)-3d
(165 mg, 85%) as colorless crystals. M.p. 164-165°C (EtOAc/
hexane); 'H NMR (300 MHz, CDCl,): 6 =1.60-1.88 (m, 2H), 1.96-2.21
(m, 2H), 2.54-2.56 (m, 1H), 2.81-2.93 (m, 1H), 3.31 (d, J/=7.8, 1H),
3.52 (t, /=84, 1H), 3.77 (dd, J=10.4 and 7.1, 1H), 410 (d, J=8.7,
1H), 446, 451 (AB, J=138, 2H), 6.98 (t, J/=8.7, 2H; Ar), 7.22-7.28
(m, 2H), 7.30, 7.52 (AA'BB/, J=8.1, 4H); *CNMR (75 MHz, CDCl,):
0=234, 29.6, 41.7, 49.0, 50.5, 50.8, 67.9, 68.3, 1114, 1153 (d, J=
21.4), 118.8, 1286, 130.7 (d, J=7.9), 131.3 (d, /=3.6), 131.8, 143.5,
162.2 (d, J=246.6), 174.6, 177.3; "°F NMR (282 MHz, CDCl, + CFCl,):
0=-113.5 (tt, J=9.1 and 4.8); IR (KBr): 2224, 1774, 1704, 1604,
1510, 1399, 1341, 1297, 1225, 1169, 1160 cm~'; HRMS: calcd for
C,3H,FN;0,: 390.1618 [MH]*; found 390.1607; X-ray."®

(3aSR,4RS,8 aSR,8 bRS)-4-(2-(4-Fluorobenzyl)-1,3-dioxodecahydro-
pyrrolo[3,4-a]pyrrolizin-4-yl)benzamidine hydrochloride ((+)-
4d): CH,Cl, (0.5 mL) and MeOH (0.5 mL) were added under N, to a
10 mL oven-dried flask, and the solution was cooled to 0°C. AcCl
(0.5 mL) was added followed by (+)-3d (117 mg, 0.30 mmol) after
5 min. The mixture was allowed to stand for 36 h at 5°C. Addition
of Et,0 (10 mL) gave a white precipitate that was isolated by filtra-
tion, washed with Et,0 (2x10 mL), and dried in vacuo. The white
solid together with dry MeOH (0.5 mL) and NH; (2.0m) in MeOH
(0.5 mL, 1.0 mmol) was stirred for 3.5 h at 65°. After the mixture
had cooled, the resulting NH,Cl was precipitated by addition of
acetone (10 mL) and removed by filtration. The solvent was evapo-
rated in vacuo, and the residue dissolved in EtOH (0.5 mL). Addi-
tion of Et,0 (10 mL) led to the precipitation of (+)-4d (105 mg,
79%) as colorless solid. M.p>185°C (dec.); 'H NMR (300 MHz,
CD,0D): 6=1.72-1.90 (m, 2H), 2.00-2.18 (m, 2H), 2.56-2.66 (m,
1H), 2.80-2.91 (m, TH), 3.45 (d, /=8.1, 1H), 3.69-3.77 (m, 2H), 4.29
(d, /=87, 1H), 445, 451 (AB, J=14.3, 2H), 7.04 (t, J=8.9, 2H),
733 (dd, /=89 and 5.3, 2H), 7.44, 7.64 (AA'BB, /=8.6, 4H);
3C NMR (75 MHz, CD,0D): 6 =24.2, 30.5, 42.4, 50.3, 51.9, 52.0, 69.3,
69.5, 116.1 (d, /=21.4), 128.3, 128.4, 130.2, 131.3 (d, /=8.0), 133.3,
146.8, 163.5 (d, J=244.1), 168.0, 177.0, 179.8; "F NMR (282 MHz,
CD;0D + CFCly): 6=114.1 (tt, J=8.5 and 5.4); IR (KBr): 3361, 3073,
1772, 1699, 1673, 1613, 1511, 1487, 1400, 1345, 1222, 1176 cm™';
HRMS: calcd for C,3H,,FN,O,: 407.1883 [MH]™*; found 407.1875.

(3aSR,4RS,8 aSR,8 bRS)-4-(4-Bromophenyl)-2-(4-fluorobenzyl)-

decahydropyrrolo[3,4-alpyrrolizin-1,3-dione ((+)-7): A solution of
6 (3.08 g, 15.0 mmol), 4-bromobenzaldehyde (2.78 g, 15.0 mmol),
and L-proline (1.73 g, 15.0 mmol) in MeCN (45 mL) was heated at
reflux for 16 h. Concentration in vacuo and CC (CH,Cl/EtOAc,
5:95—20:80) resulted in (£)-7 (2.49 g, 38%) as colorless crystals.
M.p. 154-156°C (CH,Cl,/EtOAc); 'HNMR (300 MHz, CDCly): 0=
1.54-1.82 (m, 2H), 1.94-2.18 (m, 2H), 2.56-2.68 (m, 1H), 2.77-2.90
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(m, TH), 3.27 (dd, J=8.1 + 0.9, 1H), 3.47 (t, J=8.4, TH), 3.75 (dd,
J=9.9 and 7.2, TH), 401 (d, J=8.7, TH), 4.50 (s, 2H), 6.97 (dddd,
J=9.0, 8.7, 3.0, and 2.4, 2H), 7.29 (ddd, J=8.7, 5.4, and 3.0, 2H),
7.06, 7.35 (AA'BB/, J=8.3, 4H); *C NMR (75 MHz, CDCl,): 6=23.3,
29.4, 41.5, 48.9, 50.3, 50.6, 67.7, 68.0, 115.1 (t, J=21.2), 121.2, 129.5,
130.5 (d, J=8.5), 130.9, 131.3 (d, J=3.0), 136.8, 162.0 (d, J=244.4),
174.7, 177.5; "F NMR (282 MHz, CDCl; + CFCl,): 6=—113.8 (tt, J=
8.7 and 5.4); IR (KBn): 1770, 1708, 1605, 1510, 1485, 1428, 1397,
1337, 1222, 1170, 1102cm™'; HRMS: caled for C,,H,,BrFN,O;:
443.0770 and 445.0750 [MH]*; found 443.0769 and 445.0760; ele-
mental analysis calcd (%) for C,,H,,BrFN,O,: C 59.61, H 4.55, N 6.32,
F 4.29, Br 18.02; found: C 59.76, H 4.60, N 6.52, F 4.17, Br 18.19.

(1RS,3aSR,4RS,8 aSR,8 bRS)-4-(4-Bromophenyl)-2-(4-fluorophenyl-
methyl)-1-[(4-methylphenyl)sulfonyl]-octahydropyrrolo[3,4-a]-
pyrrolizin-3-one ((£)-8). A solution of Li[Et;BH] in THF (1.0m,
9.5mL, 9.5 mmol) was added gradually over 15 min to (£)-7
(2.21 g, 5mmol) in THF (20 mL) at —78°C. After being stirred for
1h, the mixture was allowed to warm to —45°C and then
quenched by addition of saturated aqueous NaHCO; (20 mL). The
phases were separated, and the aqueous phase was further ex-
tracted with CH,Cl, (320 mL). The combined organic phases were
dried (MgSO,) and concentrated in vacuo. 4-Toluenesulfinic acid
(2.34g, 15mmol), dry powdered CaCl, (1.66g, 15 mmol), and
CH,Cl, (30 mL) were added to the crude material. After the mixture
had been stirred for 36 h under Ar at RT, NaHCO; (100 mL) and
CH,Cl, (60 mL) were added, and the mixture was filtered. The or-
ganic layer was separated, and the aqueous phase was extracted
with CH,Cl, (60 mL). The combined organic layers were washed
with saturated aqueous NaHCO; (2x 100 mL), dried (Na,SO,), con-
centrated in vacuo, and purified by CC (EtOAc/cyclohexane 30:70)
to give (£)-8 (2.03 g, 70%) as a colorless solid. M.p. 179-181°C
(EtOAc/cyclohexane); 'H NMR (300 MHz, CDCl,): 6 =1.58-1.74 (m,
2H), 1.80-2.04 (m, 2H), 2.42-2.58 (m, 2H), 2.48 (s, 3H), 2.80-2.91
(m, TH), 2.97 (dd, J=7.8 and 3.3, 1H), 2.98-3.07 (m, 1H), 3.90 (d,
J=6.6, 1H), 4.27 (s, TH), 4.13, 5.09 (AB, J=14.7, 2H), 6.91-7.09 (m,
4H), 7.15, 7.39 (AA'BB’, J=8.1, 4H), 7.40, 7.71 (AA'BB’, J=8.6, 4H);
3CNMR (75 MHz, CDCly): §=21.9, 24.5, 31.8, 43.0, 44.5, 50.9, 51.8,
69.5, 71.3, 80.9, 115.6 (t, J=21.9), 121.0, 129.2, 129.5, 130.0 (d, J=
7.9), 130.3, 130.7, 131.9, 136.9, 146.0, 162.2 (d, J=2445), 172.3;
F NMR (282 MHz, CDCl; 4+ CFCly): 0=—113.8 (tt, J=8.5 and 5.4);
IR (KBr): 1710, 1605, 1598, 1509, 1486, 1453, 1389, 1371, 1316,
1303, 1292, 1227, 1200, 1157, 1138 cm™'; HRMS: calcd for
C,oHsoBrFN,0,S: 583.1066 and 585.1046 [MH]*; found 583.1068
and 585.1036.

(1RS,3 aSR,4RS,8 aSR,8 bRS)-4-(4-Bromophenyl)-2-(4-fluorophenyl-
methyl)-1-isopropyl-octahydropyrrolo[3,4-alpyrrolizin-3-one ((+)-
9. iPrMgCl in Et,0 (2.0 M, 1.5 mL, 3.0 mmol) was added dropwise to
ZnCl, in Et,0 (1.0Mm, 1.65 mL, 1.65 mmol) and CH,Cl, (5.5 mL) in a
dry flask under Ar, and a milky solution was formed. After 30 min,
(+)-8 (0.88 g, 1.5 mmol) in CH,Cl, (5.5 mL) was added dropwise
over 15 min at 0°C. The mixture was stirred for 30 min at 0°C and
for 16 h at RT, then quenched by addition of HCI (1 m) until pH < 1.
After being stirred for 15 min, the acidic solution was neutralized
with saturated aqueous NaHCO; solution. The phases were sepa-
rated, and the aqueous phase was further extracted with CH,Cl,
(3x40 mL). The combined organic phases were dried (Na,SO,),
concentrated in vacuo, and purified by CC (EtOAc/cyclohexane
30:70—40:60) to give (£)-9 (0.50 g, 71%) as colorless crystals. M.p.
199-200°C (EtOAc/cyclohexane); 'H NMR (300 MHz, CDCly): &=
0.70 (d, J=6.9, 3H), 0.91 (d, /=6.9, 3H), 1.53-1.78 (m, 2H), 1.88-
2.11 (m, 3H), 2.48 (dt, J/=8.7 4+ 2.7, 1H), 2.57-2.67 (m, 1H), 2.87-
2.98 (m, 1H), 3.18-3.27 (m, 2H), 3.30 (t, J=8.1, 1H), 4.08 (d, J=7.8,
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1H), 3.79, 4.82 (AB, J=15.2, 2H), 6.96-7.04 (m, 2H), 7.08-7.15 (m,
2H), 7.28, 7.44 (AA'BB’, J=8.4, 4H); *C NMR (75 MHz, CDCl,): 0=
14.7, 18.5, 24.6, 28.1, 31.4, 41.5, 43.3, 524, 52.7, 67.4, 70.0, 73.2,
115.2 (t, J=21.3), 120.6, 129.5 (d, J=8.6), 129.7, 130.7, 132.2 (d, J=
3.1), 138.5, 161.9 (d, J=241.9), 172.3; "F NMR (282 MHz, CDCl, +
CFCly): 6=-114.9 (tt, J=8.5 and 5.4); IR (KBr): 1673, 1508, 1484,
1446, 1432, 1418, 1351, 1252, 1214, 1157 cm~'; HRMS: calcd for
C,5sH,6BrFN,0, 471.1447 and 473.1427 [MH]*; found 471.1454 and
473.1427; elemental analysis calcd (%) for C,sH,gBrFN,O: C 63.70, H
5.90, Br 16.95, F 4.03, N 5.94; found: C 63.90, H 6.19, Br 16.86, F
4,02, N 6.17.

(1RS,3 aSR,4RS,8 aSR,8 bRS)-4-{2-(4-Fluorophenylmethyl)-3-oxo-1-
isopropyloctahydropyrrolo[3,4-a]pyrrolizin-4-yl}benzonitrile ((+)-
10): A solution of (£)-9 (0.41 g, 0.89 mmol) and CuCN (0.36 g,
1.78 mmol) in dry DMF (5 mL) was heated at reflux (bath 155°C)
under Ar for 18 h. The mixture was cooled to RT, and CH,Cl, (6 mL)
and conc. NH; (6 mL) were added. After the mixture had been stir-
red for 30 min, additional CH,Cl, (30 mL), conc. NH; (10 mL), and
saturated aqueous NaCl (20 mL) were added. The phases were sep-
arated, and the aqueous phase was further extracted with CH,CI,
(2x30 mL). The combined organic phases were washed with conc.
NH; (50 mL) and saturated aqueous NaCl (2x50mL), dried
(Na,SO,), and concentrated in vacuo. CC (EtOAc/cyclohexane
40:60—50:50) resulted in (£)-10 (235 mg, 63%) as light yellow
crystals. M.p. 148-150°C (EtOAc/cyclohexane); 'H NMR (300 MHz,
CDCly): 6=0.80 (d, J/=6.9, 3H), 1.02 (d, J=6.9, 3H), 1.60-1.84 (m,
2H), 1.98-2.22 (m, 3H), 2.55-2.63 (m, 1H), 2.63-2.74 (m, 1H), 3.00-
3.11 (m, TH), 3.28-3.38 (m, 2H), 3.44 (t, J=8.1, 1H), 425 (d, J=7.5,
1H), 3.90, 4.90 (AB, J=15.2, 2H), 6.96-7.16 (m, 2H), 7.20-7.30 (m,
2H), 7.62, 7.71 (AA'BB, J=8.1, 4H); *C NMR (75 MHz, CDCl,): 6 =
14.8, 18.5, 24.7, 28.1, 31.4, 41.3, 42.3, 52.4, 529, 67.4, 70.3, 734,
1104, 115.3 (t, J=21.2), 119.2, 128.6, 129.4 (d, /=7.9), 131.4, 132.1
(d, J=3.1), 1455, 161.8 (d, J=243.2), 172.0; FNMR (282 MHz,
CDCly + CFCL): 6=—114.7 (tt, J=8.5 and 5.4); IR (KBr): 2225, 1674,
1608, 1601, 1509, 1446, 1432, 1418, 1254, 1215, 1158, 1125 cm™;
HRMS: calcd for CyqH,0FN;O: 418.2294 [MH]™*; found 418.2294; ele-
mental analysis calcd (%) for C,H,gFN;O: C 74.79, H 6.76, F 4.55, N
10.06; found: C 74.75, H 6.80, F 4.44, N 9.91; X-ray."¥

(1RS,3aSR,4RS,8 aSR,8 bRS)-4-{2-(4-Fluorophenylmethyl)-3-oxo-1-
isopropyloctahydropyrrolo[3,4-alpyrrolizin-4-yl}benzamidine hy-
drochloride ((+)-5): Inhibitor (+)-5 (125 mg and 0.30 mmol) was
synthesized from (4)-10 according to the procedure described for
(£)-4d. Yield: 105 mg (75%), colorless solid; m.p.>150°C (dec.);
'H NMR (300 MHz, CD,0D): 6=0.74 (d, J=6.9, 3H), 0.97 (d, J=6.9,
3H), 1.60-1.84 (m, 2H), 1.96-2.10 (m, 2H), 2.12-2.24 (m, 1H), 2.56-
2.67 (m, TH), 2.69 (dt, J=8.4 and 2.5, 1H), 2.89-3.00 (m, 1H), 3.24-
3.38 (m, 2H), 348 (t, /=8.1, 1H), 432 (d, J=7.5, 1H), 3.97, 4.71
(AB, J=15.2, 2H), 7.04-7.14 (m, 2H), 7.26-7.35 (m, 2H), 7.64, 7.74
(AA'BB’, J=8.3, 4H); *C NMR (75 MHz, CD,0D): 6=15.0, 18.6, 25.4,
29.3, 32.0, 42.3, 44.2, 53.4, 54.7, 69.6, 71.5, 75.1, 116.4 (d, J=21.8),
127.8, 128.3, 130.4, 131.1 (d, J=7.9), 133.7 (d, J=3.1), 1484, 163.7
(d, J=243.2), 168.4, 174.9; "FNMR (282 MHz, CD,OD + CFCl;):
0=-—1145 (tt, J=8.5 and 5.4); IR (KBr): 3108, 1665, 1611, 1534,
1510, 1485, 1464, 1447, 1414, 1391, 1297, 1158 cm~"; HRMS: calcd
for C,H3,FN,O, 435.2560 [MH]*; found 435.2561.
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Halogenation of Drugs Enhances Membrane

Binding and Permeation

Grégori Gerebtzoff,™ Xiaochun Li-Blatter,” Holger Fischer,” Adrian Frentzel,"

and Anna Seelig*®

Halogenation of drugs is commonly used to enhance membrane
binding and permeation. We quantify the effect of replacing a
hydrogen residue by a chlorine or a trifluoromethyl residue in po-
sition C-2 of promazine, perazine, and perphenazine analogues.
Moreover, we investigate the influence of the position (C-6 and
C-7) of residue CF; in benzopyranols. The twelve drugs are charac-
terized by surface activity measurements, which yield the cross-
sectional area, the air-water partition coefficient, and the critical
micelle concentration. By using the first two parameters (A, and
Ka) and the appropriate membrane packing density, the lipid—
water partition coefficients, are calculated in excellent agreement

Introduction

Most drugs permeate biological membranes by passive diffu-
sion. The extent of permeation depends, on one hand, on the
properties of the membrane and, on the other, on those of the
diffusing molecule. Membranes are highly organized, aniso-
tropic systems that are nevertheless fluid enough to allow con-
siderable translational, rotational, and flexing movements of
the constituent lipid and protein molecules. Under physiologi-
cal conditions, the lipid-bilayer membrane is in a liquid crystal-
line state and behaves like optically uniaxial crystals with the
optical axis perpendicular to the surface of the membrane."
This is in contrast to membrane-mimicking systems such as oc-
tanol or hexadecane, which are isotropic organic solvents. By
using solid-state NMR techniques, a quantitative analysis of the
molecular ordering and dynamics of a lipid bilayer has become
possible with a segment-to-segment resolution. The packing
density of the hydrocarbon chains is well described in terms of
a statistical order profile. Membrane packing and ordering in-
crease with the cholesterol content and decrease with increas-
ing temperature or increasing fatty acyl chain unsaturation (for
a review see ref. [2]).

The lateral packing density of a lipid bilayer can, alternative-
ly, be assessed in comparison to the packing density of a lipid
monolayer (for a review see ref.[3]). The packing density of
planar bilayers consisting of the most abundant natural lipid,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, POPC, was
determined as ;=32 mNm~' at ambient temperature.”! That
of unilamellar lipid vesicles is somewhat lower and varies be-
tween 7, =25-32 mNm™' depending on the size of the vesi-
cle,”” while that of cholesterol-containing membranes such as
erythrocyte membranes is higher (zy=32-35mNm™").” The
membrane packing density influences binding”® and permea-
tion® of drugs in an exponential manner.

676 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

with the lipid—water partition coefficients measured by means of
isothermal titration calorimetry for small unilamellar vesicles of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. ~ Replacement
of a hydrogen residue by a chlorine and a trifluoromethyl residue
enhances the free energy of partitioning into the lipid membrane,
on average by AG,,~—1.3 or —4.5 kJmol™’, respectively, and the
permeability coefficient by a factor of ~2 or ~9, respectively. De-
spite exhibiting practically identical hydrophobicities, the two
benzopyranol analogues differ in their permeability coefficients
by almost an order of magnitude; this is due to their different
cross-sectional areas at the air-water and lipid-water interfaces.

The properties of the drug with the strongest impact on
membrane binding are hydrophobicity (which is suitably re-
flected by the air-water partition coefficient) and the cross-
sectional area.”'™ Whereas partitioning into an isotropic or-
ganic solvent increases with the molecular volume,™ partition-
ing into an anisotropic lipid bilayer decreases exponentially
with increasing cross-sectional area of the molecule.”®% Drugs
are generally weak bases or weak acids that are present in a
charged as well as an uncharged form under physiological
conditions. Charged and uncharged molecules can insert into
the lipid-water interface; however, only a fraction of un-
charged drugs can permeate a lipid membrane.

Strategies to enhance passive diffusion often consist of re-
placing a hydrogen residue by a chlorine or a trifluoromethyl
residue. Despite the relatively high numbers of halogenated
drugs on the market, little information is available on the
quantitative effects of halogenation on drug binding to mem-
branes and drug diffusion through membranes. We therefore
quantify the influence of such replacements on the lipid-water
partition coefficient, K,, and the permeability coefficient, P. We
chose chlorinated and fluorinated phenothiazine analogues
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(analogues of promazine, perazine, and perphenazine) to in-
vestigate the influence of the type of halogenation, and 6- and
7-trifluoromethyl benzopyranol to investigate the influence of
the position of a —CF; group.'?

We characterized the drugs in terms of their cross-sectional
area, Ap, their air-water partition coefficient, K, and their criti-
cal micelle concentration, CMCp, which are all obtained by
means of surface-activity measurements (SAMs).*'* Using the
first two parameters, Ap and K,,, we calculated K, for mem-
branes of different packing densities, 7. This approach is vali-
dated by comparing the lipid-water partition coefficients pre-
dicted on the basis of surface-activity measurements with
those determined by means of isothermal titration calorimetry,
ITC."

The permeability coefficient, P, is then calculated by taking
into account the lipid-water partition coefficient derived from
surface-activity measurements, the ionization constant, and the
pK, of the compound as outlined previously.™”

Experimental Section

Compounds: Promazine-HCl, triflupromazine-HCl, trifluoperazi-
ne-2HCl, and fluphenazine-HCl were obtained from Sigma-Aldrich,
Steinheim, Germany. cis-Flupenthixol-2HCI, chlorpromazine-HCl,
chlorperphenazine-HCl, 6-trifluoromethyl benzopyranol (6-trifluoro-
methyl-3,4-dihydro-4-(1,6-dihydro-1-methyl-6-oxo-3-pyridazinyl-
oxy)-2,2-dimethyl-2H-1-benzopyran-3-ol) and  7-trifluoromethyl
benzopyranol (7-trifluoromethyl-3,4-dihydro-4-(1,6-dihydro-1-
methyl-6-oxo-3-pyridazinyloxy)-2,2-dimethyl-2H-1-benzopyran-3-ol)
were kind gifts from Merck, Darmstadt, Germany. Perazine-dima-
leate and chlorperazine-HCl were kindly provided by Jacek Wojci-
kowski, Institute of Pharmacology, Polish Academy of Science,
Krakéw, Poland, and by F. Hoffmann-La Roche Ltd., Basel, Switzer-
land, respectively.

Buffers: For SAMs and ITC, Tris/HCl buffer (50 mm), containing
NaCl (114 mm) was used. SAMs were performed at ambient tem-
perature (T=24+1°C), and ITC was measured at 37°C. Buffers
were adjusted to pH 7.4 at the temperatures used for the respec-
tive measurements. For SAMs, stock solutions of drugs were pre-
pared at concentrations of 107*~10"2m either in nanopure water
with a resistance of 17-18 MQm™' or in methanol. For ITC drugs
were dissolved in buffer solution.

For SAMs we either used a Teflon trough designed by Fromherz
(Mayer Feintechnik, Géttingen Germany)""® with a filling volume of
one compartment of 20 mL or a home-built Teflon trough (filling
volume 3 mL). To maintain a constant humidity, the troughs were
covered by a Plexiglas hood. The surface pressure, 7=7y,—y, where
Yo is the surface tension of the pure buffer and y the surface ten-
sion of the drug solution, was monitored with filter paper (What-
man No. 1) connected to a Wilhelmy balance. For drugs dissolved
in methanol, the measured surface pressure was corrected for the
intrinsic surface pressure of methanol."® The total methanol con-
centration in the final drug solution was 10% (v/v). For the home-
built trough, in which evaporation is not compensated for by an
added volume as in the Fromherz trough, the surface pressure was
corrected for the effects of evaporation and buoyancy.

The thermodynamics of drug adsorption at the air-water interface
is described by the Gibbs adsorption isotherm:
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dm = RTI'dInC (1)

Here C is the concentration of the amphiphile in the Teflon trough,
RT is the thermal energy per mole, and I is the surface excess con-
centration defined as the inverse of the product of the Avogadro
number, N,, and the area requirement of the surface active mole-
cule at the interface, As:

I'= (NAAS)_1 (2)

The surface excess concentration, I, increases with C up to a limit-
ing value I'.. As long as ' is constant, a plot of & versus logC
yields a straight line. The area requirement of the compound, As,
was evaluated from the quasilinear part, dsz/dInC, of the Gibbs ad-
sorption isotherm:

r.,=(/RT)dz/dInC (3)

For data analysis, we developed a program that selects the quasi-
linear part of the z/logC plot in an automatic and reproducible
manner.

To evaluate the air-water partition coefficient, the Szyszkowski
equation was used:

= RTTIn(K,,C+1) (4)

This is an integral version of Equation (3) combined with a Lang-
muir adsorption isotherm. Combining Equations (2) and (4) allows
evaluation of K, by calculating the slope of the linear regression
line through data points corresponding to the quasilinear part of
the m versus logC plot by using As, determined as described
above:

Ky C = e™sM/7 1 (5)

Cis the equilibrium concentration of the drug, C., in bulk solution,
which is defined as the total concentration, C,,, minus the concen-
tration of the drug adsorbed to the air-water interface, C,:

Ceq = Ctot 7Cb (6)

C, is the product of I and the surface area of the solution, A, per
total volume, V (C,=TAV"). G, is negligibly small as long as K, is
small (<10°m™") and is therefore generally neglected (Coq~ Cio)-™
In the present evaluation procedure, however, we correct for C;
this slightly influences the parameters of hydrophobic compounds,
such as trans-flupenthixol.

Lipid-water partition coefficients determined from surface-
activity measurements: Knowledge of the K,, and the A of a
drug allows estimation of K,,, according to Equation (7):"

Klw = Kawe_r[MAD/kT (7)

Here kT is the thermal energy, and 7y, is the lipid packing density
of the membrane. K;, [Mm '] is defined as the quotient of mole frac-
tion of drugs bound to the membrane, X,, and the concentration
of the drug in aqueous solution, C,, [molL™"]:

Ky = X/ Ceq (8)
K., can be transformed to the dimensionless partition coefficient,

yw defined as the quotient of the drug concentration in the mem-
brane and the drug concentration in the aqueous phase, both
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given in [molL™"]:
Yw = Cm/ceq = C1 Kiw (9)

G is the molar concentration of lipid (G;=1.05 molL™") if the densi-
ty of lipids is assumed to be p=0.8kgL ™' and the molecular
weight is M,,=760.1 Da (POPC).

Free energies: The free energy of self-association or micelle forma-
tion, AG,,., the free energy of partitioning into the air-water inter-
face, AG,,, and the free energy of partitioning into the lipid—-water
interface, AG,, are obtained as follows:

AG,c = RTIn (CMC,/C,,) (10)

AGaw =—RTIn (CwKaw) (1 1)

AG,, = —RT In (C,K,,) (12)
where C, is the molar concentration of water (C,,=55.5 molL™" at
2441°C and C,=55.3 molL™" at 37°C).

Permeability coefficient: As outlined previously,™'® P can be esti-

mated on the basis of surface activity measurements. For a non-
electrolyte P is proportional to the product of y,, and the diffusion
coefficient, D:
P = y.D/Ax (13)
where Ax is the thickness of the membrane. The diffusion coeffi-
cient is defined as:
D = kT /(6mnr) (14)
where kT is the thermal energy, # is the membrane viscosity, and r
is the molecular radius, which is derived from Ap. For the following

calculations, the membrane viscosity is assumed to be =1 poise
and the membrane thickness, Ax=50 A.

The fraction of the nonionized form of a basic drug, f,, that is pres-
ent at a particular pH can be calculated as:

(A

"= AR

= (1 4 10PfPH)~T (15)

where [A] and [HA*] are the concentration of the uncharged and
the ionized form of the drug, respectively. For the calculation of
the permeability coefficients, we use the standard pK, values cor-
rected for temperature. The partition coefficient for the permeating
species of a basic drug, y,., is thus:

Yo = V-fa (16)
and the permeability coefficient is:
P=yiD/Ax (17)

Isothermal titration calorimetry: Drug partitioning into small uni-
lamellar vesicles (SUVs) was measured by means of high-sensitivity
ITC with a Microcal VP-ITC calorimeter (Microcal, Northampton,
MA). A suspension of small unilamellar vesicles formed from
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (C;=30-
35 um) was injected in 3-10 plL aliquots into the drug solution in
the calorimeter cell (V ;= 1.4037 mL) by using a Hamilton syringe
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coupled with a stepping motor. For all drugs, injections gave rise
to exothermic heats of reaction, produced by the partitioning of
the drug into the membrane (for further details see refs. [10] and

(7).

For uncharged drugs, binding to the membrane is best described
by a simple partition equilibrium:

Ky = Xp/Ceq (18)
For the charged cationic drugs used in the present investigation,
this simple approach [Eq. (18)] is not adequate and yields concen-
tration-dependent partition coefficients. This is due to the fact that
partitioning of the drug into the electrically neutral lipid—-water
interface leads to a positive surface charge density, o, (defined as
total surface charge, Q; per total membrane surface area, A;) and,
in turn, to a positive surface potential, ¥. As a consequence, the
lipid—-water partition coefficient decreases with increasing concen-
tration."™ A concentration-independent binding constant, K,,,, can
either be obtained by plotting X,/C,, against C,, and extrapolating
to C,q=0, as shown previously for the binding of cationic peptides
to POPC vesicles, or by applying the Gouy-Chapman theory."®

Results

The compounds investigated are displayed in Table 1A and B.
The phenothiazine analogues, series A-C, as well as the benzo-
pyranol analogues, series D, carry an uncharged or hydropho-
bic residue, R', and a cationic or hydrophilic residue, R?% and
are thus amphiphilic compounds. Series A-C represent proma-
zine, perazine, and perphenazine analogues carrying a hydro-
gen atom, a chlorine atom, or a trifluoromethyl group as resi-
due R'. Compounds in series D exhibit identical sum formulas
but differ with respect to the position of the nonpolar —CF,
group (R and R™).

Surface activity measurements, SAMs

Injection of an amphiphilic drug into a monolayer trough filled
with buffer is followed by partitioning of the drug between
the aqueous phase and the air-water interface. Molecules in
the air-water interface orient such that the hydrophilic residue,
—R?, remains immersed in the aqueous phase and the hydro-
phobic residue, —R', reaches into the air. The surface activity as
a function of concentration (7/logC plot or Gibbs adsorption
isotherm) was measured for all compounds at pH7.4 and
pH 8.0. The lower pH corresponds to the condition in aqueous
bulk solution, and the higher pH reflects that close to an elec-
trically neutral lipid membrane to which cationic drugs are
bound and which therefore exhibits a positive surface poten-
tiaI, ]1].[5,19,20]

Cross-sectional areas, air-water partition coefficients, and
critical micelle concentrations

Figure 1 shows the 7/logC plots of the promazine and pera-
zine analogues, series A and B, respectively. The slope of the
quasilinear part of the Gibbs adsorption isotherm (solid line)
yields the surface excess concentration, I, [Eq. (3), below], and
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Table 1. Analogues investigated.

S

Series  Name R'" R?

A promazine H \
chlorpromazine cl (VN\
triflupromazine CF; N

B perazine H hN/
chlorperazine Cl N\)
trifluoperazine CF; r\/

N
C chlorperphenazine cl (\N/\/O
fluphenazine CF,4 (\/N\)
N
K\N/\/O
cis-flupenthixol CF; (\/N\)
C
O\/\N/ﬁ
trans-flupenthixol CF, K/Nvﬁ
|
C
R2
R OH
R0 o

Series  Name R'? R™ R?

D 6-(trifluoromethyl)benzopyranol CF; H 7 o
7-(trifluoromethyl)benzopyranol H CF, « _N

L

in turn the surface area requirement, A, of the drug molecule
at the air-water interface [Eq. (2), below]. The intersection of
the linear slope and the solid line drawn through the points of
constant surface pressure at high concentrations is defined as
the critical micelle concentration of the drug, CMCp. Due to a
comparatively low amphiphilicity (see Discussion) and a con-
comitant high tendency to aggregate at higher pH values,
chlorpromazine could only be measured up to pH 7.8.

Figure 2A shows the m/logC plots of triflupromazine as a
function of the pH. At high pH the compounds are only parti-
ally charged and therefore partition into the air-water interface
even at low concentrations (C<107°m). The lower the pH of
the solution, the lower is the air-water partition coefficient,
K, the flatter the slope of the z/logC plot and the larger the
area requirement of the molecule at the air-water interface, A..
The pH dependence of the surface area requirement, A,, (m)
and the critical micelle concentration, CMC, (2) for triflupro-
mazine are summarized in Figure 2B. At low pH values where
the drug is fully protonated, the area requirement at the inter-
face, A, is large due to charge-repulsion effects,” but decreas-
es with increasing pH. For promazine (not shown) and triflu-
promazine (Figure 2B), the minimum area would, in principle,
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Figure 1. /log C plots of promazine (series A) and perazine (series B) ana-
logues. Solid symbols indicate the quasilinear part of the Gibbs adsorption
isotherm. The corresponding slope is shown as a solid line. A) Promazine
(squares), chlorpromazine (circles), and triflupromazine (triangles). The wt/log C
plots of promazine and triflupromazine consist of two independent measure-
ments. B) Perazine (lozenges), chlorperazine (pentagons), and trifluoperazine
(triangles). Measurements were performed at pH 8.0 (50 mm Tris/HCI containing
114 mm Nadl).

be reached close to pH 8.5. However, these drugs tend to form
small micelles or aggregates, even below the apparent CMCp
at pH>7.5. This can lead to a decrease in the slope of the
Gibbs adsorption isotherm and, in turn, to a small apparent in-
crease in area as seen in Figure 2B. Therefore, for the highly
charged compounds promazine and triflupromazine, we used
the extrapolated minimal values at pH 8.5 for the following
calculations.

For most cationic drugs, however, the surface area require-
ment, A;, measured at pH 8.0 corresponds well to the mini-
mum area and thus reflects the cross-sectional area, Ap, of a
drug as shown previously.” Table 2 summarizes A, assumed to
correspond to Ap, the corresponding K,,, and CMC.

Figure 2C shows the free energy of self association, AG,.
(¢) [Eq. (12)] in comparison to the free energy of partitioning
into the air-water interface, AG,,, (m) [Equation (10)] for triflu-
promazine. The difference between AG,, and AG,, was de-
fined as the amphiphilicity, AAG,, of the compound:"
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Figure 2. Surface-activity measurements of triflupromazine as a function of pH.
A) nt/log C plots at pH 4.5 (stars), pH 6.0 (triangles), pH 7.4 (circles), pH 8.0
(pentagons), pH 8.5 (hexagons), and pH 9.0 (squares). B) Cross-sectional area
(squares), and critical micelle concentration (triangles). C) Free energy of parti-
tioning into the air-water interface, AG,,, (squares), and free energy of micelle
formation, AG,,, (diamonds). The solid and dashed lines in B and C are sigmoi-
dal fits to the data.

AG,,—AG. = AAG,, (19)
As seen in Figure 2C, the amphiphilicity of triflupromazine is
largest at low pH.

Figure 3A displays the s/logC plots of 6- and 7-trifluoro-
methyl benzopyranol at pH 8.0. The two compounds differ dis-
tinctly with respect to the slopes of the quasilinear part of the
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Gibbs adsorption isotherms and thus with respect to the cross-
sectional areas, Ap, as seen in Table 2. Moreover, they differ
with respect to their amphiphilicity, 7-trifluoromethyl benzo-
pyranol (AAG,,=—7.73 kimol™) is more amphiphilic than 6-
trifluoromethyl benzopyranol (AAG,,=—6.94 kimol™). This
can be rationalized by calculating the sum of the vectors of
amphiphilicity. These were calculated for a set of multiple con-
formers from which the conformer with the highest amphiphil-
ic moment was selected.?" Figure 3B displays the calculated
vectors of ampbhiphilicity® which are AAG,,=-7.41 and
—5.54 kJmol™', respectively; this is in reasonable agreement
with the measured amphiphilicities.” Here the amphiphilicities
are given for T=24°C.

Lipid-water partition coefficient

Knowledge of K,, and A, allows calculation of K, for mem-
branes with a specific sy, according to Equation (7). For the
present calculations we used m,, =27 and 35 mNm™', for SUVs
formed from POPC at 37°C™'® or cholesterol-containing natu-
ral membranes, respectively.” Calculated lipid-water partition
coefficients are summarized in Table 2. For comparison, Kj,'s of
the phenothiazine analogues were also measured by means of
ITC. As an example, the titration of a fluphenazine solution by
SUVs formed from POPC is displayed in Figure 4 A. The titration
of all phenothiazines gave rise to exothermic titration patterns.
With increasing lipid concentration, the free-drug concentra-
tion in the measuring cell and the heat flow decreased con-
comitantly. Figure 4B shows the heats of reaction, h; obtained
by integration of the heat-flow peaks. The molar binding en-
thalpy AH{,, was determined directly from the cumulative heat
release "

Permeability coefficients

The permeability coefficients, P, were calculated according to
Equation (17) for membranes with lateral packing densities of
m=27 and 35 mNm™' by using the pK, values of the drugs at
37°C.” The data are summarized in Table 2.

Discussion

In the following, we discuss the effects of drug halogenation
on a drug’s ability to permeate membranes. We place special
emphasis on analyzing the difference between replacing a hy-
drogen residue by a chlorine or a trifluoromethyl residue in
phenothiazine analogues (Table 1 series A-C). Moreover, we
analyze the influence of the position of a —CF; residue in ben-
zopyranol analogues (series D). To this purpose, we character-
ized twelve different drugs by means of SAMs. Measurements
of the surface pressure as a function of concentration (Gibbs
adsorption isotherms) yield i) the cross-sectional area, Ap, of
the molecule when it is oriented in the amphiphilic gradient of
the air-water interface or the lipid-water interface, ii) K,
which mainly reflects the hydrophobicity of the compound,
and iii)) CMC,, which reflects the tendency of the compound to
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Figure 3. A) Gibbs adsorption isotherms (r/log C plots) of 6-trifluoromethyl ben-
zopyranol (squares) and 7-trifluoromethyl benzopyranol (circles) measured at
pH 8.0 (50 mm Tris/HCl containing 114 mm NaCl). B) Calculation of the vector
of amphiphilicity for 6- (right) and 7-trifluoromethyl benzopyranol (left) with
the program CAFCA.”" The vector addition starts from the most hydrophilic
residue (the oxygen atom of the pyridazin-3-one moiety was taken as an initial
point) and points towards the most hydrophobic region of the molecule. The
direction of the vector indicates the most probable orientation of the molecule
in the amphiphilic gradient of the air-water interface. Conformer selection was
performed according to the procedure described previously.”" Briefly, vectors of
amphiphilicity were calculated for a set of multiple conformers from which the
conformer with the highest amphiphilic moment was selected.

self associate in solution. K|, and P are calculated on the basis
of the data obtained from SAMs as outlined previously."* '
The effect of halogenation is discussed on three levels: the
first level deals with drugs in solution and at the air-water in-
terface, which are characterized by the ionization constant,
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Figure 4. Isothermal titration calorimetry of fluphenazine. The fluphenazine sol-
ution (101.88 um) was contained in the measuring cell of a calorimeter and
SUVs (10.1 mm) were injected (4 uL at each injection). Measurements were per-
formed in buffer solution (50 mwm Tris, 114 mm NaCl) at pH 7.4 and a tempera-
ture of 37°C. Top: Titration curve. Bottom: Heats of reaction, h;. The solid line is
the theoretical binding isotherm calculated according to the Gouy-Chapman
theory.

pK,, the critical micelle concentration, and the air-water parti-
tion coefficient. The second level deals with the thermodynam-
ics of interfacial membrane partitioning, and the third level
with the kinetics of membrane permeation.

Drugs in solution and at the air-water interface

lonization constants of the drugs in aqueous solution (standard
values) are given in Table 2. For the promazine analogues, the
pK, values decrease with increasing electronegativity of residue
R in the order H > CI>CF;; this is in agreement with previous
observations.” For the perazine and perphenazine analogues
this effect is less pronounced.

Apparent ionization constants depend on many factors such
as temperature,” the dielectric constant, &, of the environ-
ment, and the association state of the drug.”” The pK, values
of a drug at the air-water interface and in a drug micelle differ
from that of a drug in solution since neighboring charged
groups influence each other?” The ionization constant of a
drug at the air-water interface under conditions in which only
half of the air-water interface is occupied (I'=T1./2) is ob-
tained from the pH dependence of AG,,, (Figure 2C). The ioni-
zation constant under conditions in which the air-water inter-
face is fully occupied (I'=T".) is obtained from the pH depen-
dence of surface area requirement, As (Figure 2B). For triflupro-
mazine the respective values are pK,  ,,=8.5 and pK,,=6.7.
From these two values it is possible to estimate the pK, value
of the monomer in solution as outlined previously.*” An inter-
mediate value is obtained for the pH dependence of critical
micelle concentration, CMC,, (Figure 2B and C) (pK,wc=8.2).
This is consistent with small, highly curved vesicles for which
the splay of the head groups is larger than in a tightly packed
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Table 2. Data obtained from surface-activity measurements and isothermal titration calorimetry.

Series Compound My pK, pK, AP K, CMCy, AAG,, Kiwcalc K irc D x10°  Plcms™'] P [cms™']
(base) 37°C [mm~"]
[gmol™"] A2 [mm'l] [mm] [Kmol™l Q27mNm™) [mm'] [cm?®s'] 27mNm™") B5mNm™)
A Promazine 28442  9.42%7 97 42,0 15 2.86 —9.69 1.20 1.55"9 538 11 5
Chlorpromazine 318.86 9.2% 89 40.0 20 0.22 —3.78 1.61 234" 636 26 12
Triflupromazine 352.42 9.07% 87 500 129 0.16 —7.88 5.52 5.10"" 534 102 40
B Perazine 339.5 8.015% 7.7 420 30 0.83 —8.32 2.14 2.20 5.53 184 84
Chlorperazine 373.94 8.18" 78 41.1 61 0.21 —6.60 4.53 4.53 6.28 367 170
Trifluoperazine 407.5 8.08%7 7.8 574 609 008 —10.11 15.71 17.60"" 529 1088 368
C Chlorperphenazine 403.97 79% 76 503 105 0.11 —6.35 442 4.50 5.67 377 147
Fluphenazine 437.52 8181 78 554 520 010 —10.22 15.78 14.00 5.41 1038 390
cis-flupenthixol 43452 7.8% 75 63.0 1081 005 —1047 20.31 20.00"" 5,07 1633 503
trans-flupenthixol 43452 7.8% 75 66.0 4504 0032 -128 70.02 24.00 495 5503 1602
D 6-trifluoromethyl ben- 370.11 2.61 24 854 138 0.12 —7.24 0.63 4.35 58 12
zopyranol
7-trifluoromethyl ben- 370.11 2.61 24 539 121 0.19 —8.07 4.04 5.48 465 1670

zopyranol

[a] For the highly charged molecules promazine and triflupromazine the minimum area, Ap, was extrapolated to pH 8.5. Data given represent average values from
several measurements. Maximum error range is+5%. A, is the cross-sectional area, CMC,, the critical micelle concentration, and K,,, the air-water partition coeffi-
cient [Equation (5)]. K, is the lipid-water partition coefficient which was either calculated according to Equation (7), K, OF measured by means of isothermal ti-
tration calorimetry, K, rc. D is the diffusion coefficient [Equation (14)], and P, the permeability coefficient [Equation (17)]. SAM and ITC were performed at 24+ 1°C

and 37°C, respectively. For simplicity all AG values were calculated at 37 °C.

planar drug layer at the air-water interface but smaller than
that at a half-occupied air-water interface (I"./2).

Shifts of ionization constants to lower values are also ob-
served if drugs insert into the lipid-water interface.

The cross-sectional areas of the phenothiazine analogues in
series A-C vary between A, =40 and 58 A% Only the flupen-
thixols exhibit slightly larger
cross-sectional areas; this might

The air-water partition coefficient increases for compounds
in series A—C in the order: H < Cl < CF; and reflects the increase
in hydrophobicity of residues R'. Replacement of H by Cl or
CF; leads, on average, to an increase in K,, of a factor of ap-
proximately r=2 or r=14, respectively, or to an increase in the
negative free energy of partitioning into the air-water inter-
face of —1.5 or —6.6 kimol™', respectively. The effect of hal-

be due to the rigidity of the
double bond i id R. R Table 3. Ratios, r, of cross-sectional areas, air-water partition coefficients, critical micelle concentrations, lipid—
ouble bond in residue R he water partition coefficients (calculated from SAMs), and permeability coefficients for analogues with and without
placement of a H atom by a Cl halogen residues.
atom does not, on average, lead 1
PO . . . Residue R Series rA 1K, 1K rP rP
to a significant increase in Ap, in b aw w
9 b (27 mNm™) (35 mNm™)
contrast to a replacement by a
—CF3 group, which leads to a CI/H A 1 1.34 1.3 240 2.50
. B 1 2.0 213 1.99 2.02
measurable increase. The Ap CFH A 1.25 8.62 4.48 956 8.04
ratios for the different analogues B 1.38 20.13 7.08 5.91 438
vary between r=1.0 and r=1.4 CF,/Cl A 1.25 6.45 2.85 3.98 3.30
and are given in Table 3. B 14 1004 253 297 217
@ 1.1 4.93 3.25 2.92 2.65
Measurement of the two ana- | ¢ yans/cis C 1.05 417 345 337 3.19
logues of series D, 6- and 7-tri- | 6-CFy/7-CF, D 1.59 1.15 0.45 0.12 0.07
fluoromethyl benzopyranol,

revealed an A, ratio r=1.6

(Table 3). The change in the

cross-sectional area upon changing the position of the CF,
group is thus due to a change in the orientation of the vector
of amphiphilicity drawn from the most hydrophilic residue R?
immersed in aqueous solution (¢~80), to the most distant hy-
drophobic residue R, reaching into the air (¢~1), as illustrated
in Figure 3B.2Y Since the dielectric constant of air is similar to
that of lipids (¢~2), it can be assumed that the molecular ori-
entation at the two interfaces is identical.

ogenation is somewhat more pronounced in perazine than in
promazine analogues. This may be due to the fact that the
effect of charge still dominates in the latter analogues. The
air-water partition coefficients of the two benzopyranol ana-
logues in series D are practically identical.

The free energy of self-association or micelle formation, AG,,
is significantly enhanced by the replacement of a H by a Cl or
a CF; residue. Surprisingly, at first, the difference between the
two halogen residues is small.
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Halogenation of Drugs

The amphiphilicity, AAG,,, which is the difference between
the free energy of partitioning into the air-water interface,
AG,,, and the free energy of micelle formation, AG,” in-
creases with increasing charge of the compound at constant
hydrophobicity or with increasing hydrophobicity at constant
charge (Table 4). For the drugs under study AAG,,, increases in

Table 4. Difference in free energies of air-water partitioning, micelle forma-
tion or self-association, and membrane partitioning of analogues with and
without halogen residues calculated from SAMs.
Residue R’ Series AG,, AG e AG,,
[kJmol™"] [kJmol™"] [kJmol™"]

Cl/H A —-0.75 —6.66 —0.75

B —-1.79 —3.51 —1.94
CFy/H A —5.55 —7.36 —3.93

B —7.74 —5.95 —5.14
CF,/Cl A —4.81 —-0.70 —3.18

B —5.95 —2.44 —-3.20

C —4.1 —0.24 —3.28
CF; trans/cis C —3.68 —1.35 -3.19
7-CF,/6-CF, D —0.35 —1.18 —479

the order: Cl<H < CF;. The comparatively low critical micelle
concentrations and amphiphilicities of the chlorinated ana-
logues in series A, B and C is most probably due to the rela-
tively strong reduction in pK, values combined with a negligi-
bly small increase in hydrophobicity upon chlorination, and ex-
plains the comparatively high tendency of these analogues to
aggregate in solution.

Interfacial membrane partitioning

The lipid-water partition coefficients were calculated according
to Equation (7) by using the K,, and A, of the compound
measured under conditions of minimal electrostatic repulsion
for membranes with a packing density, 7, =27 and 35 mNm™",
corresponding to that of small unilamellar vesicles formed
from POPC at physiological temperature and that of cholester-
ol-containing membranes, respectively. As seen in Table 2, the
lipid—-water partition coefficients calculated for a membrane
packing density of my =27 mNm™" are in excellent agreement
with those measured for small unilamellar POPC vesicles by
means of ITC.'” The lipid-water partition coefficients for the
promazine analogues have also been measured by means of
spectrophotometric techniques and are also in good agree-
ment (if transformed to the same units).?%

The lipid-water partition coefficients of the compounds in
series A-C increase in the order of residue R': H>Cl>CF,. The
exchange of a H to Cl or CF; leads on average to an increase
in the negative free energy of membrane partitioning of
AG,,=—1.5 or —4.5 kimol™, respectively. The dominant factor
is the increase in hydrophobicity. For compounds in series D
that exhibit similar hydrophobicities, the lipid—water partition
coefficients are dominated by the different cross-sectional
areas, Ap (Table 3).
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Membrane permeation

On a third level, the kinetics of passive diffusion through the
lipid membrane are calculated on the basis of simple Stokesian
diffusion by using the parameters obtained from surface-activity
measurements and taking into account the pK, value of the
drugs. For a replacement of H by a Cl or a CF; residue, the per-
meability coefficient, P, increases on average by a factor of ap-
proximately r=2 or r=9, respectively. The increase is again
somewhat larger for promazine than for perazine analogues.
Despite the differences between promazines and perazines,
the increase in P upon replacement of Cl by CF; is rather con-
stant for all three types of analogues (promazines, perazines,
and perphenazines) and amounts to about r=3.5 (Table 3). It
is interesting to note that the two isomers, cis- and trans-
flupenthixol, differ distinctly in their K,,, and K, as well as in P.
Due to the relatively small cross-sectional areas of the above
analogues, the packing density dependence of P is relatively
small for the phenothiazine analogues. This is different for 7-
and 6-trifluoromethyl benzopyranol, for which the ratios in
permeability coefficients are r=0.12 at the lower packing den-
sity investigated and only r=0.07 at the higher.

Conclusion

A characterization of drugs by SAMs allows a detailed analysis
of the effect of halogenation. The air-water and the lipid-
water partition coefficients of promazine, perazine, and per-
phenazine analogues increase in the order, R': H< Cl < CF; due
to the increase in hydrophobicity, despite a small increase in
cross-sectional area. The permeability coefficient increases in
the same order due to the increase in the lipid-water partition
coefficient and the decrease in the pK, values. For the small
phenothiazine analogues, the packing density dependence of
the permeability coefficient is rather small. The amphiphilicity
of the halogenated analogues increases in the order R': Cl<
H < CHj;; this explains the higher tendency of the chlorinated
analogues to aggregate. As shown for benzopyranols, the posi-
tion of a trifluoromethyl residue can change the amphiphilicity,
the cross-sectional area, and, as a consequence, the permeabil-
ity coefficient of a molecule.

Biological situation

The pH close to the surface of a living cell is generally acidic
despite the fact that the extracellular lipid leaflet is electrically
neutral. If one takes into account an acidic pH and the corre-
spondingly low air-water partition coefficient (cf. Figure 2A)
permeability coefficients can be orders of magnitude lower
than those given in Table 2.

Even compounds with low permeability coefficients can in
principle cross a membrane, provided the time to reach equilib-
rium is given. In natural environments however, equilibration
time is limited by metabolic processes—for example, the
action of cytochrome P450 and ATP-driven efflux transporters,
such as P-glycoprotein, which bind molecules within the lipid
membrane and export them out of the cell. If the export rate
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of a drug is faster than the rate of passive diffusion into the
cell (influx), the drug will barely reach the cytosol. However, if
passive influx is distinctly faster than active efflux, the drug will
reach the cytosol even if it is a substrate for an efflux trans-
porter" The simple permeability predictions on the basis of
SAMs provide an estimate of rates of passive influx of drugs
and allow for comparison with the rates of efflux processes."”
The present approach opens new possibilities for a detailed
understanding of membrane permeation in biological systems.

Keywords: chlorine - fluorine - ionization constants - kinetics -
thermodynamics
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Enzymatic Fluorination in Streptomyces cattleya
Takes Place with an Inversion of Configuration
Consistent with an Sy2 Reaction Mechanism

Cosimo D. Cadicamo,” Jacques Courtieu,” Hai Deng,”® Abdelkrim Meddour,*®

and David O'Hagan*"

]

Dedicated to Professor Heinz G. Floss on the occasion of his 70th Birthday

The stereochemical course of the recently isolated fluorination
enzyme from Streptomyces cattleya has been evaluated. The
enzyme mediates a reaction between the fluoride ion and S-
adenosyl-L-methionine (SAM) to generate 5'-fluoro-5"-deoxy-
adenosine (5-FDA). Preparation of (5'R)-[5-?H,]-ATP generated
(5'R)-[5-°H,]-5'-FDA in a coupled enzyme assay involving SAM

Introduction

In 1986, a group from Merck reported that Streptomyces cat-
tleya had the rare capacity to biosynthesise organofluorine me-
tabolites."! The toxin fluoroacetate (1) and the antibiotic 4-fluo-
rothreonine (2) were isolated and identified as secondary me-
tabolites of this organism. Biosynthesis studies have since re-
vealed some of the details of the biosynthetic pathway to the
organofluorine natural products of S. cattleya, and these are
summarised in Scheme 1.” Fluoroacetaldehyde (6) has been
identified as the last common biosynthetic intermediate to

NH,
~
¢ 1)
o _o0_o0 NTN
O\g/o\g/o\g/o SAM synthase
| ~ | . R o L-methionine o
O O O
OH OH OH OH
ATP 3 SAM 4
F
5'-FDA synthase
NH,
N ~x
N
¢ ]
=
o) N N)
unknown steps F Ie)
H P — - -
F
fluoroacetaldehyde 6 OH OH
5-FDA S
L-threonine
NAD - aldehyde
dehydrogenase PLP transaldolase
[0} OH O
acetaldehyde
- A
F F NH3+

fluoroacetate 1 4-fluorothreonine 2

Scheme 1. Current understanding of the metabolites and enzymes involved in
the biosynthesis of fluoroacetate 1 and 4-fluorothreonine 2 in S. cattleya.
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synthase and the fluorinase. The stereochemical analysis of the
product relied on H NMR analysis in a chiral liquid-crystalline
medium. It is concluded that the enzyme catalyses the fluorina-
tion with an inversion of configuration consistent with an S\2
reaction mechanism.

both fluoroacetate and 4-fluorothreonine.”® Cell-free extracts
of S. cattleya are able to efficiently convert fluoroacetaldehyde
to fluoroacetate, and an NAD-dependant aldehyde dehydro-
genase capable of catalysing this reaction has been isolated
and characterised.” This enzyme had a clear preference for flu-
oroacetaldehyde over acetaldehyde as a substrate and would
appear to mediate the final transformation in fluoroacetate bi-
osynthesis in the organism. The enzyme responsible for the
transformation of fluoroacetaldehyde to 4-fluorothreonine has
also been characterised.” This is a pyridoxal phosphate-
dependant transaldolase that converts fluoroacetaldehyde and
L-threonine to 4-fluorothreonine and acetaldehyde. This novel
PLP-dependant enzyme does not utilise glycine as the amino
acid donor, and it is interesting that for every molecule of
4-fluorothreonine that is biosynthesised, S. cattleya sacrifices a
molecule of L-threonine, its amino acid analogue. The evolu-
tionary significance of this interconversion of threonines is not
clear, but it presumably confers some advantage to the organ-
ism’s survival.

The most intriguing enzyme on the fluorometabolite biosyn-
thesis pathway in S. cattleya is 5'-fluoro-5'-deoxyadenosine syn-
thase (5'-FDAS), the first committed enzyme on the pathway
and the one responsible for converting inorganic fluoride to
organic fluorine.®! The enzyme mediates a reaction between
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S-adenosyl-L-methionine (SAM; 4) and fluoride ion to generate
5'-fluoro-5'-deoxyadenosine (5-FDA; 5). This enzyme has re-
cently been purified to homogeneity and it is the first native
fluorination enzyme to have been isolated.”) An amino acid
sequence from the purified protein has allowed the gene to
be amplified by the polymerase chain reaction (PCR), and the
fluorination enzyme has now been cloned and over-expressed
in E. coli" Nature has hardly developed a biochemistry of or-
ganic fluorine compounds, and, as this enzymatic C—F bond
formation is extremely rare, the enzyme is of mechanistic inter-
est and has some biotechnological potential for the enzymatic
synthesis of organofluorine compounds. In this context,
5'-FDAS has recently been used to prepare labelled ['®F]-5'-FDA
from '®F~ and has potential as a catalyst for C—'8F bond forma-
tion for positron emission tomography (PET) applications."”
Mechanistic information can be gleaned from a knowledge
of the stereochemistry of the reaction process, and exploring
the stereochemical course of biological fluorination has been a
recent objective in our laboratory. We have already gained
some insight into the stereochemical course of biological fluo-
rination in whole-cell incubations of S. cattleya."® These experi-
ments involved adding glycerol that was chiral by virtue of
deuterium-isotope labelling in its pro-R hydroxymethyl arm.
(1R,2R)- and (1S,2R)-[1-°H,]-glycerols 7a and 7b were added in
separate experiments to the growth medium of S. cattleya in
whole-cell incubations, and, after several days, the biosynthes-
ised fluoroacetate, which carried a deuterium atom on the flu-
oromethyl group, was recovered. Deuterium NMR in chiral
liquid-crystalline solvent has proven to be an excellent method
for the analytical determination of enantiomers of chiral
['H,”H,FCl-fluoromethyl groups and takes advantage of the
quadrupolar nature of the deuterium nucleus."? By using this
approach, the biosynthetically derived [2-’H,]-fluoroacetates
were converted to their hexyl esters 8a and 8b and were ana-
lysed. The enantiomers were easily resolved by *HNMR in a
chiral liquid-crystalline solvent. The stereochemical results,
which are summarised in Scheme 2, indicated that the hydrox-
ymethyl C—O bond of the pro-R arm of glycerol was converted
to a C—F bond in the fluoroacetate with retention of configura-
tion.'”? The enantiomeric excesses varied in the two comple-
mentary experiments, largely as the isotope content in the de-
rivatised fluoroacetates was low and the signal to noise ratio
was low for the analytical method. Taking into account the
knowledge that SAM synthase operates with an inversion of

. 0 (o]
O\"/O~”/O\"/O
P P SAM synthase
[
L-methionine

1 1
o O O

OH OH

(5'R)-[5-H]-ATP 3a

A. Meddour, D. O'Hagan et al.

OH / \ H X OR
o i

SAM 4 / F
OH OH (RH-’H}- 8a
‘ / R = n-hexyl
(1R, 2R)-[1-?H]-glycerol 5'-FDA 5 75 % ee
7a
ATP 3

(o]
Sy 7 oo
D~
A / (SF)-FHJ— 7b

OH OH \
R = n-hexyl

2
(1S, 2R)-[1-"Hq]-glycerol 30 % ee

7b 5'-FDA 5

Scheme 2. A summary of conclusions from a previous stereochemical study,”

which involved the incorporation of stereospecifically [*H]-labelled glycerols
into fluoroacetate in whole cells of S. cattleya. This study indicated that the
C—0 bond of glycerol was replaced by the C—F bond of fluoroacetate with an
overall retention of configuration. Because SAM synthetase, which converts ATP
3 to SAM 4, proceeds with inversion of configuration this study suggested that
the fluorination enzyme also proceeds with an inversion of configuration.

configuration,™ this observation implies that the fluorination
event proceeds with an inversion of configuration, that is, two
inversions is an overall retention. However that study relied on
the correct metabolic and stereochemical interpretation of
events as the isotope on the glycerol was assumed to enter
the glycolytic pathway, and then pass into the pentose phos-
phate pathway prior to labelling ribose and becoming incorpo-
rated into the ribose ring at the C-5' position of ATP and then
SAM prior to fluorination. Further, the isotope was analysed in
the fluoroacetate products and not in the immediate product
of the enzymatic fluorination, and it was assumed that there
was no configurational change during the latter stages of the
pathway between 5-FDA and fluoroacetate. These assump-
tions were a limitation of the whole-cell experiments. With the
purified and over-expressed 5-FDAS now available,"” it ap-
peared appropriate to re-examine the stereochemical course of
the fluorination event on the enzyme directly.

We envisaged a preparation of (5'R)-[5"-*H,]-ATP 3 a followed
by its incubation with SAM synthase to generate a sample of
(5'S)-[5"-*H,]-SAM 4a (Scheme 3). Treatment of this stereo- and

S—Me
o 5-FDAS
fluoride ion
OH OH OH OH
SAM 4a (5'R)-[5'?H]- 5-FDA 5a

Scheme 3. Treatment of stereospecifically labelled (5'R)-[5'-*H]-ATP with SAM synthase and 5'-fluorodeoxyadenosine synthase generates (5'R)-[5'-*H]-5"-FDA; this indi-
cates that there are two sequential inversions of configuration resulting in an overall retention of configuration.
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isotopically labelled SAM with fluoride ion in the presence of
the fluorination enzyme (5’-FDAS) should provide a sample of
[5-?H,]-5-FDA 5a, stereospecifically labelled at the C-5' posi-
tion. With a knowledge that SAM synthase mediates a configu-
rational inversion,"® the resultant configuration at C-5" of [5'-
?H,]-5'-FDA in the coupled enzyme assay will allow the stereo-
chemical course of the fluorination reaction to be deduced.
The entire strategy depends on a reliable assay for determining
the absolute stereochemistry at C-5' of [5'-’H,]-5"-FDA. In this
paper we describe how we have used HNMR in a chiral
liquid-crystalline medium to determine the absolute stereo-
chemistry of [5'-?H,]-5"-FDA.

Results and Discussion

To succeed in this approach it was necessary to prepare a
sample of [5-°H,]-5-FDA of known stereochemical configura-
tion at C-5' as a reference for the *H NMR assay in chiral-liquid
crystalline media. Our approach to the synthesis of the (5'S)
isomer of [5-?H,]-5"-FDA 5b, summarised in Scheme 4, was ini-

NHBz NHBz
N N N
N SN
<’3'ﬁ) <1
N™ N D H N N
0= 0 i) HO— o
—>
o .0 O (0]
x 9 x (5'R)-10
l i)
NH, NH,
Nf” Nf
N
¢ ¢ ]
H o N N/) i), iv), V) D, N N/)
OH OH 0.0

X

Scheme 4. i) LiAID4 + 2-methylbutan-2-ol/Lil, —78°C in THF for 3 h (36 %);
i) NH,OH/MeOH (1:1), 18 h (95 %), iii) MsCl/pyr, 20°C, 3 h (73 %); iv) TBAF/
CH,CN, reflux 3 h (35%); v) TFA (90 %), 30 min (81 %).

(5" S)-[5-*H,]-5-FDA 5b (5'R)11

tiated following the previously reported asymmetric reduction
of aldehyde 9."*" LiAID, treatment with added 2-methylbu-
tan-2-ol and lithium iodide gave alcohol 10 in a 4:1 ratio (60 %
de) of diastereoisomeric products. It has previously been estab-
lished that the major product is the (5'R) diastereoisomer."
The (5'S) isomer of [5-?H,]-5-FDA was prepared from 11 after
mesylation of (5'R)-10 and then TBAF treatment. It is assumed
that the substitution of the mesylate by the fluoride ion pro-
ceeds with a stereochemical inversion of configuration. Aceto-
nide deprotection then gave (5'S)-[5'-*H,]-5'-FDA. The synthetic
sample of (5'S)-[5'-’H,]-5'-FDA was analysed by *HNMR in a
chiral liquid crystalline medium generated by dissolving poly-
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v-benzyl-L-glutamate (PBLG) in DMF."®' The resultant spec-
trum is shown in Figure 1a. It exhibits both the 2H NMR spec-
trum of our mixture of diastereoismers and that of the solvent
(DMF) at natural abundance level. The latter is made of three
quadrupolar doublets centred on the chemical shift of the
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1 |
L lL {\\
"W"MYIWL"‘ W W’W’“&*WMJ "qu‘ﬁ’v"

R

|

i

mej RN o

*

b) *
* *
*
* |
R R
I
“ S S
| \
www.vf Mw«w w“'w"J m'wwM’ A 'w« h‘ﬂmﬁwwﬂ W b
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Figure 1. ’H{'H} NMR spectra of a) synthetic (5'S)-[5'-*H]-5'-FDA (4:1 diastereoi-
someric ratio) and b) (5'R)-[5'°H]-5'-FDA (4:1 diastereoisomeric ratio) prepared
by using enzymatic fluorination. The natural abundance signals from DMF
(three doublets centred at 8.01, 2.90 and 2.79 ppm) are labelled with an aster-
isk. In these spectra, the chemical shift of the aldehydic deuterium of DMF
(8.01 ppm) was used as an internal reference.

three possible isotopomers of DMF, that is, the isotopomer in
which the deuterium is at the aldehydic position and the two
isotopomers in which the deuterium is on the nonequivalent
methyl groups. These six lines are labelled with an asterisk.
The other doublets are attributed to our diastereoisomers
(4:1), which are clearly resolved by the technique. The predom-
inant (5'S) isomer has a smaller quadrupolar splitting than the
minor (5'R) isomer. The signal of the (5'S) compound is split
into two components. This is due to the total spin-spin cou-
pling, Tp, between the deuterium and the fluorine nuclei with
Tor=2Dpr + Joe In this expression, Jye is the scalar coupling
and Dy is the dipolar coupling. The (5'R) compound does not
show such fluorine deuterium coupling. This is due to the fact
that, here, the scalar and the dipolar couplings are of opposite
signs yielding, fortuitously, a null or almost null splitting.

In order to explore the stereochemistry of the enzymatic
process it was necessary to prepare a sample of stereospecifi-
cally enriched [5-?H,]-ATP. The (5'R) isomer of [5'-H,]-ATP was
prepared from alcohol (5'R)-11 by a modification of a previous-
ly described procedure."®' The route is illustrated in
Scheme 5 and proved relatively straightforward to execute.
This route utilised a sample of 11 prepared as described above
as a 4:1 mixture (60% de) of (5'R) and (5'S) diastereoisomers.
As there is no stereochemical inversion at C-5" during the con-
version of 10 to ATP, the corresponding [5'-*H,]-ATP is predom-
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Scheme 5. i) 2-chloro-4H-1,2,3-benzodioxaphosphorin-4-one in THF/pyr, 15 min; ij) tributylammonium pyrophosphate in DMF/Et;N, 30 min; iii) I, (1%) in pyr/H,0

(98:2), 20 min; iv) TFA (25%), 30 min.

inant in the (5'R) diastereoisomer, also in a 4:1 ratio. With this
material in hand it was necessary to catalyse its conversion
from ATP to [5-*H,]-SAM by SAM synthase. This enzyme was
partially purified from bakers’ yeast (Saccharomyces cerevi-
sae).”” The key experiment was carried out by treatment of
(5'R)-ATP with L-methionine, Mg®*, K* and fluoride ion in a
coupled enzyme reaction with SAM synthetase and the fluori-
nation enzyme.®? The resultant [5'-*H,]-5-FDA was purified by
preparative HPLC and was analysed by H NMR with identical
conditions to those described for the reference sample. The
2H NMR spectrum is shown in Figure 1b. Although the amount
of material analysed from the enzyme study was relatively
small (~0.40 mq), it is clear from the analysis that the predomi-
nant diastereoisomer has the (5'R) configuration, again with an
approximate ratio of 4:1; this is consistent with the stereo-
chemical purity of the original starting material. (5'R)-[5"-*H,]-
ATP provides (5'S)-[5'-’H,]-SAM after treatment with SAM syn-
thase, therefore the observation that the product of the fluori-
nation reaction gave (5'R)-[5'-*H,]-5'-FDA indicates that there
have been two configurational inversions within the coupled
enzyme assay. These experiments reinforce the earlier conclu-
sion and show that the fluoride ion acts on the C5—S bond of
SAM to mediate a configurational inversion during C—F bond
formation. The result is consistent with an Sy2 reaction mecha-
nism operating during biological fluorination in S. cattleya and
reinforces the conclusion made after the earlier whole-cell ex-
periments with S. cattleya. An Sy2 mechanism is also consistent
with the recent X-ray structure of the fluorination enzyme."”

These stereochemical conclusions have been drawn through
the use of deuterium NMR in a chiral liquid-crystalline solvent.
In such a solvent, enantiotopic or diastereotopic groups do
not exhibit the same ordering properties due to the chirally
orientated field. This differential ordering of enantiomers or di-
astereoisomers results in a difference that is often very large in
the order-sensitive NMR interactions, such as quadrupolar split-
ting. The technique offers a powerful tool for examining the
stereochemical course of enzymatic reactions with appropriate-
ly labelled substrates.
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Experimental Section

General methods: Air- and moisture-sensitive reactions were car-
ried out under an inert atmosphere with oven-dried glassware
(200°C). All reagents of synthetic grade were used as supplied, if
further purification was required, the procedures are detailed
ref. [22]. Column chromatography was performed by using Merck
Kieselgel 60 silica gel (230-400 nm mesh). NMR spectra were ob-
tained by using a Varian Unity Plus 500, a Bruker Av-300 or a
Varian Unity Plus 300. Melting points were determined by using a
Gallenkamp Griffin MPA350.BM2.5 melting-point apparatus. Cation-
exchange procedures were carried out on Dowex 50W (X8) resin
with 50-100 mesh particles. High- and low-resolution mass spec-
trometry (HRMS/LRMS) were performed with a Micromass LCT
spectrometer (Manchester, UK). HPLC analysis was carried out by
using a Varian series 9012 pump/9050 UV lamp; analytical HPLC
was performed on a Hypersil ODS C-18 column, 5pum (250X
4.6 mm id); semipreparative HPLC was performed by using a Phe-
nomenex Hypersil C-18 column, 5 um (250 10 mm id).

Liquid crystalline NMR sample preparation: PBLG (151 mg, M,
70000-150000 purchased from Sigma-Aldrich) was weighted into
a 5mm o.d. NMR tube. DMF (240 pL) was added, and the mixture
was heated to 80-100°C until complete dissolution of the polymer
occurred. Chloroform (30 ul) and a solution of 5-FDA (0.3 to
2.0 mg) in DMF (40 pL) were introduced in the NMR tube. In order
to homogenize the viscous mixture, the NMR tube was repeatedly
centrifuged (20x) on a low speed (600 rpm) bench-top centrifuge,
with the tube being turned upside-down between each centrifuga-
tion.

Deuterium NMR measurements in PBLG/DMF liquid crystal:
2H{"H} NMR spectra were recorded at 61.4 MHz on a Bruker DRX-
400 spectrometer equipped with a selective deuterium probe. The
temperature was held at 330 K by a BVT3000 variable temperature
unit. Proton broad-band decoupling was achieved by using the
WALTZ-16 composite pulse sequence.

[(5'R)-*H,]-N°-benzoyl-2,3'-O-isopropylideneadenosine (10):""! A
solution of N°-benzoyl-2',3'-O-isopropylideneadenosine-5"-aldehyde
(0.90 g, 2.2 mmol) and Lil (3.6 g, 26.3 mmol) in THF (20 mL) was
stirred at ambient temperature for 10 min and then at —78°C for
50 min. 2-Methylbutan-2-ol (2.9 mL, 26.6 mmol) was added to a
suspension containing LiAID, (0.37 g; 8.9 mmol) in THF (50 mL),
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and the mixture was stirred at ambient temperature for 20 min
and then at —78°C for an additional 20 min. This solution was
then added to the adenosine solution by syringe, and the reaction
mixture was stirred at —78°C over 3 h. After 15 min, NaOH (2N,
3 mL) was added, and the resultant mixture was stirred for an addi-
tional 20 min. The precipitate was filtered, and the solution was
concentrated under reduced pressure. The residue was partitioned
between water and CH,Cl,, and the organic phase was dried over
MgSO, and then concentrated. The residue was purified over silica
gel with CH,Cl,/isopropanol/acetone (86:4:10) to give 10 (0.32 g,
35%) as an amorphous white solid. M.p. 148-150°C (lit. 151-153°C
for the corresponding unlabeled compound®"); '"H NMR (300 MHz,
CDCly): 6=1.36, 1.61 (25, 2x3H; CMe,), 3.79 (d, Js,o=1.79 Hz,
0.2H; C5H,), 3.97 (d, Jsp,e = 1.28 Hz 0.8H; CsHy), 4.55 (M, 1H; C,H),
504 (dd, Jyy=589Hz, J;,=128Hz, 1H; C3H), 523 (dd, Jp, =
486 Hz, J,;=589Hz, TH; C,H), 580 (brs, 1H; C;OH), 5.96 (d,
Jyy=486Hz, 1H; C;H), 7.5, 8.0 (m, 5H; arom.), 8.08, 8.70 (2s, 2x
1H; CH and CgH), 9.20 ppm (brs, 1H; NHCOAr); *C NMR (75 MHz,
CDCl;): 6=25.7 and 27.9 (CMe,), 63.0 (brs, C-5'), 81.9, 83.7, 86.7,
94.2 (C-1, C-2', C-3/, C-4'), 114.6 (CMe,), 128.3, 129.1, 133.2, 133.8
(arom.), 124.5, 150.7, 151.0 (C-4, C-5, C-6), 142.9 and 152.7 (C-2, C-
8), 165.3 ppm (NHCOAr).

[(5'R)-*H,]-2',3-O-isopropylideneadenosine (11):*) A solution of
[(5'R)-*H,]-N®-benzoyl-2',3'-O-isopropylideneadenosine (10; 0.125 g;
0.30 mmol) in methanolic ammonia (50%,15 mL) was kept at ambi-
ent temperature for 24 h and then evaporated to dryness. The resi-
due was purified over silica gel with CH,Cl,/isopropanol/acetone
(84:6:10) as eluent affording 11 (0.080 g; 95%) as a white amor-
phous solid. M.p. 220-222°C (lit. 220-221°C?¥); '"H NMR (300 MHz,
[DgIDMSO): 6=1.31, 1.53 (2s, 2x3H; CMe,), 3.50 (m, 1H;
Cs,HC 5,H), 4.20 (dd, J,3=2.30Hz, J,5=4.86 Hz, TH; C,H), 4.95
(dd, Jy3=6.14, Jy , =230 Hz, TH; C3H), 535 (dd, Jy, =3.07, Jp3=
6.14 Hz, 1H; C,H), 6.11 (d, J;,,=3.07 Hz, 1H; C,H), 7.36 (brs, 2H;
NH,), 8.14, 833 ppm (2s, 2x1H; CH, CH); *CNMR (75 MHz,
[Dc]DMSO): 6 =25.5, 27.4 (CMe,), 61.4 (brs, C-5'), 81.6, 83.5, 86.6,
89.9 (C-1', C-2, C-3', C-4'), 1134 (CMe,), 140.1, 153.0 (C-2, C-8),
119.3, 149.1, 156.3 ppm (C-4, C-5, C-6).

[(5'R)-*H,]-2/,3'-O-isopropylidene-5'-mesyl-adenosine:*? Methane-
sulfonyl chloride (0.19 mL, 2.44 mmol, 2.0 equiv) was added drop-
wise to a solution of [(5'R)-*H,]-2',3'-O-isopropylideneadenosine
(0.375 g; 1.22 mmol) in pyridine (20 mL) at 25°C. The reaction mix-
ture was cooled to 0°C, then left to warm to ambient temperature
over 3 h. Cold water (20 mL) was added, and the reaction mixture
was concentrated and partitioned between dichloromethane and
water. The organic layer was washed with water, dried over MgSO,,
and concentrated. Purification over silica gel eluting with CH,Cl,/
IPA/acetone (84:6:10) afforded the mesylate (0.344 g; 73%) as a
white amorphous solid. M.p. 140°C (dec); 'HNMR (300 MHz,
CDCly): 6=1.41, 1.63 (2, 2x3H; CMe,), 2.92 (s, 3H; SO,Me,), 4.41
(m, 2H; CH, CsH,CHy), 5.16 (dd, J34=29, J3,=62Hz, 1H;
CyH), 547 (dd, J, =20, Jyy=62Hz, TH; C,H), 587 (brs, 2H;
NH,), 6.13 (d, J;,=2.0Hz, TH; C,H), 7.92, 8.36 ppm (25, 2x 1H;
C,H, CgH); HRMS: Cy,H,sDN;O,S calcd: 387.1204; found = 387.1197.

[(5'S)-°H,]-2',3"-O-isopropylidene-5'-fluorodeoxyadenosine: A sol-
ution of TBAF in THF (1m, 1.2 mL, 1.2 mmol, 2.6 equiv) was added
to a solution of [(5'R)-*H,]-2,3"-O-isopropylidene-5"-O-mesyladeno-
sine (0.18 g, 0.46 mmol) in acetonitrile (20 mL) at ambient tempera-
ture, and the resulting solution was heated under reflux for 3 h.
The reaction was cooled to ambient temperature and concentrat-
ed, and the resultant oil was partitioned between chloroform and
water. The organic layer was washed with water and dried over
MgSO, and the product was purified over silica gel by eluting with
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CH.Cl,/IPA/acetone (84:6:10) to afford the title product (0.050 g;
35%) as a light brown powder. M.p. 157-159°C (lit. 159-160°C for
the corresponding unlabeled compound™); 'H NMR (300 MHz,
CDCL): =140, 1.64 (2s, 2x3H; CMe,), 4.55 (m, 2H; C,H,
CsH,C 5H,), 5.10 (dd, J;,=6.3, J3,=3.8Hz, 1H; CH), 537 (m,
TH; C,H), 5.68 (brs, 2H; NH,), 6.19 (d, J;, =193 Hz, TH; CH),
7.93, 836 ppm (25, 2x 1H, C,H, CgH); *C NMR (75 MHz, CDCl,): 6 =
25.7, 27.5 (CMe,), 81.1 (d, Jeyr=6.8 Hz, C-3), 82.5 (dt, Jesr =170,
Jesp=23 Hz; C-5), 84.9 (C-2), 85.9 (d, Jeyr=19.5 Hz; C-4'), 91.3 (C-
1), 115.0 (CMe,), 120.5, 149.8, 153.7 (C-4, C-5 C6), 139.7,
156.0 ppm (C-2, C-8); "F NMR, F-H decoupling (500 MHz, CDCl;):
6=-22931 (t, J=673Hz, 0.8F; FyDy,), —229.27 ppm (t, J=
729Hz, 02F; F¢Ds,); HRMS: Cy3H,DN;O,F calcd: 311.1380;
found=311.1378.

[(5'S)-[*H,]-FDA (5a):* A solution of [(5'S)-*H,]-2’,3-O-isopropyli-
dene-5'-fluorodeoxyadenosine (0.047 g; 0.15 mmol) in trifluoroace-
tic acid/water (9:1; 7 mL) was stirred at ambient temperature for
20 min and then evaporated to dryness. The residue was co-evapo-
rated with ethanol (3 x), then triturated with ether and finally dried
under reduced pressure to give 5 as a colourless oil (0.033 g;
81%). 'HNMR (300 MHz, [D,]DMSO): 6=4.10 (dt, Jy5=Jy3=5.12,
Jysg=2381Hz, 1H; CH), 427 (t, J;,=J3,=512Hz, TH; GH),
457 (t, Jy3=Jy1 =512, TH; GH), 460 (dd, Js,4=537, Jsrsa=
47.36 Hz, 0.8H; C5H,), 4.65 (dd, Js, s =3.07, Jspsp,=47.60 Hz, 0.2H;
CsHy), 5.95 (d, J;»=5.12Hz, TH; C,H), 7.54 (brs, 2H; NH,), 8.20,
832ppm (s, TH; GH, CgH); "FNMR (300 MHz; DMSO): 6=
—228.035 ppm (m, 1F; C5F); HRMS: C,oH,,DN;O,F calcd: 271.1065;
found =271.1062 [M+H] ™.

[(5'R)-*H,1-ATP (3): A solution of 2-chloro-4H-1,2,3-benzodioxaphos-
phorin-4-one in dioxane (1M, 0.52 mL, 0.52 mmol) was added to a
solution of 2',3'-O-isopropylideneadenosine in pyridine (0.126 g,
0.47 mmol, 0.4 mL) and dioxane (1.2 mL). After 20 min, a solution
of tributylammonium pyrophosphate™ in DMF (0.5m, 1.28 mL,
0.64 mmol) and triethylamine (0.52 mL) was added. The reaction
mixture was stirred for 30 min, then a solution of 1% iodine (8 mL,
0.31 mmol) in pyridine/water (98:2, 0.8 mL) was added. After
20 min, the excess iodine was destroyed by addition of 5% aque-
ous NaHSO;. The resultant residue was dissolved in water, and the
aqueous layer was washed with CH,Cl,. After evaporation of the
organic solvent, the residue was dissolved in water (37.5 mL), and
an aqueous solution of 50% TFA (10 ml) was added. The mixture
was stirred for 30 min, adjusted to pH 8.5 by addition of NaOH
(0.1 N, aqg), and the solvent was evaporated to dryness. The residue
was then washed with ethyl acetate, and the crude product was
dried under reduced pressure. *'P NMR (121.5 MHz, D,0): 6=—8.9
(d, J=21.16 Hz; Py), —9.4 (d, J=18.4 Hz; Pa), —19.5 ppm (formal t;
PP); MS (electrospray, negative ion mode) m/z: 551.3
[M+2Na—H]"; (unlabelled 550).

Purification of SAM Synthase: Bakers’ yeast (Saccharomyces cere-
vasiae) was grown in a conical flask (2 L) containing a defined
medium (500 mL) consisting of yeast extract (0.9%), peptone
(1.8%) and b-glucose (2%). After incubation (37°C, 200 rpm) for
12h , the cells were harvested, washed with Tris-HCI buffer
(50 mMm, pH 7.8) and then resuspended in the same buffer. A cell-
free extract was prepared by sonication (5x1min, 60% duty cycle)
and centrifugation of the cell debris (20000g for 20 min at 4°C).
Typically the protein concentration was 3.5 mgmL™". The enzyme
activity was partially purified by adding solid (NH,),SO, to the cell-
free extract at 4°C until 60% saturation, followed by centrifuga-
tion. The supernatant was adjusted to 80% saturation with solid
(NH,),SO,, and the precipitate was collected after centrifugation.
The pellet was dialysed in Tris-HCI buffer (50 mm, pH 7.8) (12 h,
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4°C), and the protein was eluted from an anion exchange column
(Bio-RAD Macro-prep High Q) at 2 mLmin™' by using an AKTA
Prime FPLC system (Amersham Pharmacia Biotech), initially with
Tris-HCI buffer (40 mL) and then a linear gradient of 0 to 0.35m KCl
in Tris-HCI buffer (50 mm, pH 7.8) to a final volume of 80 mL. The
fractions containing SAM synthase were concentrated to 3 mL by
using a 10 kDa Macrosep (Pall Folton) centrifugal concentrator.

HPLC conditions for the SAM synthase/5'-FDAS assay and purifi-
cation for 5'-fluoro-5'-deoxyadenosine (5): Partially purified SAM
synthetase fractions (150 plL) were incubated at 37°C for 6 h with
ATP (20 mm, 50 pL), L-methionine (100 mm, 25 ul), MgSO, (1M,
50 pL) and KCI (1™, 25 pL) in final volume of 0.2 mL. The over-ex-
pressed 5'-FDAS solution (3 mgmL~', 500 uL) and KF (2 m, 200 pL)
were then added, and the coupled enzyme reaction left at 37°C
for 12 h. Aliquots for HPLC analyses were treated at 95°C (3 min),
and the precipitated protein was removed by centrifugation. An
aliquot (20 pL) of the clear supernatant was injected onto a Hyper-
sil 5 um C-18 column (250 x4.6 mm, Macherey-Nagel) equilibrated
with KH,PO, (50 mm) and acetonitrile (95:5 v/v). Runs were moni-
tored by UV detection at 260 nm by gradient elution starting from
KH,PO, (50 mm) and acetonitrile (95:5 v/v) to a final mobile phase
consisting of KH,PO, (50 mm) and acetonitrile (80:20 v/v). Samples
were introduced through a high-pressure injector fitted with a
100 pL loop, and the flow rate was maintained at 1.0 mLmin™'
with a total elution time of 20 min.

The isotopically labelled sample of FDA derived from the enzymat-
ic reactions was purified by semipreparative HPLC on a C-18
column (Phenomenex Hypersil 5, 250 10.00 mm, 5 um) under the
same conditions as described for analytical HPLC. Samples were in-
troduced through a high-pressure injector fitted with a 1 mL loop,
and the flow rate was maintained at 5.0 mLmin~" with a total elu-
tion time of 30 min.
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Probing the Proteolytic Stability of [3-Peptides
Containing a-Fluoro- and a-Hydroxy-f3-Amino

Acids

David F. Hook, Francois Gessier, Christian Noti, Peter Kast, and

Dieter Seebach*®

One of the benefits of 5-peptides as potential candidates for bio-
logical applications is their stability against common peptidases.
Attempts have been made to rationalize this stability by altering
the electron availability of a given amide carbonyl bond through
the introduction of polar substituents at the a-position of a
single 3-amino acid. Such S-amino acids (-homoglycine, f3-ho-
moalanine), containing one or two fluorine atoms or a hydroxy
group in the a-position, were prepared in enantiopure form. A
versatile method for preparing these a-fluoro-3-amino acids by

Introduction

The innate ability of B-peptides to adopt secondary structures
analogous to their a-peptidic counterparts has encouraged in-
vestigations into their potential use as pharmaceutical or agri-
cultural agents. Studies have shown that these homologated
o-peptides possess antimicrobial, hemolytic, and antiprolifera-
tive activities and are metabolically stable in vivo.""® Moreover,
they exhibit remarkable proteolytic stability under conditions
under which a-peptides are completely degraded. With the ex-
ception of recent proteolytic stability studies performed by
Gellman and co-workers on an amphiphilic B-peptide,”” the
most comprehensive studies on [3-peptide (and y-peptide) sta-
bility have emerged from our laboratories.®*'¥ In no case was
any degradation observed after 48 h against a range of en-
zymes, with the substrates apparently exhibiting no inhibitory
effect™ In addition, the incorporation of a B-amino acid
moiety into an a-peptide sequence can beneficially enhance
proteolytic stability about the modified residue whilst still re-
taining significant original biological activity.">'® Conversely,
the presence of an a-amino acid residue in a (3-peptide chain
need not impact on proteolytic stability or biological activi-
ty."?The insertion of a methylene group into an a-amino acid
has a clear structural impact; p-peptide chains exhibit addition-
al degrees of conformational freedom as compared to their a-
peptidic counterparts. Altered steric arrangements of function-
al groups and other recognition features of the [-peptidic
backbone might, as a result, prevent productive interactions
with the relevant sites on a peptidase. Such factors can clearly
impede the recognition of -peptides by peptidases and ac-
count for their hydrolytic stability. However, such structural
modifications also affect the electronic environment of the
amide bonds. In the case of B*-peptides that lack a substituent
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the homologation of appropriate a-amino acids and C-OH—C-F
or C=0—CF, substitution with DAST, is described. Consequently,
a series of f3-peptides possessing an electronically modified resi-
due at the N terminus or embedded within the chain was synthe-
sized, and their proteolytic stability was investigated against a se-
lection of enzymes. All ten [3-peptides tested were resilient to pro-
teolysis. Introducing a polar, sterically undemanding group, into
the a-position of f-amino acids in a f-peptide chain does not
appear to facilitate localized or general enzymatic degradation.

in the 2-position of an amino acid, reduced steric hindrance
about a given amide carbonyl bond, as compared to a-
analogues, is paralleled by a lower reactivity, created by the
absence of an adjacent electronegative group (Figure 1). The
enhancement of amide carbonyl bond reactivity by a neigh-
boring, sterically undemanding polar group, and the subse-
quent impact on proteolytic stability are, in part, the focus of
this work.

Replacement of hydrogen atoms by fluorine alters the
neighboring environment electronically without providing
steric constraints. Such modifications can beneficially influence
the biological activity and structure of compounds.'” Thus, it
is envisaged that the introduction of a -amino acid bearing
one or two fluorine atoms in the 2-position into a (3-peptide
chain will enhance the reactivity of the adjacent amide carbon-
yl bond (Figure 1). Moreover, the introduction of a hydroxyl
functionality in the 2-position might provide structural benefits
created through hydrogen-bonding effects, again without forc-
ing any severe steric demands. Such a-hydroxy-f-amino acids
are present in a variety of biologically active compounds, in-
cluding protease inhibitors.*® Ultimately, the presence of an
electron-withdrawing group in the 2-position of a [-amino
acid within a B-peptide chain could afford bond-specific enzy-
matic degradation and permit the tuning of (3-peptide stability.

[a] Dr. D. F. Hook, Dr. F. Gessier, Dipl.-Chem. C. Noti, Dr. P. Kast,
Prof. Dr. D. Seebach
Laboratorium fiir Organische Chemie
Eidgendssischen Technischen Hochschule
Wolfgang-Pauli-Strasse 10, 8093 Ziirich (Switzerland)
Fax: (+41) 1-632-11-44
E-mail: seebach@org.chem.ethz.ch
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Figure 1. Structural and electronic consequences of homologating a-peptides.
(X=F, 2F, OH; R=any proteinogenic side chain). In the case of a-peptides, an
adjacent R group is capable of restricting nucleophile access to the amide C=0

bond. In addition, the NHCO of the neighboring residue enhances amide C=0
reactivity as compared to an isolated, analogous bond.

Choice of substrates

[B-Peptides 1-10, which possess an internal or an N-terminal {3-
amino acid moiety substituted with one or two polar groups
in the 2-position, were prepared to screen stability toward
endo- and exopeptidases, respectively. B-Peptides containing
an a-fluoro or an a-hydroxyl 3-amino acid of either configura-
tion at the 2-position were required. Such compounds have al-
ready supplemented our ongoing studies on the secondary
structures of B-peptides.?"

Choice of enzymes

Clearly, the specificity of a given peptidase for a particular
amide carbonyl-bond environment was determined from stud-
ies on a-peptides; however, this might have no direct correla-
tion to P-peptides. Consequently, enzymes representing a
broad range of residue specificities were utilized and are out-
lined in the following paragraph.??

a-Chymotrypsin (EC 3.4.21.1) is a serine endopeptidase from
bovine pancreas and shows specificity for amide bonds with
aromatic or bulky hydrophobic residues in the so-called P1 po-

] lIl'
HoN N N NJﬁg\ N N N £oaH
H H HY %X H H H

|
-~ hENEMN
_CO.H
HzNJF(LN N N
N H H H
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sition.>?¥ [ eucine aminopeptidase, cytosol, (EC 3.4.11.1) from
hog kidney is an N-terminal exopeptidase that cleaves a range
of N-terminal residues.”>* Pancreatic elastase (EC 3.4.21.36)
from hog pancreas is a serine endopeptidase that preferential-
ly cleaves bonds adjacent to neutral residues, especially Ala.?”!
Pepsin (EC 3.4.23.1) is an aspartic endopeptidase from hog
stomach. It exhibits a preference for aromatic or bulky hydro-
phobic residues in the P1 and P1’ positions.”® Pronase (EC
3.4.244) is a group of at least ten proteolytic enzymes ob-
tained from the culture supernatant of Streptomyces griseus
K-1. A mixture of endo- and exopeptidases, it has “broad” (in
reality low) specificity and cleaves nearly all peptide bonds, in-
cluding those adjacent to p-amino acids.”® Proteinase K (EC
3.4.21.64) is a serine endopeptidase produced by the fungus
Tritirachium album limber. It exhibits “broad” specificity but
shows some preference for uncharged aliphatic or aromatic
residues in the P1 and P1’ positions, especially Ala.” Subtilisin
Carlsberg (EC 3.4.21.62) from Bacillus subtilis var. biotecus A is a
serine endopeptidase with “broad” specificity. It nevertheless
shows a preference for large, uncharged residues in the P1
position.®" Trypsin (EC 3.4.21.4), from hog pancreas, is a serine
endopeptidase that favors Arg or Lys in the P1 position.2>3

Results
Preparation of N-protected N-Boc-f-amino acids 11-14

Except for commercially available N-Boc-B-homoglycine (15),
which is commonly referred to as N-Boc-B-alanine, all other {3-
amino acids (Scheme 1) had to be prepared. As outlined in a

X=0H:Y=H:(551
X=H;Y=0H: (RSN

A R = Me X=F ¥Y=H:({55-12
X=H;¥=F:{RS5-12
COM {R.5)
BocHM X=¥=F:13
Y X
X=H¥=F:14
R=H

XK=¥=H:15

Scheme 1. Formulae of a-heterosubstituted N-Boc-3-amino acids 11-15 used
for the preparation of f3-peptides 1-10.

previous communication,?"” preparation of $-amino acids (S,S)-

11 and (RS)-11 started with aldehyde 16, obtained in

three steps from L-alanine

X=0H:¥=H:1 (Scheme 2).B435 Treatment with

X=H¥=0H:2 trimethylsilylcyanide in the pres-

Beliv=Ha ence of an appropriate Lewis
K=H:¥=F:4 . . .

RS acid provided access to diaster-

eoisomeric cyanohydrins (5,5)-17

and (R,S)-17 in high selectivity.®

X=FY=H:6 Acid hydrolysis in the presence

Eadl N wlEL T of methanol afforded the key 2-

i hydroxy esters (5,5)-18 and (R,S)-

X=HY=F:9 18, with subsequent protecting-

X=¥=H:10

group manipulations realizing
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H a)orb) » CN c)
BnZNJ\’r - anN J\/ R

0 OH
16 (S,5)17
(RSy17
« CO,Me  d)e) « CO,Me
Bn,N — > BocHN
OH OH
(5,518 (5,519
(R.S)}-18 (R.S)}-19
« CO,H
— ) BochN ?
OH
(8.9)11
(R.S)»-11

Scheme 2. Preparation of the N-Boc-protected carboxylic acids (S,S)-11 and
(R,S)-11. a) Me;SiCN, BF+Et,0, CH,Cl,, —10°C, 38% for (S,S)-11; b) Me;SiCN,
TiCl, CH,Cl, —78°C, 23% for (R,S)-11; ¢) HCI/MeOH, RT, 12 h, 76 % for (S,S)-18
and 88 % for (R,S)-18; d) H,, Pd/C, TFA, MeOH, RT, 24 h; e) Boc,0, Et;N, MeOH,
RT, 12 h, 72% for (S,5)-19 and 92 % for (R,S)-19 over 2 steps; f) LiOH-H,O, EtOH/
H,0, RT, 1 h, 65% for (S,5)-11 and 94 % for (R,S)-11.

a-hydroxy esters (S,5)-19 and (R,S)-19. Saponification furnished
the desired N-Boc-a-hydroxy-f3-amino acids (5,5)-11 and (R,S)-
11.

One of the most useful and effective methods for the prepa-
ration of organofluorine compounds involves the treatment of
alcohols with (diethylamino)sulfur trifluoride (DAST).®’*® Expo-
sure of the hydroxy ester (5,5)-18 to (diethylamino)sulfur tri-
fluoride (DAST) afforded fluoro derivative (S,5)-20 with overall
retention of configuration at C-2 (Scheme 3); fluoride ring-

COzMe a) COzMe
Bn,N — BmN

OH F
(S,5)-18 (S,5)-20
BocHN J\I/COZH ‘—[b), 9.9
F
(S.5)12

Scheme 3. Preparation of the N-Boc-protected (2S,3S)-3-amino-2-fluorobutano-
ic acid [(S,5)-12]. a) DAST, 0°C, CH,Cl,, 3 h, 85 %; b) LiOH-H,O, EtOH/H,0, RT,

1 h; ¢) H, Pd/C, MeOH, RT, 24 h; d) Boc,0, Et;N, MeOH, RT, 12 h, 87 % over 3
steps.

opening of the intermediate aziridinium ion occurring with
good regio- and stereoselectivity (de 10:1).5%*? Established
transformations furnished the required a-fluoro-f3-amino acid
(5,5)-12. Attempts to apply an analogous protocol to the prep-
aration of (R,5)-12 from (R,S)-18 were not successful; an equi-
molar mixture of regioisomers was obtained, resulting from
nonselective aziridinium ring opening by fluoride. Consequent-
ly, a revised approach toward (RS)-12 was adopted, starting
from L-threonine (Scheme 4).5% Treatment with benzyl bro-
mide and base afforded alcohol 21, from which, on addition of
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OH OH
R CO,H a) R CO,Bn b)
NH, NBn,
R = Me : L-threonine R=Me: 21
R =H: L-serine R=H:23
R R
CO,Bn _©).d) CO,H
Bny,N ~— > BocHN E
F F
R=Me: 22 R=Me: (R,S)12
R=H:24 R=H:14

Scheme 4. Preparation of the N-Boc-protected carboxylic acids (R,S)-12 and 14.
a) K,CO;, NaOH, BnBr, H,0, reflux, 1 h, 41% for 21 and 43 % for 23; b) DAST,
RT, THF, 30 min, 60 % for 22 and 90 % for 24; c) H,, Pd/C, MeOH, RT, 24 h;

d) Boc,0, Et;N, MeOH, RT, 12 h, 65 % for (R,S)-12 and 93 % for 14 over 2 steps.

DAST, the expected 2-fluorinated ester 22 was produced.
“Global” benzyl deprotection and Boc protection of the free
amino group provided (R,5)-12. N-Boc-a-fluoro-B-homoglycine
(14) was prepared in an analogous manner from L-serine.
Benzyl protection afforded hydroxy ester 23, permitting a
DAST-mediated OH—F substitution to yield 24, which was
subsequently converted to the desired product 14.4*2

Several asymmetric syntheses aimed at preparing 2,2-di-
fluoro-3-amino acids based on the Reformatsky reaction have
been published.”®**! However, our approach to compounds of
this type has utilized the homologation—-DAST methodology
outlined for the monofluorinated B-amino acids. As such, non-
stereospecific addition of cyanide to aldehyde 16 and subse-
quent hydrolysis with methanolic HCI afforded 18 as a mixture
of epimers (Scheme 5). Swern oxidation to the a-ketoester 25
proceeded without racemization if chromatographic purifica-
tion and long periods of storage were avoided. Treatment of
the crude product 25 with DAST furnished the 2,2-difluoroester
26 in 94% enantiopurity. Subsequent protecting-group manip-
ulations provided the desired N-Boc-B-amino acid 13.

H _ab CO,Me _9
Bn,N Bn,N
© OH
16 (RIS,S)-18

M d) CO,Me
F F 0
26
e.9.9 &COZH
BocHN
FF
13

25
Scheme 5. Preparation of the N-Boc-protected (3S)-3-amino-2,2-difluorobutano-
ic acid (13). a) acetone cyanohydrin, KCN cat., Bu,NI cat., hexane/H,O, RT, 2 h;
b) HCI/MeOH, RT, 12 h, 80 % over 2 steps, c) (COCl),, DMSO, Et;N, CH,Cl,,
—78°C, 90 min; d) DAST, CH,Cl,, RT, 4 h, 81 % over 2 steps; e) LIOH-H,O, EtOH/
H,O, RT, 1 h; f) H,, Pd/C, MeOH, RT, 24 h; g) Boc,0, Et;N, MeOH, RT, 12 h, 80%
over 3 steps.
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Synthesis of -peptides 1-10

Boc deprotection of the known tripeptide 279 preceded a
HATU-mediated coupling involving the acids 11-15, which
gave the terminally protected tetrapeptides 28-34 (Scheme 6).
Removal of the N- and C-terminal protecting groups and purifi-
cation by reversed-phase HPLC produced (-peptides 6-10 as
their TFA salts in useful amounts and in excellent purity. An
analogous peptide coupling involving tripeptide acid 35 with
Boc-deprotected tetrapeptides 28-32 furnished fully protected
heptapeptides 36-40. Final Boc and benzyl deprotection
afforded, after purification, the required p-peptides 1-5 for
screening against endopeptidic stability.

Proteolytic degradation studies

The proteolytic activity of the chosen enzymes was verified
prior to each degradation experiment. The a-peptide H-(Val-
Ala-Leu),-OH (41) was selected as a test substrate;® its se-
quence generally mimicking the B-peptides to be tested. With
the exception of trypsin, complete degradation of a-peptide
41 was observed within 1 hour at an enzyme concentration
lower than that to which the -peptide substrates were subse-
quently exposed (Table 1, Figure 2). Pronase (EC 3.4.24.4) is
known to contain five serine-type proteases, two Zn’* endo-
peptidases, two Zn>* leucine aminopeptidases, and one Zn**
carboxypeptidase.”® As such there is no one pH optimum; in
this study hydrolysis assays involving pronase were performed
at pH 7.8 and pH 9.0.

Internally substituted B-peptides 1-5 were incubated in the
presence of peptidases at 37°C in an appropriately composed
buffer solution for five days. These proteolytic stability assays
were terminated by the addition of acetic acid, with the excep-
tion of pepsin (addition of pH 11 buffer solution) and analyzed
by reversed-phase HPLC. Prior to quenching, an aliquot was

A

e
0 o i
A AN COBn ——

BocHN M N
oc H I b)
27
R
3 l\ COzH
BocHN P,
¥ X
11-158
a)
:I/\ X J\/Jk Jf SR
BocHN
by}
35

I cj, a)
1-5] -

Scheme 6. Preparation of f3-tetrapeptides 6-10 and [3-heptapeptides 1-5. a) TFA, CH,Cl,,
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Table 1. Degradation experiments on [3-peptides with an internal a-hetero-
substituted 3-amino acid.”!

Enzyme 4" 1 2 3 4 5

a-chymotrypsin + - — - — -
pancreatic elastase
pepsin

pronase (pH 7.8)
pronase (pH 9.0)
proteinase K
subtilisin carlsberg
trypsin'

L+ +++ +
|
|
|
|
|

[a] Reaction mixtures were incubated at 37°C for 5d. [b] Reaction mix-
tures were incubated at 37°C for 1 h. [c] Trypsin favors positively charged
residues in the P1 position (see Choice of enzymes section). This probably
accounts for the stability of the hydrophobic a-peptide 41 under the
conditions used. A 4+ sign denotes that degradation was observed, —
that no degradation was detectable.

removed from each reaction mixture, and a-peptide 41 added.
With the known exception of trypsin, residual enzyme activity
was exhibited in all cases, characterized by the disappearance
of 41. The results are expressed in Table 1 and by the represen-
tative HPLC chromatograms (Figure 2). It is clear that, whereas
the a-peptide is degraded (with the exception of the reaction
with trypsin), the p-peptides were intact after the allotted
time, with no evidence to suggest degradation. Minor peaks
(due to inherent enzyme impurities or the products of enzyme
cannibalism?) in the post-enzyme chromatograms were also
present in a control experiment, in which the enzyme in the
absence of substrate was incubated under analogous condi-
tions to those employed in the study.-Peptides 6-8 bearing
an N-terminal a-fluoro-B*-homoalanine residue were screened
against the exopeptidic activities of pronase and leucine ami-
nopeptidase. The results mirror those of the internal C-2-sub-
stituted -peptides: no degradation was observed after eight

%Iﬂ\iif\cozan

R=Me X=0H Y=H:28

= BocHN”

R=Me X=H Y=0H:29
] R=Me X=F ¥=H: 30

R=Me X=H Y=F:31 — 4

R=Me X=Y=F 32 —_— [ﬁ,mjl

R=H X=HY¥=F: 33

R=HX=Y=H 34  —
X=OH Y=H: 38
X=H ¥=0H: 37
X=F,Y=H:38
X=H;¥=F:39

Y x H X=Y=F 40

0°C, 1 h; b) HATU, NMM, DMF, RT, 12 h; ¢) H,, Pd/C, MeOH, RT, 12 h.
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Figure 2. Reversed-phase HPLC analysis before (left) and after (right) treatment with leucine aminopeptidase. Post-
enzyme treated chromatograms were recorded after 1 h, 5 d, and 8 d, respectively.

days at 37°C (Table 2, Figure 2). Additionally, compounds bear-
ing an N-terminal a-fluoro-B-homoglycine or an unsubstituted
B-homoglycine residue (3-peptides 9 and 10, respectively) also
resisted hydrolysis.

I degradation

Table 2. Degradation experiments on {-peptides with an N-terminal
a-heterosubstituted 3-amino acid.”!

Enzyme 41 6 7 8 9 10
pronase (pH 7.8) + - — — _ _
pronase (pH 9.0) + — — _ _ _
leucine aminopeptidase + - — — — _

[a] Reaction mixtures were incubated at 37°C for 8 d. [b] Reaction mix-
tures were incubated at 37°C for 1 h. A + sign denotes that degradation
was observed, — that no degradation was detectable.

Discussion

In addition to necessary interactions involving the backbone of
a peptide, amide bond cleavage by the action of a peptidase
requires recognition of the side chains at appropriate subsites
of the enzyme. Although the most important side chains for
this purpose are generally those in the P1 and P1’ positions,
neighboring residues can have a profound impact on recogni-
tion by a peptidase and hence the rate of hydrolysis. Such in-
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fluences can be envisaged to be
more significant for the action
of endopeptidases rather than
exopeptidases. However, as is
T\u\_““ﬁ% evident from the results pre-
sented, the resistance to pro-
teolysis of an amide carbonyl
group with a polar group in the
2-position, either at the N termi-
nus or embedded in the central
position of a f-heptapeptide

io 15 20
I imin———=

no degradation . . .
chain, is not compromised. In
’l the case of the mono-2-substi-
ﬁ"‘m“' t.uted B-p.eptide.s 1-4, the rela-
| tive configurations about the
10 15 20 25 a0 45 modified amide bond do not
Eimin —= impact on proteolytic stability.
By testing both C-2 epimers,
any beneficial or indeed unfav-
orable interactions that may be
no degradation created by the hetero group of

a particular configuration with
|k the active site of the enzyme
are considered. By analogy, the
2,2-difluoro-substituted  B-pep-
tide 5, in which the greatest
electronic modification to the
neighboring amide carbonyl
group is in effect, the stability
of the [-peptide as a whole is
maintained. It is of course feasible that the presence of a polar
group in the a-position impedes binding with the active site
of the enzyme through structural and/or electronic interactions
even if such a group results in a better substrate for proteolyt-
ic degradation.

Despite its name, leucine aminopeptidase (EC 3.4.22.1) hy-
drolyzes a range of N-terminal a-amino acids, including gly-
cine. Most a-peptides possessing a free amino group at the N
terminus are cleaved at measurable rates, although there is a
marked reduction in rate when a p-amino acid is present in
the penultimate position; N-terminal p-amino acids are not
cleaved at all.* B-Homoglycine (B-alanine) is one of the few p-
amino acids that occur naturally in mammals and is generally
presented in the form of the dipeptide carnosine.*”” In fact,
there are some enzymes capable of cleaving such an N-termi-
nal residue from an a-peptide chain.*’*? It was discovered in
this work that p-peptide 10, which possesses an N-terminal -
homoglycine moiety, was stable to leucine aminopeptidase;
the neighboring [-amino acid residues seemingly impeding
any potential hydrolysis. f-Peptide 9, which bears an N-termi-
nal a-fluoro-B-homoglycine residue was also resilient; conse-
quently the enhanced electrophilicity of the terminal amide
bond did not affect stability. Both -peptides were also hydro-
lytically stable to the exopeptidic activity of pronase, under
both pH conditions. Based on these observations, it was not
wholly surprising that [-peptides 6-8, with an N-terminal o-
fluoro-B*-homoalanine amino acid residue, also remained

—_—

10 15 20 25
t fmin —=
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intact after exposure to leucine aminopeptidase or pronase. A
non-2-substituted N-terminal B3-homoalanine residue is known
to be stable to both enzymes.!'"

Hemolysis assays

Internal C-2 substituted B-peptides 1-5 were screened for he-
molytic activity. Only 1 evoked some lysis of human and rat er-
ythrocytes at 300 pm; no substantial activities were observed
at concentrations up to 100 um. These results are in keeping
with previous observations on the low hemolytic behavior of
B-peptides.”"

Conclusion

The stability of B-peptides used in this study supplements pre-
viously obtained results. Modifications to the B-peptide struc-
ture to alter the electronic environment of a particular amide
carbonyl group seemingly have no influence on general pro-
teolytic stability. It is perhaps the case that inherent stability
cannot be influenced by localized peptide-backbone manipula-
tions and that a more contiguous modification is required. Our
attempts to present an amide bond within a B-peptide chain
that will be specifically targeted by a peptidase have not, on
the basis of electronic modifications to the backbone and the
scope of this study, proved successful.

Experimental Section
Proteolytic degradation experiments

Reagents and enzymes: The following reagents and enzymes were
obtained commercially: Trizma Base (tris[hydroxymethyllJaminome-
thane, Sigma), NaCl (J. T. Baker), CaCl,-2H,0 (Merck), MgCl,-6H,0
(Fluka), glycerol (Fluka), AcOH (Fluka), and fuming HCl 37% (J. T.
Baker). Water used for preparing buffers and other solutions was of
Nanopure quality. Individual buffer component solutions were au-
toclaved prior to use.

a-Chymotrypsin (EC 3.4.21.1) from bovine pancreas (Fluka, product
No. 27 270), lyophilized powder, used as a 160 um stock solution in
Tris-HCI (50 mm), pH 7.8, 50% v/v glycerol, NaCl (100 mm), CaCl,
(10 mm). Leucine aminopeptidase, cytosol, (EC 3.4.11.1, 45 um)
from hog kidney (Fluka, product No. 61860), 45 um crystalline sus-
pension in NH,SO, (3.8 M), pH 8.0, used as received as a stock solu-
tion. Pancreatic elastase (EC 3.4.21.36) from hog pancreas (Fluka,
product No. 45125), lyophilized powder, used as a 160 um stock
solution in Tris-HCI (50 mm), pH 7.3, 60% v/v glycerol, NaCl
(100 mm), CaCl, (10 mm). Pepsin (EC 3.4.23.1) from hog stomach
(Fluka, product No. 77 152), lyophilized powder used as a freshly
prepared solution (160 um in AcOH/HCI (10 mm), pH 2.0). Pronase
(EC 3.4.24.4) from Streptomyces griseus (Fluka, product No. 81748),
lyophilized power used as a 160 um stock solution in Tris-HCI
(50 mm), pH 7.8, 50% v/v glycerol, CaCl, (10 mm). Proteinase K (EC
3.4.21.64) from Tritirachium album (Fluka, product No. 82456), sus-
pension in Tris-HCI (10 mm), pH 7.5, 40% v/v glycerol, Ca(OAc),
(1 mm) used as a 160 um stock solution in Tris-HCl (50 mm), pH 7.8,
50% v/v glycerol, CaCl, (5 mm). Subtilisin Carlsberg (EC 3.4.21.14)
from Bacillus subtilis var. biotecus A (Fluka, product No. 82490,
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160 um), lyophilized powder used as a stock solution in Tris-HCI
(50 mm), pH 7.8, 50% v/v glycerol, NaCl (100 mm), CaCl, (10 mm).
Trypsin (EC 3.4.21.4) from hog pancreas (Fluka, product No. 93615,
160 um), powder, used as a stock solution in Tris-HCI (50 mm),
pH 7.8, 50% v/v glycerol, NaCl (100 mm), CaCl, (20 mm).

All enzyme stock solutions were stored at —20°C, with the excep-
tion of leucine aminopeptidase (0°C), and remained proteolytically
active for at least 6 months.

1™ Tris-HCl Stock Solution: Trizma base (121.1 g) was dissolved in
water. The desired pH was obtained by addition of fuming HC.
Glycine-NaOH Buffer Solution (0.2m, pH 11): Glycine (1.50 g) and
NaOH (0.80 g) were dissolved in water (100 mL).

Devices

pH measurements: All buffer solutions were pH tested at 25°C with
a digital Metrohm 632 pH meter that had been calibrated by using
a calibration buffer set (Fluka).

HPLC analysis: Reversed-phase HPLC (RP-HPLC) analyses were per-
formed on a Knauer HPLC system K 1000 (pump type 64, Euro-
Chrom 2000 integration package, degaser, UV detector K 2000
(variable-wavelength monitor)) on a Macherey—-Nagel Cg; column
(Nucleosil 100-5 C4 (250%4 mm)).

Assays: The following reaction buffers were used to assay the pep-
tides used in this study: Tris-HCl (50 mm), pH 8.0, NaCl (100 mwm),
CaCl, (10 mm) for a-chymotrypsin, pancreatic elastase and subtili-
sin Carlsberg; Tris-HCl (58 mm), pH 9.0, CaCl, (5.8 mm) for leucine
aminopeptidase; AcOH-HCI (10 mm), pH 2.0 for pepsin; Tris-HCI
(50 mm), pH 7.8 and pH 9.0, CaCl, (10 mm) for pronase; Tris-HCI
(50 mm), pH 8.0, CaCl, (5 mm) for proteinase K; Tris-HCl (50 mm),
pH 8.0, NaCl (100 mm), CaCl, (20 mm) for trypsin.

All peptides employed in the degradation studies were used as
trifluoroacetic acid (TFA) salts as obtained after lyophilization.

General procedures: A stock solution of a-peptide 41 (1.5 mm) was
freshly prepared prior to use in Tris-HCl (50 mm), pH 7.8. A portion
(4 pL) of this substrate stock solution was subsequently diluted by
addition of the appropriate reaction buffer (33.5 uL) to establish
the desired conditions (160 um substrate, 37.5 uL). Stock solutions
of B-peptides 1-10 (1.4 mm) were also freshly prepared prior to
use in Tris-HCl (50 mm), pH 7.8. A portion (4 uL) of the relevant
substrate stock solutions was subsequently diluted by addition of
the appropriate reaction buffer (31 pL) to establish the desired
conditions (160 um substrate, 35 uL). With the exception of leucine
aminopeptidase, the enzyme stock solutions (160 um enzyme con-
centration) were diluted to a 50 um working stock solution prior to
use by addition of the relevant reaction buffer.

Enzyme activity verification assay: The diluted enzyme solution
(2.5 puL of 50 um working stock solution) was added to a solution
of a-peptide 41 in the appropriate reaction buffer (160 um sub-
strate, 37.5 pL), and the reaction mixture was incubated at 37°C
for 1 h (final substrate and enzyme concentrations were 150 pum
and 3.13 pum, respectively). Reactions were halted by addition of
AcOH (4 pL, 25% v/v in H,0), with the exception of pepsin where
glycine-NaOH buffer was used (4 pL). The resulting mixtures were
analyzed by reversed-phase HPLC.

General assay procedure for f3-peptides 1-10 (excluding reaction with
leucine aminopeptidase): A portion of the working stock solution of
enzyme (5 pL of 50 um) was added to the appropriate reaction
buffer containing a B-peptide (160 um in 35 ul), and the reaction
mixture was incubated at 37°C for five (1-5) or eight (6-10) days.
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The final substrate and enzyme concentrations were 140 um and
6.25 uMm, respectively. Reactions were halted by addition of AcOH
(4 uL, 25% v/v in H,0) with the exception of pepsin, here glycine-
NaOH buffer (4 pL) was used. The resulting mixtures were analyzed
by reversed-phase HPLC.

Assay procedure for (3-peptides 6-10 with leucine aminopeptidase:
Enzyme stock solution (5.6 uL, 45 pm) was added to the reaction
buffer containing a B-peptide (163 um in 34.4 pL), and the reaction
mixture was incubated at 37°C for eight days. The final substrate
and enzyme concentrations were 140 pm and 6.25 pm, respectively.
Reactions were halted by addition of AcOH (4 uL, 25% v/v in H,0),
and the resulting mixtures were analyzed by reversed-phase HPLC.

Residual activity assays: Before quenching the B-peptide assays, an
aliquot of the reaction mixture (5 pL) was added to a solution of a-
peptide 41 in the appropriate reaction buffer (10 uL, 160 um sub-
strate), and the solution was incubated at 37°C for 13 h. The final
a-peptide 41 and enzyme concentrations were 107 um and
2.08 um, respectively. Reactions were halted by addition of AcOH
(4 uL, 25% v/v in H,0) with the exception of pepsin, here glycine-
NaOH buffer (4 pL) was used. The resulting mixtures were analyzed
by reversed-phase HPLC.

Analytical reversed-phase HPLC conditions: Detection was achieved
by measurement of the UV absorption at 220 nm. A mixture of
MeCN/H,O (containing 0.1% TFA) was used as eluent with a flow
rate of 1 mLmin~'. The gradient used for B-peptides 1-5 was
20:80—60:40, for 6-10 95:5—50:50, in both cases over 40 min.

Synthesis of f}-peptides 1-10 and f-amino acids 11-15

Abbreviations: -hAa (-homoamino acid), Bn (benzyl), Boc (tert-
butoxycarbonyl), Boc,0 (di-tert-butyl dicarbonate), FC (flash chro-
matography), HATU (O-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetrame-
thyluronium hexafluorophosphate), h.v. (high vacuum, 0.01-
0.1 Torr), NMM (4-methylmorpholine), TFA (trifluoroacetic acid), TFE
(2,2,2-trifluoroethanol).

Reagents and methods: DMSO and Et;N were distilled over CaH,
and stored over 4 A molecular sieves. Solvents for FC and workup
procedures were distilled over Sikkon (anhydrous CaSO,; Fluka). All
other reagents and solvents were used as received from Fluka or
Aldrich. Saturated HCI/MeOH solution was prepared by bubbling
anhydrous HCl gas into MeOH at 0°C (ice bath). The aldehyde
16,%*%* cyanohydrins (5,5)-17 and (R,5)-17,5%7 the benzyl ester
23,%% and P-tetrapeptides 27 and 35 were synthesized accord-
ing to published procedures. Thin-layer chromatography (TLC)
analysis was performed on Merck silica gel 60 F,s, plates; detection
with UV light or by dipping the plates into a solution of ninhydrin
(0.6 g), AcOH (2 mL), H,0O (13 mL), and BuOH (285 mL) or a solution
of phosphomolybdic acid (25 g), Ce(SO,),-H,O (10 g), conc. H,SO,
(60 mL), and H,0 (940 mL), followed by heating. FC was carried out
with Fluka silica gel 60 (40-63 pm) at a pressure of about 0.3 bar.

Instrumental analysis: Analytical reversed-phase HPLC (RP-HPLC)
analyses were performed on a Knauer HPLC system K1000 (pump
type 64, EuroChrom 2000 integration package, degaser, UV detec-
tor K2000 (variable-wavelength monitor)) on a Macherey-Nagel Cg
column (Nucleosil 100-5 C; (250%x4 mm)) at 220 nm. Preparative
RP-HPLC separations were performed on a Knauer HPLC system
(pump type 64, programmer 50, UV detector (variable-wavelength
monitor)) on a Macherey-Nagel C; column (Nucleosil 100-7 Cq
(250%21 mm)) at 220 nm. Melting points were measured on a
Biichi 510 apparatus; the values reported are uncorrected. Optical
rotations ([a]5) were measured on a Perkin-Elmer 241 polarimeter
(10 cm, 1 mL cell) at RT; the solvent and the concentration (g per
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100 mL) are indicated in the text below. IR spectra were measured
on a Perkin-Elmer 782 spectrophotometer. NMR spectra were re-
corded on a Bruker AMX600 ("H 600 MHz, *C 150.9 MHz), AMX 500
("H 500 MHz, 3C 125 MHz), AMX400 ("H 400 MHz, *C 100 MHz) or
Varian Gemini 300 ("H 300 MHz, *C 75 MHz, "°F 282 MHz) spectrom-
eter; chemical shifts (ppm) and coupling constants (Hz) are indicat-
ed in the text below. High-resolution mass spectrometry was per-
formed on an lonSpec Ultima4.7 (electrospray ionization (HR-ESI-
MS) or matrix-assisted laser desorption ionization (HR-MALDI-MS)
in a 2,5-dihydroxybenzoic acid matrix) spectrometer and used to
measure m/z (% of basis peak). Elemental analyses were performed
by the Microanalytical Laboratory of the Laboratorium fir Organi-
sche Chemie, ETH-Zurich.

General procedures (GP)

Methanolysis of cyanohydrins (GP1): A solution of the cyanohydrin
(1 equiv) in anhydrous HCI/MeOH (10 mLmmol™") was stirred at RT
for 12 h, concentrated under reduced pressure, poured into H,0,
cautiously neutralized by the addition of solid K,CO,, and extracted
with AcOEt (3x). The combined organic layers were dried over
MgSO,, filtered, and evaporated. The crude product was purified
by FC.

Benzyl hydrogenolysis (GP2): A catalytic amount of Pd/C (10%,
30 mg per equivalent of benzyl group) was added to a solution of
the Bn-protected compound in MeOH (10 mLmmol™"). The appara-
tus was evacuated and flushed with H, (3x), and the mixture was
vigorously stirred for 12 to 24 h. The catalyst was filtered off
through celite, washed several times with MeOH, and the com-
bined organic fractions evaporated. The crude product was used
without further purification.

Boc-protection (GP3): Boc,O (1.5 equiv) and Et;N (3-5 equiv) were
added to a solution of the amine (1 equiv) in MeOH (3 mLmmol™").
The mixture was stirred at RT for 12 h, concentrated under reduced
pressure, dissolved in AcOEt, and washed successively with HCI
(0.5m), saturated K,CO;, and brine. The organic layer was dried
over MgSO,, filtered, and evaporated, and the crude product was
purified by FC.

Methyl ester hydrolysis (GP4): A mixture of the methyl ester
(1 equiv) and LiOH-H,0 (3 equiv) in EtOH/H,O (2:1, 4 mLmmol™)
was well stirred for 1 h at RT, cooled to 0°C (ice bath), and neutral-
ized by the addition of HCl (1 m). The mixture was diluted with
H,O and extracted with AcOEt or CH,Cl, (3x). The combined or-
ganic layers were dried over MgSO,, filtered, and evaporated. The
crude product was used without further purification.

Boc-deprotection (GP5a): A solution of the N-Boc-protected com-
pound in CH,Cl, (3 mLmmol™") was cooled to 0°C (ice bath), treat-
ed with TFA (3 mLmmol™), and stirred at 0°C for 1.5 h. After con-
centration under reduced pressure, the TFA salt was dried under
h.v. for 2 h and used without further purification.

Boc-deprotection (GP5b): After Boc deprotection according to
GP 53, the TFA salt was dissolved in AcOEt, washed with saturated
K,CO; (2x), dried over MgSO,, filtered, and evaporated. The result-
ing amine was used without further purification.

Fluorination reactions with DAST (GP6): All reactions were per-
formed in PET flasks under an inert atmosphere of N,. According
to a published procedure,® a solution of the hydroxylated ester
derivative (1 equiv) in CH,Cl, or THF (2 mLmmol™") was treated
dropwise with DAST (1.5-3 equiv) at 0°C (ice bath) or RT. The mix-
ture was stirred at this temperature for 0.5 to 4 h, poured into H,0,
cautiously neutralized by the addition of solid K,CO,, and extracted
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with Et,0 (2x). The combined organic layers were dried over
MgSO,, filtered, and evaporated. The crude product was purified
by FC.

Peptide coupling with HATU (GP 7a): A solution of the free amine or
TFA salt (1 equiv) in DMF (6 mLmmol~") was cooled to 0°C, treated
successively with the appropriate acid (1 equiv), NMM (3-5 equiv),
and HATU (1.2 equiv), and stirred at RT for 12 h. The mixture was
diluted with AcOEt, washed with HCl (1™, 3x), saturated K,CO,
(3%), and brine. The organic layer was dried over MgSO,, filtered,
and evaporated, and the crude product purified by FC.

Peptide coupling with HATU (GP7b): The peptide coupling reaction
was performed according to GP7a, but during the reaction the
formed peptide precipitates. The mixture was evaporated, and the
residue was stirred in AcOEt for 10 min. The resulting suspension
was separated in a centrifuge, and the solid stirred successively in
AcOEt (2x) and MeOH/H,0 1:1 (3x) for 10 min each. After the
final centrifugation, the product was dried under h.v. for 12 h.

Preparation of a-hydroxy amino acids (S,5)-11 and (R,S)-11

(2S,3S)-3-Dibenzylamino-2-hydroxybutanoic acid methyl ester (S,S)-
18. The cyanohydrin (5,5)-17 (1.90 g, 6.8 mmol) was treated with an
anhydrous HCI/MeOH solution (68 mL) according to GP1. FC
(AcOEt/hexane 1:9—3:7) yielded the methyl ester (5,5)-18 (1.63 g,
76%) as a light yellow oil. Ri=0.43 (AcOEt/hexane 3:7); [a]¥ =+
37.0 (c=1.0, CHCly); '"H NMR (400 MHz, CDCl,): 6=1.11 (d, J=6.9,
3H; Me), 294 (brd, J=5.8, TH; OH), 3.13 (qd, /=46, 6.9, 1H;
NCH), 3.60 (d, J=13.9, 2H; PhCH,N), 3.70 (s, 3H; OMe), 3.71 (d, J=
13.9, 2H; PhCH,N), 4.36 (m, 1H; CHOH), 7.20-7.38 (m, 10H; arom.);.
3C NMR (100 MHz, CDCl;): 6 =9.8, 52.3 (CH,), 54.4 (CH,), 56.2, 72.1,
126.9, 128.2, 128.8 (CH), 139.8, 174.8 (C); IR (CHCly): 7=3547 (w),
3064 (w), 3008 (m), 2954 (w), 2807 (w), 1731 (s), 1602 (w), 1494
(m), 1453 (m), 1375 (w), 1262 (m), 1120 (m), 1074 (m), 1028 (m),
983 (w), 954 (w), 909 (w); HR-MALDI-MS: m/z (%): 336.2 (19)
[M+Nal™, 314.2 (100) [M+H]T, 224.1 (30) [M+H-90]"; elemental
analysis calcd (%) for C;H,5NO; (313.40): C 72.82, H 7.40, N 4.47;
found: C 72.88, H 7.25, N 4.53.

(2R,3S)-3-Dibenzylamino-2-hydroxybutanoic acid methyl ester (R,S)-
18. The cyanohydrin (R,5)-17 (1.10 g, 3.94 mmol) was treated with
an anhydrous HCI/MeOH solution (40 mL) according to GP1. FC
(pentane/Et,0, 9:1) yielded the methyl ester (R,S)-18 (1.08 g, 88%)
as a light yellow oil. R=0.33 (pentane/Et,0, 3:2); [alf'=+77.2
(c=1.0, CHCl;); "H NMR (300 MHz, CDCl3): =1.20 (d, J=6.8, 3H;
Me), 3.03-3.12 (m, 1H; NCH), 3.34 (d, J=13.4, 2H; CH,Ph), 3.59 (s,
3H; OMe), 3.85 (s, TH; OH), 3.89 (d, J=13.4, 2H; CH,Ph), 4.04 (d,
J=6.5, TH; CHOH), 7.20-7.34 (m, 10H; arom.); *CNMR (75 MHz,
CDCly): 6=9.0, 52.3 (CH,), 54.5 (CH,), 55.5, 74.2, 127.1, 128.3, 129.0
(CH); 138.9, 173.7 (C); IR (CHCly): #=3518 (w), 3354 (w), 3015 (m),
2954 (w), 2931 (w), 1921 (w), 1954 (w), 1882 (w), 1810 (w), 1733 (s),
1600 (w), 1493 (m), 1451 (m), 1380 (m), 1272 (m), 1164 (m), 1108
(m), 1026 (m), 908 (w); HR-MALDI-MS: 336.2 (10) [M+Na]*, 314.2
(100) [M+H]™*, 254.2 (6), 224.1 (14) [M+H-90]*, 157 (6); elemental
analysis calcd (%) for C;sH,5NO; (313.40): C 72.82, H 7.40, N 4.47, O
15.32; found: C 72.87, H 7.53, N 4.63.

(2S,3S)-3-tert-Butoxycarbonylamino-2-hydroxybutanoic acid methyl
ester (S,5)-(19): Hydrogenolysis of the ester (55)-18 (3.23 g,
10.31 mmol) was performed in the presence of TFA (790 pL,
10.3 mmol) according to GP 2. The resulting TFA salt was dissolved
in MeOH (30 mL) and treated with Boc,O (2.7 g, 12.4 mmol) and
Et;N (7.2 mL, 51.6 mmol) according to GP3. FC (CH,Cl,/AcOEt, 9:1)
yielded the methyl ester (5,5)-19 (1.74 g, 72%) as a colorless solid.
M.p. 94-95°C; R;=0.20 (pentane/AcOEt, 2:1); [alf =+14.5 (c=1.0,
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CHCl,); "H NMR (400 MHz, CDCl): 6=1.05 (d, J=6.9, 3H; Me), 1.45
(s, 9H; CMe,), 3.15 (brd, J=5.1, 1H; OH), 3.81 (s, 3H; OMe), 4.04—
4.16 (m, 1H; NCH), 4.33 (dd, J=2.9, 5.6, 1H; CHOH), 4.85 (brs, 1H;
NH); *C NMR (100 MHz, CDCl,): 6 =14.6, 28.4 (CH,); 48.8 (CH), 52.8
(CH,), 73.1 (CH), 79.7, 155.4, 173.4 (C); IR (CHCIy): #=3539 (w), 3446
(m), 3005 (w), 2985 (m), 1733 (s), 1708 (s), 1503 (s), 1456 (m), 1441
(m), 1390 (s), 1369 (m), 1318 (m), 1164 (s), 1133 (m), 1056 (m), 1015
(m), 985 (w), 877 (w); HR-MALDI-MS: 256.1 (9) [M+Na]*, 199.0 (17),
198.0 (8), 136.5 (7); elemental analysis calcd (%) for C;oH;sNOs
(233.26): C 51.49, H 8.21, N 6.00; found: C 51.47, H 8.06, N 5.96.

(2R,3S)-3-tert-Butoxycarbonylamino-2-hydroxybutanoic acid methyl
ester (RS)-(19): Hydrogenolysis of the ester (RS)-18 (1.68 g,
535 mmol) was performed in the presence of TFA (450 uL,
5.9 mmol) according to GP2. The resulting TFA salt was dissolved
in MeOH (15 mL) and treated with Boc,0 (1.75 g, 8.02 mmol) and
Et;N (3.7 mL, 26.7 mmol) according to GP3. FC (pentane/Et,0O,
4:1—3:2) yielded the methyl ester (R,S)-19 (1.15 g, 92%) as a color-
less oil. R=0.10 (pentane/Et,0, 2:1); [a]f'=—-52.6 (c=1.0, CHCL,);
'H NMR (300 MHz, CDCl;): 6=1.21 (d, J=6.9, 3H; CHMe), 1.37 (d,
J=5.3, 1H; OH), 1.41 (s, 9H; CMe;), 3.75 (s, 3H; OMe), 3.99-4.14
(m, TH; CHN), 4.04-4.07 (m, TH; CHOH), 4.80 (brd, J=5.0, TH;
NH);. *C NMR (75 MHz, CDCl,): 6 =18.1, 28.3 (CH,), 48.7 (CH), 52.8,
(CH,), 73.2, (CH), 79.5, 155.0, 173.8 (C); IR (CHCl;): 7=3530 (w),
3442 (w), 3008 (w), 2981 (m), 1734 (s), 1708 (s), 1501 (s), 1456 (m),
1392 (m), 1368 (m), 1348 (m), 1163 (s), 1129 (m), 1055 (m), 1033
(w), 989 (w), 882 (w), 850 (w); HR-MALDI-MS: 256.1 (100) [M+Na]™,
200.1 (45), [M+Na—isobutylene]®, 199.0 (16), 156.1 (10) [M+Na-
Boc]t, 136.5 (11); elemental analysis calcd (%) for CioH;sNO;
(233.26): C 51.49, H 8.21, N 6.00; found: C 51.65, H 8.06, N 5.95.

(2S,3S)-3-tert-Butoxycarbonylamino-2-hydroxybutanoic acid ((S,S)-11):
The ester (55)-19 (1.16g, 497 mmol) was hydrolyzed with
LiOH-H,O (626 mg, 14.91 mmol) according to GP4. The crude car-
boxylic acid (5,5)-11 (708 mg, 65 %, colorless solid) was used with-
out further purification. M.p. 99-101°C; [alf'=+1.6 (c=1.0,
CHCl3); "H NMR (300 MHz, CD,0D): 6=1.07 (d, J=6.9, 3H; Me),
144 (s, 9H; CMe;), 3.95-4.05 (m, TH; NCH), 420 (d, J=3.7, 1H;
CHOH); CNMR (75 MHz, CD;0D): 6 =13.5, 27.5 (CH,); 48.9, 72.6
(CH); 79.0, 156.4, 174.5 (C); IR (CHCIy): #=3442 (m), 2981 (s), 2935
(w), 1709 (s), 1505 (s), 1456 (w), 1393 (m), 1369 (m), 1344 (w), 1163
(s), 1130 (w), 1060 (m), 1010 (w), 877 (w), 846 (w); HR-ESI-MS: 517.3
(8), 483.2 (25), 477.2 (27), [2M+K]*, 461.2 (100) [2M+Na]*, 298.2
(11), 256.1 (18), 242.1 (76), [M+Nal*, 186.0 (9); elemental analysis
caled (%) for CoH,;NOs (219.24): C 49.31, H 7.82, N 6.39; found: C
49.20, H 7.89, N 6.42.

(2R,3S)-3-tert-Butoxycarbonylamino-2-hydroxybutanoic acid ((R,S)-11):
The ester (RS)-19 (553 mg, 2.37 mmol) was hydrolyzed with
LiOH-H,0 (298 mg, 7.11 mmol) according to GP4. The crude car-
boxylic acid (R,S)-11 (490 mg, 94 %, colorless solid) was used with-
out further purification. M.p. 111-122°C; [a]f'=-194 (c=1.0,
CHCl3); "H NMR (300 MHz, CDCly): 0=1.22 (d, 3H; J=6.9, Me), 1.38
(s, 9H; CMe;), 4.05-4.19 (m, 1H; CHN), 4.12 (s, 1H; CHOH), 5.17 (d,
1H; J=9.0, NH), 7.59-8.09 (m, 2H; OH4+COOH); *C NMR (75 MHz,
CDCly): 6=17.9, 28.3 (CH,); 48.8, 73.0 (CH); 80.4, 155.8, 175.1 (C); IR
(CHCl;): 7=3497 (w), 3437 (m), 2981 (m), 2935 (m), 1711 (s), 1506
(s), 1456 (m), 1393 (m), 1368 (s), 1162 (s), 1128 (m), 1057 (m), 1010
(w), 880 (w); HR-MALDI-MS: 243.1 (100, [M+Na]*), 199.0 (30), 186.0
(22).

Preparation of a-fluoro amino acids (S,5)-12, (R,S)-12 and 14

(2S,3S)-3-Dibenzylamino-2-fluorobutanoic acid methyl ester ((S,S)-20):
A solution of ester (5,5)-18 (3.04 g, 9.70 mmol) in CH,Cl, (20 mL)
was fluorinated with DAST (1.9 mL, 14.54 mmol) at 0°C for 3 h
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according to GP6. FC (pentane/Et,0, 9:1) yielded (5,5)-20 (2.59 g,
85%) as a yellow oil. R;=0.41 (pentane/EtZO 7:1); [0]¥=+2538
(c=1.0, CHCl5); "H NMR (400 MHz, CDCl,): 6=1.18 (dd, J=1.6, 6.9,
3H; Me), 3.28 (qdd, J=4.4, 6.9, 245, TH; NCH), 3.66 (s, 4H;
2CH,Ph), 3.70 (s, 3H; OMe), 5.14 (dd, J=4.4, 50.0, TH; CHF), 7.20-
7.34 (m, 10H; arom.); *C NMR (100 MHz, CDCl,): 6=9.8 (d, J=4.5,
CH;), 52.2 (CH,), 54.3 (CH,), 54.8 (d, /=21.0, CH), 90.4 (d, J=189.0,
CHF), 127.0, 128.3, 128.7 (CH); 139.5 (C), 169.6 (d, J=23.4, CO);
"FNMR (282 MHz, CDCly): 6=—198.6 (dd, J=24.5, 49.1, CHF); IR
(CHCI,): 7=3067 (w), 3036 (w), 2954 (w), 2841 (w), 1754 (s), 1492
(m), 1451 (m), 1436 (w), 1287 (m), 1138 (w), 1113 (w), 1072 (w),
1026 (m); HR-MALDI-MS: 338.2 (11) [M+Na]™, 316.2 (100) [M+H]*,
296.2 (4), 268.2 (5), 224.1 (9), 158.1 (8); elemental analysis calcd (%)
for C,oH,FNO, (315.39): C 72.36, H 7.03, N 4.44; found: C 72.42, H
7.04, N 4.53.

(2S,3R)-3-Hydroxy-2-dibenzylaminobutanoic acid benzyl ester (21): A
solution of L-threonine (11.9g, 100 mmol), K,CO; (27.6¢g,
200 mmol), and NaOH (8.0 g, 200 mmol) in H,0 (200 mL) was
heated to reflux and treated with BnBr (36.8 mL, 310 mmol). After
1 h under reflux, the mixture was cooled to RT and extracted with
Et,0 (3x). The combined organic layers were dried over MgSO,, fil-
tered, and evaporated. FC (hexane/AcOEt, 9:1) yielded the benzyl
ester 21 (16.12 g, 41%) as a colorless oil. R;=0.45 (hexane/AcOEt,
8:2); [a]¥'=—154.4 (c=1.0, CHCl,); 'H NMR (400 MHz, CDCl,): 6=
1.06 (d, J=6.0, 3H; Me), 3.09 (d, J=9.6, 1H; NCH), 3.37 (d, /=134,
2H; 2CHH'Ph), 3.45 (s, TH; OH), 3.98 (d, /=13.4, 2H; 2CHH'Ph),
4.05 (dq, /=6.0, 9.6, TH; CHOH), 5.20 (d, J=12.1, 1H; CHH'Ph),
532 (d, J=12.1, 1H; CHHPh), 7.21-7.47 (m, 15H arom.); *C NMR
(100 MHz, CDCly): =19.1 (CH,), 54.8 (CH,), 63.2 (CH), 66.4 (CH,),
67.3, 127.5, 1285, 128.6, 128.7, 128.7, 129.1 (CH); 135.7, 138.1,
170.2 (C); IR (CHCl;): 7=3479 (w), 3068 (w), 3032 (m), 2938 (w),
2851 (w), 1726 (s), 1603 (w), 1496 (m), 1455 (m), 1403 (w), 1377
(m), 1280 (m), 1174 (s), 1104 (s), 1083 (m), 1028 (w), 970 (m), 937
(w), 912 (w), 822 (w); HR-MALDI-MS: 390.2 (100) [M+H]*, 368.2 (7),
344.2 (6), 282.2 (19), elemental analysis calcd (%) for C,sH,,NO,
(389.49): C 77.09, H 6.99, N 3.60; found: C 76.96, H 6.92, N 3.57.

(2R,3S)-3-Dibenzylamino-2-fluorobutanoic acid benzyl ester (22): A
solution of ester 21 (15.71 g, 40.35 mmol) in THF (80 mL) was fluo-
rinated with DAST (6.3 mL, 48.4 mmol) at RT for 30 min according
to GP6. FC (hexane/AcOEt, 95:5) yielded 22 (9.45 g, 60%) as a light
yellow oil. Ri=042 (hexane/AcOEt, 9:1); [o]§=—11.7 (c=1.0,
CHCly); "H NMR (400 MHz, CDCly): 6 =1.24 (d, J=7.0, 3H; Me), 3.35
(qdd, J=3.9, 7.0, 30.9, 1H; NCH), 3.36 (d, J/=13.5, 2H; 2CHH'Ph),
391 (d, J=13.5, 2H; 2CHH'Ph), 4.85 (d, J=12.2, 1H; CHH'Ph), 4.87
(dd, J=3.9, 49.1, 1H; CHF), 5.35 (d, J/=12.2, TH; CHH'Ph), 7.17-7.35
(m, 15H; arom.); *C NMR (100 MHz, CDCl,): 6 =8.5 (d, J=4.4, CH,),
54.2 (d, J/=18.4, CH), 55.0, 55.0, 66.8 (CH,); 94.2 (d, J=189.8, CH),
126.9, 128.1, 128.4, 128.5, 129.1 (CH); 135.1, 139.5 (C); 168.4 (d, J=
25.4, C); "FNMR (282 MHz, CDCl;): 6=-199.5 (dd, J=30.9, 48.0,
CHF); IR (CHCI,): 7=3034 (w), 2970 (w), 2940 (w), 2809 (w), 1760
(s), 1495 (m), 1454 (m), 1384 (m), 1350 (w), 1293 (m), 1170 (m),
1136 (w), 1106 (w), 1074 (w), 1023 (w), 910 (w); HR-MALDI-MS:
414.2 (10) [M+Na]*, 392.2 (100) [M+H]T, 372.2 (8), 300.1 (8), 224.1
(12), 196.1 (6); elemental analysis calcd (%) for C,sH,sFNO, (391.48):
C 76.70, H 6.69, N 3.58; found: C 76.76, H 6.61, N 3.60.

(2R)-3-Dibenzylamino-2-fluoropropanoic acid benzyl ester (24): A sol-
ution of benzyl ester 23 (7.83 g, 20.87 mmol) in THF (40 mL) was
fluorinated with DAST (3.3 mL, 25.1 mmol) at RT for 30 min accord-
ing to GP6. FC (hexane/AcOEt, 95:5) yielded 24 (7.11 g, 90%) as a
yellow oil. R=040 (hexane/AcOEt, 9:1); [alf'=+27 (c=1.,
CHCl3); 'H NMR (400 MHz, CDCl,): 6 =2.95-3.12 (m, 2H; NCH,), 3.55
(d, J/=13.7, 2H; 2CHH'Ph), 3.80 (d, J=13.7, 2H; 2CHH'Ph), 5.05 (d,
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J=12.2, TH; CHH'Ph), 5.08 (ddd, J=3.3, 5.9, 49.5, 1H; CHF), 5.21
(d, J=122, 1H; CHHPh), 7.20-7.36 (m, 15H; arom.); CNMR
(100 MHz, CDCl;): 6=54.4 (d, J=20.3, CH,), 58.7, 58.7, 67.0 (CH,);
89.2 (d, J/=186.7, CH), 127.1, 128.3, 128.4, 128.5, 128.6, 129.0 (CH);
135.0, 138.7 (C); 168.7 (d, J=24.4, C); "F NMR (282 MHz, CDCl,):
0=-189.3 (dt, J=24.5, 50.2, CHF); IR (CHCl;): #=3064 (w), 3033
(m), 2950 (w), 2806 (m), 1758 (s), 1602 (w), 1495 (m), 1454 (m),
1375 (w), 1279 (w), 1136 (w), 1068 (w), 1028 (w), 974 (w); HR-
MALDI-MS: 400.2 (16) [M+Nal*, 378.2 (100) [M+H]*, 358.2 (6),
286.1 (5), 210.1 (4), 189.1 (5); elemental analysis calcd (%) for
C,4H,,FNO, (377.46): C 76.37, H 6.41, N 3.71; found: C 76.32, H 6.39,
N 3.79.

(2S,3S)-3-tert-Butoxycarbonylamino-2-fluorobutanoic acid ((S,S)-12):
Ester (5,5)-20 (2419, 7.64 mmol) was hydrolyzed according to
GP4, the resulting acid was debenzylated according to GP2, and
finally Boc protected according to GP3. FC (CH,Cl,/MeOH/AcOH,
100:3:1—100:5:1) yielded the carboxylic acid (S,5)-12 (1.47g,
87% over 3 steps) as a colorless solid. M.p. 115-117°C; R;=0.43
(CH,Cl,/MeOH/AcOH, 100:5:1); [a. ]RT 429 (c=1.0, CHCly); '"H NMR
(500 MHz, CD,0D): 6=1.13 (d, J/=7.0, 3H; Me), 1.45 (s, 9H; CMe,),
4.06-4.12 (m, TH; NCH), 4.95 (dd, J=2.7, 49.9, 1H; CHF); >C NMR
(125 MHz, CD;0D): 6=14.2 (d, J=5.3, CHs), 28.8 (CH), 49.0 (d,
NCH), 80.5 (C), 91.3 (d, J=186.9, CHF), 157.5 (C), 171.6 (d, /=23.7,
Q); "FNMR (282 MHz, [Dg]DMSO): 6 =—204.8 (dd, J=27.8, 49.1,
CHF); IR (CHCl;): #=3445 (m), 3323 (w), 3032 (w), 2982 (m), 2933
(w), 1749 (m), 1710 (s), 1504 (s), 1456 (w), 1393 (w), 1369 (m), 1339
(w), 1272 (w), 1163 (s), 1113 (w), 1063 (m), 1003 (w), 877 (w), 847
(w); HR-ESI-MS: 509.2 (40), 487.2 (58), 481.2 (18) [2M-+K]*, 465.2
(15) [2M+Na]™, 266.1 (49), 244.1 (100) [M+Na]*; elemental analysis
caled (%) for CoH,cFNO, (221.23): C 48.86, H 7.29, N 6.33; found: C
48.90, H 7.21, N 6.29.

(2R,3S)-3-tert-Butoxycarbonylamino-2-fluorobutanoic acid ((R,S)-12):
Hydrogenolysis of benzyl ester 22 (2.92 g, 7.46 mmol) was per-
formed according to GP2, and the resulting amino acid was Boc
protected according to GP3. FC (CH,Cl,/MeOH/AcOH, 100:5:1)
yielded the carboxylic acid (R,S)-12 (1.07 g, 65% over 2 steps) as a
colorless solid. M.p. 97-100°C; R;=0.33 (CH,Cl,/MeOH/AcOH,
100:5:1); [a]f'=—22.8 (c=1.1, CHCl); 'H NMR (400 MHz, CD,0D):
0=1.24 (d, J=7.0, 3H; Me), 1.42 (s, 9H; CMe,), 4.18 (ddqg, J=2.9,
7.0, 243, 1H; NCH), 4.87 (dd, J=2.7, 48.0, TH; CHF); “CNMR
(100 MHz, CD;0D): 6=17.1, 28.7 (CH;); ca. 49.0 (d, CH), 80.4 (Q),
91.7 (d, J=185.9, CH), 157.5 (C), 171.7 (d, J=243, C); "FNMR
(282 MHz, CD;0D): 6 =—204.2 (dd, J=23.5, 47.0, CHF); IR (CHCl,):
7=3438 (m), 3011 (w), 2982 (m), 2933 (w), 1749 (m), 1711 (s), 1506
(s), 1455 (m), 1393 (w), 1369 (m), 1343 (w), 1165 (s), 1107 (w), 1058
(m), 1005 (w), 848 (w); HR-MALDI-MS: 244.1 (7) [M+Na]*, 214.1 (9),
193.0 (8), 144.7 (4) IM+Na—Boc]*; elemental analysis calcd (%) for
C4H,sFNO, (221.23): C 48.86, H 7.29, N 6.33; found: C 48.84, H 7.16,
N 6.19.

(2R)-3-tert-Butoxycarbonylamino-2-fluoropropanoic acid (14): Hydro-
genolysis of benzyl ester 24 (1.82 g, 4.82 mmol) was performed ac-
cording to GP2, and the resulting amino acid was Boc protected
according to GP 3. FC (hexane/AcOEt, 2:1 + 2% AcOH) yielded car-
boxylic acid 14 (924 mg, 93% over 2 steps) as a colorless solid.
M.p. 72-76°C; R;=0.12 (hexane/AcOEt, 1:1 + 2% AcOH); [a]f =
—3.4 (c=1.0, CHCl;); '"H NMR (300 MHz, CD,0D): 6=1.43 (s, 9H;
CMe;), 3.39-3.67 (m, 2H; NCH,), 4.94 (ddd, /=34, 6.5, 48.9, 1H;
CHF); ®CNMR (75 MHz, CD,0D): 6=27.5 (CH,), 42.1 (d, J=214,
CH,), 79.3 (C), 87.8 (d, J=183.7, CH), 157.0, 1704 (d, /=23.8, C);
F NMR (282 MHz, CD,0D): 6 =—194.5 (dt, J=24.5, 48.0, CHF); IR
(CHCly): 7=3455 (m), 3011 (w), 2982 (m), 2933 (w), 1749 (m), 1715
(s), 1510 (s), 1455 (w), 1394 (w), 1369 (m), 1164 (s), 1107 (s), 1040
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(w), 875 (w), 851 (w); HR-ESI-MS: 495.4 (6), 481.1 (30), 459.2 (100),
437.2 (78) [2M+Nal*, 252.1 (32), 230.1 (67) [M+Na]*; elemental
analysis calcd (%) for CgH,,FNO, (207.20): C 46.37, H 6.81, N 6.76;
found: C 46.62, H 6.86, N 6.74.

Preparation of «,0-difluoro amino acid 13

(2R/S,3S)-3-Dibenzylamino-2-hydroxybutanoic ~ acid methyl  ester
((R/S,S)-18): According to a published procedure,”” a vigorously
stirred, biphasic solution of the freshly prepared aldehyde 16
(15.4 g, 60.8 mmol) in hexane/H,0 (120 mL, 3:1) was treated with
acetone cyanohydrin (8.5 mL, 91.2 mmol) at RT. After the mixture
had been stirred for 5 min, catalytic amounts of KCN (127.5 mg,
1.8 mmol) and Bu,NI (150.5 mg, 0.6 mmol) were added. The mix-
ture was stirred at RT for 2 h, poured into H,O, and extracted with
Et,0 (3%). The combined organic layers were washed with brine,
dried over MgSQ,, filtered, and evaporated. The resulting epimeric
mixture of cyanohydrins was treated with anhydrous HCl/MeOH
according to GP 1 without further purification. FC (hexane/AcOEt,
95:5) yielded methyl ester (R/S,5)-18 (14.75 g, 80% over 2 steps) as
a yellow oil (mixture of epimers). R;=0.43 (hexane/AcOEt, 7:3). The
'H NMR spectrum (300 MHz, CDCl,) of (R/S,S)-18 was in accordance
with that described above for (5,5)-18 and (R,S)-18.

(3S)-3-Dibenzylamino-2,2-difluorobutanoic acid methyl ester (26): A
dry three-necked round-bottomed flask, equipped with a magnetic
stirrer and a dropping funnel, was charged with anhydrous CH,Cl,
(33 mL) under an atmosphere of N,. After the mixture had been
cooled to —78°C (dry ice/acetone bath), oxalyl chloride (0.5 mL,
5.26 mmol) and anhydrous DMSO (0.7 mL, 8.76 mmol) were added
dropwise, so that the temperature did not exceed —65 °C. The mix-
ture was stirred at —78°C for 10 min, treated dropwise with a solu-
tion of (R/S,5)-18 (1.37 g, 438 mmol) in CH,Cl, (5 mL), and stirred
for an additional 1.5 h at —78°C. After addition of dry Et;N (2.7 mL,
17.52 mmol), the mixture was allowed to warm to RT over 0.5 h,
whereupon H,0 (20 mL) was added. The phases were separated,
and the aqueous layer was extracted with CH,Cl, (3x). The com-
bined organic phases were washed with 1% HCI, 5% NaHCO;, and
brine, dried over MgSO,, filtered, and evaporated. The resulting
crude ketoester 25 in CH,Cl, (8 mL) was fluorinated with DAST
(1.8 mL, 13.4 mmol) at RT for 3 h, according to GP6. FC (pentane/
CH,Cl,, 85:15) yielded the methyl ester 26 (1.2g, 81% over 2
steps) as a colorless solid. R;=0.26 (pentane/CH,Cl,, 85:15). M.p.
62-63°C; [alf'=+19.9 (c=1.0, CHCl)); "H NMR (400 MHz, CDCl,):
0=1.25 (d, /=6.9, 3H; Me); 3.33 (d, J=13.4, 2H; 2CHH'Ph), 3.40-
349 (m, 1H; NCH), 3.64 (s, 3H; OMe), 3.86 (d, /=134, 2H;
2CHHPh), 7.22-7.32 (m, 10H; arom.); *C NMR (100 MHz, CDCl,):
0=4.6, 52.8 (CH;); 54.4, 54.5 (CH,); 55.4 (dd, J=21.2, 28.8, NCH),
117.4 (dd, J=252.9, 258.2, CF,), 127.2, 128.2, 129.2 (CH); 138.8 (Q),
1647 (dd, J=29.8, 35.1, CO); "FNMR (282 MHz, CDCl,): 6=
—103.96 (d, J=256.1, CFF’), —120.4 (d, J=258.2, CFF); IR (CHCl,):
7=3066 (w), 3011 (w), 2956 (w), 2844 (w), 2814 (w), 1953 (w), 1770
(s), 1603 (w), 1496 (m), 1453 (m), 1440 (m), 1384 (w), 1369 (w),
1339 (w), 1311 (m), 1117 (s), 1069 (s), 1044 (m), 1029 (s), 983 (w),
959 (w), 912 (w), 829w; HR-ESI-MS: 356.1 (100) [M+Na]*; elemental
analysis calcd (%) for C,gH,,F,NO, (333.38): C 68.45, H 6.35, N 4.20;
found: C 68.39, H 6.51, N 4.11.

(3S)-3-tert-Butoxycarbonylamino-2,2-difluorobutanoic acid (13): After
hydrolysis of methyl ester 26 (3.5 g, 10.4 mmol) according to GP4
and hydrogenolysis according to GP2, the resulting amino acid
was Boc protected according to GP3. FC (CH,Cl,/MeOH/AcOH,
200:5:2) yielded the carboxylic acid 13 (2.0 g, 80% over 3 steps) as
a light yellow solid. M.p. 187°C; [alf'=+12.5 (c=1.0, MeOH);
'H NMR (500 MHz, CD;0D): 6=1.18 (d, J=6.9, 3H; Me), 1.43 (s, 9H;
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CMe;), 4.24-4.30 (m, J=6.9, TH; NCH); 3C NMR (125 MHz, CD,0D):
0=14.6, 28.8 (CH,), 49.8-50.2 (m, NCH), 80.7 (C), 117.3 (CF,), 158.0,
1706 (C); FNMR (282 MHz, CD,0D): 6=-1145 (m, CF,); IR
(CHCl;): 7=3405 (w), 3007 (w), 1710 (s), 1617 (w), 1417 (w), 1363
(s), 1090 (w), 1010 (w), 902.6 (w); HR-MALDI-MS: 262.1 (20),
[M+Nalt, 162.0 (3) [M-Boc+Na]*.

Synthesis of protected f}-tetrapeptides 28-34 and f-heptapepti-
des 36-40

Boc-(25,3S)-B**-hAla(a-OH)-(3S)-3*-hVal-(3S)-*-hAla-(3S)-3*-hLeu-OBn
(28): The B-tripeptide 27 (267 mg, 0.50 mmol) was Boc deprotected
according to GP 5b, the resulting free amine was dissolved in DMF
(3 mL) and treated with acid (5,5)-11 (110 mg, 0.50 mmol), NMM
(165 pL, 1.50 mmol), and HATU (228 mg, 0.60 mmol) according to
GP7a. FC (CH,Cl,/MeOH, 95:5) yielded f-tetrapeptide 28 (243 mg,
76%) as a colorless solid. M.p. 190-192°C; R;=0.34 (CH,Cl,/MeOH,
92.5:7.5); [a]f' = —42.7 (c=1.0, MeOH); 'H NMR (500 MHz, CD;0D):
0=0.86-0.93 (m, 12H; 4Me), 1.03 (d, J=6.8, 3H; Me), 1.09 (d, J=
6.7, 3H; Me), 1.25 (ddd, /=4.6, 9.2, 13.8, TH; CHH'CH), 1.41-1.46
(m, TH; CHH'CH), 143 (s, 9H; CMe;), 1.56-1.64 (m, 1H; CHMe,),
1.79-1.86 (m, 1H; CHMe,), 2.16 (dd, J=7.5, 13.8, 1H; CHH'CO), 2.31
(dd, J=8.9, 14.2, 1H; CHH'CO), 2.37 (dd, J=6.1, 13.8, 1H; CHH'CO),
240 (dd, J=4.6, 143, 1H; CHH'CO), 2.48 (dd, J=7.0, 149, 1H;
CHH'CO), 2.52 (dd, J=6.3, 14.9, 1H; CHH'CO), 3.99-4.15 (m, 4H;
CHOH + 3NHCH), 4.27-4.33 (m, 1H; NHCH), 5.06 (dd, J=12.3, 1H;
CHH'Ph), 5.14 (dd, J=12.3, 1H; CHH'Ph), 7.29-7.38 (m, 5H; arom.);
BCNMR (125 MHz, CD;0D): 6=14.6, 18.9, 19.7, 20.1, 22.2, 23.6
(CH,); 26.0 (CH), 28.8 (CH,), 33.2 (CH), 39.4, 41.2, 43.5, 44.5 (CH,);
446, 46.1, 50.1, 53.3 (CH); 67.4 (CH,), 75.0 (CH), 80.2 (C), 129.3,
129.5, 129.6 (CH); 137.6, 157.5, 172.6, 172.7, 172.8, 174.0 (O); IR
(CHCI,): =3399 (m), 3007 (w), 2966 (m), 2874 (w), 1708 (m), 1661
(s), 1503 (s), 1456 (m), 1391 (w), 1368 (m), 1172 (s), 1052 (m), 1003
(w), 882 (w); HR-MALDI-MS: 673.3 (2) [M+K]™, 657.4 (47) [M+Na]™,
5733 (6) [M+K—Boc], 557.3 (100) [M+Na—Boc]*, 5353 (42)
[M+H—Boc] ™, 419.2 (20), 321.2 (24), 300.2 (6), 272.2 (8); elemental
analysis calcd (%) for C;3Hg,N,Og (634.81): C 62.44, H 8.57, N 8.83;
found: C 62.59, H 8.36, N 8.84.

Boc-(2R,35)-7*-hAla(a-OH)-(3S)--hVal-(3S)-53>-hAla-(3S)-33-hLeu-OBn
(29): The B-tripeptide 27 (251 mg, 0.47 mmol) was Boc deprotected
according to GP5b, the resulting free amine was dissolved in DMF
(5mL) and treated with acid (R,S)-11 (104 mg, 0.47 mmol), NMM
(157 pL, 1.43 mmol), and HATU (217 mg, 0.57 mmol) according to
GP7a. FC (CH,Cl,/MeOH, 95:5) yielded f-tetrapeptide 29 (281 mg,
93%) as a colorless solid. M.p. 134-136°C; R;=0.28 (CH,Cl,/MeOH,
92.5:7.5); [alf'=—10.8 (c=1.0, MeOH); 'H NMR (500 MHz, CD,0D):
0=0.87-0.93 (m, 12H; 4Me), 1.12 (d, J=6.7, 3H; Me), 1.17 (d, J=
6.6, 3H; Me), 1.26 (ddd, J=4.6, 9.1, 13.8, 1H; CHH'CH), 1.41 (s, 9H;
CMe;), 1.41-1.47 (m, 1H; CHH'CH), 1.56-1.64 (m, 1H; CHMe,), 1.79-
1.86 (m, 1H; CHMe,), 2.20 (dd, J=7.6, 13.9, 1H; CHH'CO), 2.33-2.42
(m, 3H; CHH'CO + CH,CO), 2.48-2.54 (m, 2H; CH,CO), 3.95-4.04
(m, 3H; 2NHCH + CHOH), 4.15-4.19 (m, 1H; NHCH), 4.29-4.34 (m,
1H; NHCH), 5.07 (d, /=123, 1H; CHH'Ph), 5.14 (d, J=123, 1H;
CHH'Ph), 7.29-7.34 (m, 5H; arom.); *C NMR (125 MHz, CD;0D): 6 =
18.0, 18.8, 20.0, 20.2, 22.2, 23.6 (CH,); 26.0 (CH), 28.8 (CH,), 32.9
(CH), 39.7, 41.1, 43.6 (CH,); 44.5 (CH), 44.6 (CH,), 46.0, 50.5, 53.4
(CH); 67.5 (CH,), 75.0 (CH), 80.4 (C), 129.3, 129.4, 129.6 (CH); 137.5,
157.7, 172.5, 172.7, 172.8, 174.8 (C); IR (CHCl,;): 7=3690 (w), 3405
(w), 3322 (m), 2963 (m), 2923 (w), 2872 (w), 1709 (m), 1658 (s),
1540 (m), 1500 (m), 1455 (m), 1392 (w), 1368 (m), 1292 (w), 1175
(m), 1123 (w), 1055 (m), 848 (m); HR-MALDI-MS: 834.5 (7), 657.4
(40) [M+Nal*t, 599.3 (7), 557.3 (63), [M+Na—Boc]*, 535.3 (100)
[M+H—Boc] ™, 427.3 (5), 384.2 (5), 321.2 (26), 282.2 (8), 267.7 (7),
257.2 (6).
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Proteolytic Stability of 3-Peptides

Boc-(25,3S)-B**-hAla(a-F)-(3S)-3*-hVal-(3S)-3>-hAla-(3S)-3*-hLeu-OBn
(30): The B-tripeptide 27 (275 mg, 0.52 mmol) was Boc deprotected
according to GP5b, the resulting free amine was dissolved in
CH,Cl, (4 mL) and treated with acid (5,5)-12 (115 mg, 0.52 mmol),
NMM (170 pL, 1.6 mmol), and HATU (237 mg, 0.62 mmol) according
to GP7a. FC (CH,Cl,/MeOH, 95:5) yielded the [-tetrapeptide 30
(190 mg, 58%) as a colorless solid. R=0.50 (CH,Cl,/MeOH,
92.5:7.5). M.p. 193-195°C; [a]f'=—-37.7 (c=1.0, MeOH); 'H NMR
(500 MHz, CD;0D): 0=0.86-0.95 (m, 12H; 4Me), 1.10 (d, /=6.7,
3H; Me), 1.11 (d, J=6.9, 3H; Me), 1.25 (ddd, J=4.7, 9.1, 13.8, TH;
CHH'CH), 1.41-1.47 (m, 1H; CHH'CH), 1.44 (s, 9H; CMe;), 1.56-1.62
(m, 1H; CHMe,), 1.80-1.87 (m, 1H; CHMe,), 2.15 (dd, J=7.8, 13.8,
1H; CHH'CO), 2.31 (dd, J=8.8, 14.4, TH; CHH'CO), 2.38 (dd, /=5.9,
13.7, 1H; CHH'CO), 2.44 (dd, J=4.6, 144, 1H; CHH'CO), 2.48 (dd,
J=2.1, 10.2, TH; CHH'CO), 2.52 (dd, J=1.6, 10.1, 1H; CHH'CO),
4.07-4.19 (m, 3H; 3NCH), 4.28-4.33 (m, 1H; NCH), 4.92 (dd, /=2.6,
49.8, 1H; CHF), 5.06 (d, J=12.3, 1H; CHH'Ph), 5.14 (d, J=12.2, 1H;
CHH'Ph), 7.28-7.38 (m, 5H; arom.); *C NMR (125 MHz, CD;0D): 6 =
14.2 (d, J=5.8, CH,), 19.1, 19.8, 20.1, 22.2, 23.6 (CH,); 26.0 (CH),
28.8 (CH;), 33.2 (CH), 39.2, 41.2, 43.5, 44.5 (CH,); 44.6, 46.1 (CH); ca.
49.0 (d, CH), 53.6 (CH), 67.4 (CH,), 80.4 (C), 93.8 (d, /=190.7, CH),
129.3, 129.5, 129.6 (CH); 137.6, 157.4 (C); 169.6 (d, J/=19.8, Q),
172.5, 172.6, 172.7 (C); "°F NMR (282 MHz, CD;0D): 6 =—204.1 (dd,
J=128.8, 49.1, CHF); IR (CHCly): 7=3432 (m), 3007 (w), 2965 (m),
2874 (w), 1713 (s), 1666 (s), 1502 (s), 1456 (w), 1390 (w), 1368 (m),
1170 (s), 1097 (w), 1059 (m), 988 (w), 882 (w); HR-MALDI-MS: 659.4
(22) [M+Nal*, 559.3 (16) [M+Na—Boc]*, 537.3 (100) [M+H—Boc]™,
429.3 (27), 321.2 (19), 302.2 (27); elemental analysis calcd (%) for
C;3HssFN,O, (636.80): C 62.24, H 839, N 8.80; found: C 62.12, H
8.22, N 8.66.

Boc-(2R,35)->*-hAla(a-F)-(3S)-*-hVal-(3S)-B*-hAla-(3S)-3*-hLeu-OBn
(31): The B-tripeptide 27 (267 mg, 0.50 mmol) was Boc deprotected
according to GP5b, the resulting free amine was dissolved in
CH,Cl, (2.5 mL) and treated with acid (R,S)-12 (111 mg, 0.50 mmol),
NMM (165 pL, 1.5 mmol), and HATU (228 mg, 0.6 mmol) according
to GP7a. FC (CH,Cl,/MeOH, 95:5) yielded the (-tetrapeptide 31
(290 mg, 91%) as a colorless solid. Rr=0.25 (CH,Cl,/MeOH, 95:5).
M.p. 196-198°C; [a]y' =—12.9 (c=1.0, MeOH); 'H NMR (500 MHz,
CD,0D): 6=0.86-0.93 (m, 12H; 4Me), 1.11 (d, J/=6.7, 3H; Me), 1.20
(d, J=6.9, 3H; Me), 1.25 (ddd, J=4.6, 9.2, 13.8, TH; CHH'CH), 1.41
(s, 9H; CMe;), 1.41-1.47 (m, TH; CHH'CH), 1.56-1.63 (m, TH;
CHMe,), 1.80-1.87 (m, 1H; CHMe,), 2.18 (dd, J=7.6, 13.8, 1H;
CHH'CO), 2.34-2.43 (m, 3H; CHH'CO + CH,CO), 2.49 (dd, J=1.2,
9.3, 1H; CHH'CO), 2.52 (dd, J=0.6, 9.2, TH; CHH'CO), 4.03-4.18 (m,
3H; 3NCH), 4.28-4.34 (m, 1H; NCH), 480 (dd, J=3.7, 479, 1H;
CHF), 5.06 (d, /=123, 1H; CHH'Ph), 5.14 (d, J/=12.3, 1H; CHH'Ph),
7.29-7.38 (m, 5H; arom.); “CNMR (125 MHz, CD,0OD): 6=17.3,
18.9, 19.9, 20.1, 22.2, 23.6 (CH;); 26.0 (CH), 28.8 (CH;), 32.9 (CH),
39.3, 41.2, 43.5, 44.5 (CH,); 44.6, 46.0 (CH); ca. 49.0 (d, CH), 53.6
(CH), 67.4 (CH,), 80.4 (C), 94.0 (d, J=189.4, CH), 129.3, 129.5, 129.6
(CH); 137.6, 157.5 (C); 169.9 (d, J=21.0, C), 172.5, 172.6, 172.6 (C);
'F NMR (282 MHz, CD;0D): 6 =—197.7 (dd, J=23.5, 47.0, CHF); IR
(CHCly): =3429 (m), 3004 (w), 2966 (m), 2873 (w), 1709 (s), 1664
(s), 1503 (s), 1455 (w), 1390 (w), 1368 (m), 1342 (w), 1303 (w), 1171
(s), 1092 (w), 1056 (w), 1026 (w), 990 (w), 848 (w); HR-MALDI-MS:
659.4 (27) [M+Nal*, 587.4 (12), 559.3 (17) [M+Na—Boc]*, 537.3
(100), [M+H—Boc]*, 429.3 (11), 321.2 (7), 302.2 (6), 284.2 (11); ele-
mental analysis calcd (%) for C;3Hs3FN,O, (636.80): C 62.24, H 8.39,
N 8.80; found: C 62.31, H 8.25, N 8.78.

Boc-(3S)-$**3-hAla(a,a-F,)-(35)-B>-hVal-(3S)-B>-hAla-(3S)-p>-hLeu-OBn
(32): The B-tripeptide 27 (246 mg, 0.46 mmol) was Boc deprotected
according to GP5b, the resulting free amine was dissolved in DMF
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(3mL) and treated with acid 13 (110 mg, 0.46 mmol), NMM
(150 pL, 1.59 mmol), and HATU (210 mg, 0.55 mmol) according to
GP7a. FC (CH,Cl,/MeOH, 98:2) yielded f-tetrapeptide 32 (185 mg,
61%) as a colorless solid. M.p. 189°C; R;=0.30 (CH,Cl,/MeOH,
95:5); [a]' =—9.0 (c=1.0, MeOH); 'H NMR (500 MHz, CD,0D): 6 =
0.86-0.95 (m, 12H; 4Me), 1.10 (d, J=6.7, 3H; Me), 1.19 (d, J=7.0,
3H; Me), 1.26 (ddd, J=4.7, 9.1, 13.8, 1H; CHH'CH), 1.41-1.47 (m,
1H; CHH'CH), 1.42 (s, 9H; CMe;), 1.56-1.64 (m, 1H; CHMe,), 1.80-
1.90 (m, 1H; CHMe,), 2.17 (dd, J=7.7, 13.8, 1H; CHH'CO), 2.32-2.54
(m, 5H; CHH'CO + 2CH,0), 4.04-4.16 (m, 2H; 2NCH), 4.27-4.34
(m, 2H; 2NCH), 5.06 (d, J/=12.3, TH; CHH'Ph), 5.14 (d, J=12.3, 1H;
CHH'Ph), 7.28-7.37 (m, 5H; arom.); *C NMR (125 MHz, CD,0D): 6 =
14.5, 19.1, 19.8, 20.0, 22.2, 23.6 (CH,); 26.1 (CH), 28.7 (CH,), 33.1
(CH), 39.1, 41.2, 43.5, 44.6 (CH,); 44.6, 46.1, 54.3 (CH); 67.4 (CH,),
80.7 (C), 117.7 (t, J=25.5, CF,), 129.3, 129.5, 129.6 (CH); 137.6, 157.6
(Q); 165.1 (t, J=28.5, Q), 1725, 172.6, 172.7 (C); '°F NMR (282 MHz,
CD,0D): 6=-116.6 (dd, J=12.8, 251.8, CFF’), —119.1 (dd, J=13.9,
251.8, CFF); IR (CHCLy): #=3429 (m), 3005 (w), 2965 (m), 2868 (w),
1713 (s), 1659 (s), 1504 (s), 1455 (m), 1388 (w), 1368 (m), 1324 (w),
1171 (s), 1051 (w), 1029 (w), 1002 (w), 912 (w), 857 (w); HR-MALDI-
MS: 677.4 (21) [M+Na]*, 577.3 (100) [M+Na—Boc]*, 555.3 (16)
[M+H—Boc]™, 447.3 (17), 320.2 (8), 288.7 (7); elemental analysis
calcd (%) for Cy3Hs,F,N,0, (654.79): C 60.53, H 8.00, N 8.56, F 5.80;
found: C 60.46, H 7.90, N 8.56, F 5.91.

Boc-(2R)-B?-hGly(a-F)-(3S)-B*-hVal-(3S)-3*-hAla-(3S)-3*-hLeu-0Bn (33):
The B-tripeptide 27 (138 mg, 0.26 mmol) was Boc deprotected ac-
cording to GP5b, the resulting free amine was dissolved in DMF
(2 mL), treated with acid 14 (54 mg, 0.26 mmol), NMM (140 L,
1.3 mmol), and HATU (118 mg, 0.3 mmol) according to GP7a. FC
(CH,Cl,/MeOH, 95:5) yielded p-tetrapeptide 33 (112 mg, 70%) as a
colorless solid. M.p. 212-213°C; R,=0.20 (CH,Cl,/MeOH, 95:5);
[@f'=+3.4 (c=1.1, MeOH); 'H NMR (500 MHz, CD;0D): 6 =0.86-
0.94 (m, 12H; 4Me), 1.11 (d, J=6.7, 3H; Me), 1.25 (ddd, J=4.6, 9.1,
13.8, 1H; CHH'CH), 1.41-1.47 (m, 1H; CHH'CH), 1.43 (s, 9H; CMe;),
1.56-1.64 (m, 1H; CHMe,), 1.81 (qd, /=6.8, 13.5, 1H; CHMe,), 2.18
(dd, J=7.6, 13.8, 1H; CHH'CO), 2.32 (dd, J=8.7, 14.3, 1H; CHH'CO),
2.39 (dd, J=6.0, 13.8, 1H; CHH'CO), 2.44 (dd, J=4.7, 144, 1H;
CHH'CO), 2.48 (dd, J=6.9, 15.0, 1H; CHH'CO), 2.52 (dd, J=6.4, 15.0,
1H; CHH'CO), 3.41 (ddd, J=7.1, 14.8, 21.9, 1H; BocHNCHH’), 3.55-
3.63 (m, 1H; BocHNCHH'), 4.04-4.08 (m, 1H; NCH), 4.10-4.17 (m,
1H; NCH), 4.28-4.34 (m, 1H; NCH), 4.90 (ddd, J=3.5, 7.1, 49.5, 1H;
CHF), 5.07 (d, J=12.3, 1H; CHH'Ph), 5.14 (d, /=123, 1H; CHH'Ph),
7.28-7.38 (m, 5H; arom.); “CNMR (125 MHz, CD,0D): 6=18.9,
19.8, 20.1, 22.2, 23.6 (CH,); 26.1 (CH), 28.8 (CH,), 33.2 (CH), 39.5,
41.2, 43.6, 43.8 (CH,); 44.6, 46.1, 53.7 (CH); 67.5 (CH,), 80.5 (C), 91.3
(d, J=187.5), 129.3, 129.5, 129.6 (CH); 137.6, 158.3, 169.9 (d, J=
19.8); 172.6, 172.7, 172.7 (C); FNMR (282 MHz, CD,0D): 6=
—193.3 (ddd, J=21.4, 27.8, 49.1, CHF); IR (CHCl,): v=3427 (w),
2963 (m), 2873 (w), 1715 (s), 1662 (s), 1505 (s), 1456 (w), 1368 (m),
1272 (w), 1173 (s), 1087 (w), 923 (w), 853 (w); HR-MALDI-MS: 661.3
(4) IM+K]*, 645.4 (53) [M+Na]*, 561.3 (6) [M+K—Boc]t, 545.3 (88),
[M+Na—Boc]*, 523.3 (100) [M+H—Boc]*, 456.3 (4), 4153 (22),
397.3 (5), 321.2 (11), 288.2 (13), 270.2 (24), 261.7 (4); elemental anal-
ysis calcd (%) for C;,HsFN,O;, (622.78): C 61.72, H 8.25, N 9.00;
found: C 61.76, H 8.22, N 8.98.

Boc-B-hGly-(3S)-*-hVal-(35)-3-hAla-(3S)-3*-hLeu-OBn (34): The P-tri-
peptide 27 (136 mg, 0.25 mmol) was Boc deprotected according to
GP5b, the resulting free amine was dissolved in DMF (2 mL), treat-
ed with acid 15 (48 mg, 0.25 mmol), NMM (140 uL, 1.3 mmol), and
HATU (116 mg, 0.3 mmol) according to GP7a. FC (CH,Cl,/MeOH,
95:5) yielded B-tetrapeptide 34 (139 mg, 90%) as a colorless solid.
R=0.51 (CH,Cl,/MeOH, 9:1). M.p. 188-189°C; [a]f'=—16.6 (c=1.0,

701



www.chembiochem.org



BIO

MeOH); 'H NMR (600 MHz, CD,0D): 6=0.86-0.93 (m, 12H; 4Me),
1.11 (d, J=6.7, 3H; Me), 1.25 (ddd, J=4.6, 9.2, 13.8, 1H; CHH'CH),
142 (s, 9H; CMe;), 1.42-1.46 (m, 1H; CHH'CH), 1.56-1.63 (m, 1H;
CHMe,), 1.74-1.80 (m, 1H; CHMe,), 2.17 (dd, J=7.5, 13.8, 1H;
CHH'CO), 2.21 (dd, /=9.3, 14.2, 1H; CHH'CO), 2.31-2.43 (m, 4H;
2CHH'CO + CH,CO), 2.49 (dd, J=6.9, 15.0, 1H; CHH'CO), 2.51 (dd,
J=6.4, 15.0, 1H; CHH'CO), 3.28-3.31 (m, 2H; BocHNCH,), 4.06-4.10
(m, TH; NCH), 4.11-4.16 (m, TH; NCH), 429-4.34 (m, 1H; NCH),
5.07 (d, J=12.3, TH; CHH'Ph), 5.14 (d, J=12.3, 1H; CHH'Ph), 7.29-
7.37 (m, 5H; arom.); *CNMR (150.9 MHz, CD;0D): =186, 19.8,
20.2, 22.2, 23.6 (CH;); 26.1 (CH), 28.8 (CH;), 33.3 (CH), 37.5, 38.2,
40.1, 41.2, 43.5 (CH,); 44.6 (CH), 44.6 (CH,), 46.1, 53.5 (CH); 67.5
(CH,), 80.2 (C), 129.3, 129.5, 129.6 (CH); 137.6, 158.3, 172.6, 172.6,
172.8, 173.5 (Q); IR (CHCLy): 7=3428 (w), 3007 (w), 2981 (m), 2872
(w), 1707 (s), 1659 (s), 1501 (s), 1456 (w), 1368 (m), 1308 (w), 1272
(w), 1172 (s), 984 (w); HR-MALDI-MS: 643.3 (2) [M+K]*, 627.4 (32)
[M+Na]*, 5273 (21) [M+Na—Boc]*, 505.3 (100) [M+H—Boc]*,
397.3 (5), 321.2 (25), 270.2 (9), 252.7 (6); elemental analysis calcd
(%) for C;,Hs,N,0; (604.79): C 63.55, H 8.67, N 9.26; found: C 63.47,
H 8.65, N 9.21.

Boc-(3S)-p>-hVal-(3S)-B>-hAla-(3S)-5>-hLeu-(25,3S)->*-hAla(a-OH)-
(3S)-B>-hVal-(3S)-*-hAla-(3S)-B>-hLeu-OBn (36): The P-tetrapeptide
28 (91 mg, 0.14 mmol) was Boc deprotected according to GP5a,
the resulting TFA salt was dissolved in DMF (4 mL), treated with
acid 35 (64 mg, 0.14 mmol), NMM (80 uL, 0.73 mmol), and HATU
(66 mg, 0.17 mmol) according to GP7b. Drying under h.v. yielded
the pB-heptapeptide 36 (79 mg, 58%) as a light yellow solid. M.p.
258-260°C (dec.); 'H NMR (500 MHz, [Dg]DMSO): 6 =0.78-0.84 (m,
24H; 8Me), 0.88 (d, /=6.8, 3H; Me), 0.97 (t, J=6.4, 6H; 2Me),
1.10-1.17 (m, 2H; 2CHH'CH), 1.31-1.39 (m, 2H; 2CHH'CH), 1.36 (s,
9H; CMe;), 1.54-1.61 (m, 2H; 2CHMe,), 1.62-1.70 (m, TH; CHMe,),
1.71-1.75 (m, 1H; CHMe,), 2.01-2.30 (m, 10H; 5CH,CO), 2.40 (dd,
J=6.8, 14.8, 1H; CHH'CO), 245 (dd, /=6.9, 148, 1H; CHH'CO),
3.60-3.70 (m, TH; BocNHCH), 3.85-3.90 (m, 1H; NHCH), 3.95 (dd,
/=28, 5.4, 1H; CHOH), 4.04-4.17 (m, 5H; 5NHCH), 5.03 (d, /=124,
1H; CHH'Ph), 5.09 (d, J=12.4, 1H; CHHPh), 571 (d, J=5.3, 1H;
OH), 6.52 (d, /=9.2, TH; BocNH), 7.30-7.39 (m, 5H; arom.), 7.62-
7.68 (m, 3H; 3NH), 7.73-7.79 (m, 3H; 3NH); *CNMR (125 MHz,
[DgIDMSO): 6=13.4, 17.8, 18.6, 19.1, 19.2, 19.5, 19.7, 21.4, 21.5,
23.1, 23.4 (CH,); 24.2, 24.3 (CH); 28.2 (CH;); 31.1, 31.7 (CH); 37.3,
384, 40.1, 41.8 (CH,); 42.0, 42.1 (CH); 42.2, 42.4, 42.9, 43.0 (CH,);
43.8, 44.1, 47.0, 50.9, 52.6 (CH); 65.5 (CH,); 72.8 (CH); 77.2 (O);
127.9, 128.0, 128.4 (CH); 136.1, 155.2, 169.2, 169.3, 169.4, 169.5,
169.6, 170.6, 170.7 (C); HR-MALDI-MS: 983 (5) [M-+Na]™*, 883 (12)
[M+Na—Boc], 861 (100) [M+H—Bocl™, 847 (6), 788 (11), 599 (12),
554 (10), 535 (8), 469 (6).

Boc-(3S)-3>-hVal-(3S)-B3>-hAla-(3S)-5>-hLeu-(2R,3S)-B>*-hAla(a-OH)-

(3S)-33-hVal-(3S)-B>-hAla-(35)-3>-hLeu-OBn (37): The P-tetrapeptide
29 (124 mg, 0.19 mmol) was Boc deprotected according to GP 5a,
the resulting TFA salt was dissolved in DMF (4 mL), treated with
acid 35 (84 mg, 0.19 mmol), NMM (105 pL, 0.95 mmol), and HATU
(87 mg, 0.23 mmol) according to GP7b. Drying under h.v. yielded
the p-heptapeptide 37 (136 mg, 74%) as a colorless solid. M.p.
247-249°C (dec.); "H NMR (500 MHz, [DJDMSO): 6 =0.78-0.83 (m,
24H; 8Me), 0.96-0.99 (m, 9H; 3Me), 1.11-1.17 (m, 2H; 2CHH'CH),
1.29-1.39 (m, 2H; 2CHH'CH), 1.36 (s, 9H; CMe;), 1.53-1.61 (m, 2H;
2CHMe,), 1.62-1.67 (m, 1H; CHMe,), 1.69-1.73 (m, 1H; CHMe,),
2.02-2.26 (m, 10H; 5CH,CO), 2.40 (dd, J=6.9, 14.7, 1H; CHH'CO),
245 (dd, J=6.9, 14.8, 1H; CHH'CO), 3.56-3.65 (m, 1H; BocNHCH),
3.82 (dd, /=3.8, 5.4, 1H; CHOH), 3.88-3.92 (m, 1H; NHCH), 4.01-
4.17 (m, 5H; 5NHCH), 5.06 (q, /=124, 2H; CH,Ph), 5.70 (d, J=5.5,
1H; OH), 6.50 (d, J=9.2, 1H; BocNH), 7.30-7.39 (m, 6H; NH + 5H;
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arom.), 7.60-7.63 (m, 3H; 3NH), 7.75-7.77 (m, 2H; 2NH); *C NMR
(125 MHz, [D¢]DMSO): 6=16.5, 17.7, 18.0, 19.0, 19.1, 19.5, 19.6,
21.3, 214, 23.1 (CH;); 23.2 (CH), 24.1, 28.1 (CH;); 30.8, 31.6 (CH);
37.5 (CH,), 41.7, 42.0 (CH); 42.9 (CH,), 43.7, 44.0, 47.3, 50.7, 52.5
(CH); 65.4 (CH,), 72.8 (CH), 77.1 (C), 127.9, 128.0, 128.3 (CH); 136.0,
155.1, 169.0, 169.1, 169.2, 169.3, 169.4, 170.5, 171.2 (C); HR-MALDI-
MS: 983 (72) [M+Nal*, 883 (100), [M+Na—Boc], 861 (21)
[M+H—Boc]™, 790 (10), 627 (7), 554 (14), 535 (8), 469 (6).

Boc-(3S)-B3-hVal-(3S)-B>-hAla-(3S)-B-hLeu-(25,35)->*-hAla(a-F)-(3S)-
B>-hVal-(3S)-B>-hAla-(35)-5>-hLeu-OBn (38): The P-tetrapeptide 30
(35 mg, 56 umol) was Boc deprotected according to GP 5b, the re-
sulting free amine (30 mg, 56 umol) was dissolved in DMF (1 mL),
treated with acid 35 (25 mg, 56 pumol), NMM (20 pL, 0.17 mmol),
and HATU (25.5 mg, 67 pmol) according to GP 7b. Drying under h.v.
yielded the B-heptapeptide 38 (43 mg, 80%) as a colorless solid.
M.p. 257-259°C (dec.); "H NMR (500 MHz, [D,]TFE): 6 =0.88-0.97
(m, 24H; 8Me), 1.12 (d, J=6.7, 3H; Me), 1.18-1.21 (m, 6H; 2Me),
1.26-1.35 (m, 2H; 2CHH'CH), 1.41-1.53 (m, 2H; 2CHH'CH), 1.45 (s,
9H; CMe;), 1.58-1.65 (m, 2H; 2CHMe,), 1.74-1.77 (m, TH; CHMe,),
1.85-1.89 (m, 1H; CHMe,), 2.21-2.57 (m, 12H; 6 CH,CO), 3.71-3.76
(m, 1H; BocHNCH), 4.08-4.12 (m, 2H; 2NCH), 4.22-4.38 (m, 3H;
3NCH), 4.49-4.56 (m, TH; NCH), 4.99 (dd, J=2.2, 49.9, 1H; CHF),
5.10 (d, J=12.2, TH; CHH'Ph), 5.18 (d, J=12.2, TH; CHH'Ph), 7.34-
7.39 (m, 5H; arom.); *CNMR (125 MHz, [D,]JTFE): 6=13.7 (d, J=
5.7, CH;), 184, 19.2, 19.8, 19.9, 20.2, 20.5, 22.3, 22.4, 235, 23.6
(CH5); 26.5 (CH), 29.0 (CH,), 33.5, 34.4 (CH); 39.7, 41.2, 415, 43.6,
43.9, 443, 44.7, 44.8 (CH,); 45.5, 45.6, 47.1, 47.7 (CH); 48.7 (d, J=
19.3, CH), 54.5, 55.7 (CH); 69.0 (CH,), 82.6 (C), 93.9 (d, J/=191.1, CH),
130.1, 130.3, 1304 (CH); 137.5, 159.4 (C); 1704 (d, J=19.0, Q),
173.9, 174.1, 174.4, 174.9, 175.0 (C); "°F NMR (282 MHz, [D]DMSO):
0=-2034 (dd, J=31.0, 49.1, CHF); HR-MALDI-MS: 984.6 (40)
[M+Na]*, 884.6 (31) [M+Na—Boc]*, 862.6 (100) [M+H—Boc]™,
842.6 (14), 791.5 (13), 683.5 (14), 664.4 (20), 627.4 (20), 556.3 (30),
537.3 (28).

Boc-(3S)-B-hVal-(3S)-p>-hAla-(3S)-5>-hLeu-(2R,3S)-**-hAla(a-F)-(3S)-
B’-hVal-(3S)-B>-hAla-(3S)-B>-hLeu-OBn (39): The P-tetrapeptide 31
(182 mg, 0.286 mmol) was Boc deprotected according to GP5b,
the resulting free amine (154 mg, 0.286 mmol) was dissolved in
DMF (6 mL), treated with acid 35 (126 mg, 0.286 mmol), NMM (100
uL, 0.87 mmol), and HATU (130 mg, 0.34 mmol) according to GP 7b.
Drying under h.v. yielded the p-heptapeptide 39 (244 mg, 88%) as
a colorless solid. M.p. 254-255°C; 'H NMR (500 MHz, [D;]TFE): 6 =
0.89-0.96 (m, 24H; 8Me), 1.14 (d, J=6.7, 3H; Me), 1.20 (d, /J=6.6,
3H; Me), 1.25 (d, J=7.0, 3H; Me), 1.28-1.34 (m, 2H; 2CHH'CH),
1.41-1.51 (m, 2H; 2CHH'CH), 1.45 (s, 9H; CMe;), 1.55-1.63 (m, 2H;
2CHMe,), 1.73-1.80 (m, 1H; CHMe,), 1.82-1.89 (m, 1H; CHMe,),
2.25-2.50 (m, 10H; 5CH,CO), 2.56 (dd, J=7.2, 15.5, 1H; CHH'CO),
2.61 (dd, J=5.7, 15.4, TH; CHH'CO), 3.69-3.78 (m, 1H; BocHNCH),
4.09-4.11 (m, 1H; NCH), 4.18-4.28 (m, 2H; 2NCH), 4.33-4.44 (m,
2H; 2NCH), 4.48-4.55 (m, 1H; NCH), 4.84 (dd, J=3.2, 47.1, 1H;
CHF), 5.11 (d, /=123, 1H; CHH'Ph), 5.20 (d, J=12.3, TH; CHH'Ph),
7.34-7.42 (m, 5H; arom.); *CNMR (125 MHz, [D,]TFE): 6=16.6,
18.5, 19.2, 19.7, 19.8, 20.4, 20.7, 22.6, 22.6, 23.4, 23.6 (CH,), 26.5,
26.6 (CH); 29.1 (CHs), 33.7, 34.4 (CH); 39.2, 40.9, 41.3, 43.1, 43.7,
44.1, 45.1 (CH,); 45.3, 45.4 (CH); 45.5 (CH,), 47.0, 47.4 (CH); 48.1 (d,
J=21.8, CH), 54.4, 55.7 (CH); 68.8 (CH,), 82.4 (C), 93.8 (d, /=191.1,
CH), 129.9, 130.3, 130.4 (CH); 137.6, 159.3 (C); 170.6 (d, J=20.2, C),
173.6, 173.8, 1740, 174.2, 1748, 1750 (C); "FNMR (282 MHz,
[DgIDMSO): 6=-193.0 (dd, J=22.4, 47.0, CHF); HR-MALDI-MS:
984.6 (33) [M+Na]®™, 884.6 (20) [M+Na—Boc]*, 862.6 (100)
[M+H—Boc]™, 791.5 (34), 683.5 (17), 664.4 (12), 556.4 (74), 537.3
(48), 471.3 (9).
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Proteolytic Stability of 3-Peptides

Boc-(35)-B>-hVal-(3S)-B>-hAla-(3S)-B>-hLeu-(3S)->**-hAla(a,a-F,)-(3S)-
B-hVal-(3S)-B*-hAla-(3S)-B>-hLeu-OBn (40): The P-tetrapeptide 32
(149 mg, 0.23 mmol) was Boc deprotected according to GP5b, the
resulting free amine was dissolved in DMF (3 mL), treated with acid
35 (101 mg, 0.23 mmol), NMM (70 pL, 0.66 mmol), and HATU
(100 mg, 0.26 mmol) according to GP7b. Drying under h.v. yielded
the B-heptapeptide 40 (165 mg, 74%) as a colorless solid. M.p. >
260°C (dec); [alf'=-33.3 (c=1.0, hexafluoro-iso-propanol);
"H NMR (500 MHz, [D,]TFE): 6 =0.89-0.98 (m, 24H; 8Me), 1.12 (d,
J=6.7, 3H; Me), 1.20 (d, J=6.6, 3H; Me), 1.24 (d, /=7.0, 3H; Me),
1.28-1.36 (m, 2H; 2CHH'CH), 1.41-1.51 (m, 2H; 2CHH'CH), 1.45 (s,
9H; CMe;), 1.56-1.60 (m, 2H; 2CHMe,), 1.74-1.78 (m, 1H; CHMe,),
1.83-1.88 (m, 1H; CHMe,), 2.25-2.63 (m, 12H; 6 CH,CO), 3.68-3.77
(m, TH; BocHNCH), 4.11-4.39 (m, 5H; 5NCH), 471-4.77 (m, 1H;
NCHCF,), 5.10 (d, 1H; J=12.3, CHHPh), 520 (d, /=123, 1H;
CHH'Ph), 7.35-7.41 (m, 5H; arom.); *C NMR (125 MHz, [D,]TFE):
0=144,184,19.3, 19.7, 19.8, 20.3, 20.7, 22.4, 22.5, 23.4, 23.6 (CH,);
26.5 (CH), 29.1 (CH,), 33.7, 344 (CH); 39.2, 41.0, 41.4, 43.3, 433,
44.2, 44.9, 45.0 (CH,); 45.4, 47.0, 47.6 (CH); 48.9 (t, J=26.4, CHCF,),
55.0, 55.7 (CH); 68.9 (CH,), 82.5 (C), 118.1 (t, J/=255.9, CF,), 129.9,
130.3, 130.4 (CH); 137.5, 159.4 (C); 165.8 (t, J=28.3, CF,CO), 173.7,
174.0, 174.2, 174.6, 174.9, 175.0 (C); "°F NMR (282 MHz, [DJDMSO):
0=-109.7 (dd, J=9.6, 247.6, CFF'), —117.4 (dd, J=18.1, 2447,
CFF); HR-MALDI-MS: 1019 (3) [M+K]*™, 1003 (60) [M+Na]*, 903
(100), [M+Na—Boc]*, 881 (30), [M+H—Boc]*, 809 (12), 701 (10),
682 (13), 574 (25), 555 (20).

Preparation of 3-heptapeptides 1-5 and f-tetrapeptides 6-10

TFA-H-(35)-5-hVal-(35)-3*-hAla-(35)-*-hLeu-(25,35)-37*-hAla(a-OH)-
(3S)-B>-hVal-(3S)-*-hAla-(3S)-B>-hLeu-OH (1): Hydrogenolysis of the
B-heptapeptide 36 (48 mg, 50 pmol) was performed according to
GP2, and the resulting carboxylic acid was Boc deprotected ac-
cording to GP5a. The crude product was purified by preparative
RP-HPLC with a gradient of A (0.1% TFA in H,0) and B (MeCN, 10
to 50% B over 40 min) at a flow rate of 20 mLmin~". Lyophilization
yielded the fB-heptapeptide 1 (31 mg, 69%) as a colorless foam.
"H NMR (500 MHz, CD;0H): 0.90-0.96 (m, 18H; 6Me), 1.05 (d, J=
6.9, 3H; Me), 1.06 (d, /=6.9, 3H; Me), 1.12 (d, J=6.9, 3H; Me), 1.14
(d, J/=6.9, 3H; Me), 1.21 (d, J=6.7, 3H; Me), 1.25-1.34 (m, 2H;
2CHH'CH), 1.40-1.46 (m, 2H; 2CHHCH), 1.57-1.63 (m, 2H;
2CHMe,), 1.79-1.85 (m, TH; CHMe,), 1.99-2.05 (m, 1H; CHMe,),
2.28-2.71 (m, 12H; 6 CH,CO), 3.45-3.51 (m, 1H; H,NCH), 4.07 (d,
J=6.7, TH; CHOH), 4.13-4.19 (m, 1H; NCH), 4.21-4.27 (m, 1H;
NCH), 4.30-4.40 (m, 3H; 3NCH), 4.41-4.48 (m, 1H; NCH), 7.73 (d,
J=10.4, TH; NH), 7.75 (d, J=8.9, TH; NH), 7.82 (d, J=9.1, 1H; NH),
8.12 (d, J/=7.9, 1H; NH), 8.14 (d, J=8.5, 1H; NH), 8.20 (d, /=8.6,
1H; NH); *CNMR (125 MHz, CD;OH): 16.0, 17.8, 18.9, 19.3, 19.7,
20.6, 21.1, 22.6, 22.7, 23.6, 23.7 (CH5); 26.0, 26.1, 32.0, 33.9 (CH);
36.1, 39.1, 41.1, 42.8, 43.3, 43.4 (CH,); 44.0, 44.1 (CH); 45.3 (CH,),
45.8 (CH), 46.1 (CH,), 46.3, 48.7, 53.4, 56.2, 75.6 (CH); 171.6, 172.0,
1723, 172.5, 173.0, 173.7, 175.2 (C); HR-MALDI-MS: 814.5 (7), 792.5
(32) [M+Nal*, 770.5 (100) [M+H]*, 699.5 (6), 681.5 (9), 572.4 (5),
554.4 (8), 537.4 (6), 469.3 (6), 445.3 (10), 385.3 (5), 344.3 (5), 328.2
(5).

TFA-H-(3S)-f3*-hVal-(35)-3°-hAla-(3S)-3*-hLeu-(2R,35)-B**-hAla(a-OH)-

(3S)-33-hVal-(3S)-B>-hAla-(3S)-3>-hLeu-OH (2): Hydrogenolysis of the
B-heptapeptide 37 (55 mg, 57 pmol) was performed according to
GP2, and the resulting carboxylic acid was Boc deprotected ac-
cording to GP5a. The crude product was purified by preparative
RP-HPLC with a gradient of A (0.1% TFA in H,0) and B (MeCN, 10
to 50% B over 40 min) at a flow rate of 20 mLmin". Lyophilization
yielded the f-heptapeptide 2 (22 mg, 44%) as a colorless foam.
"H NMR (500 MHz, CD,0H): 0.89-0.95 (m, 18H; 6Me), 1.07 (d, J=
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6.9, 6H; 2Me), 1.14 (d, J=6.7, 3H; Me), 1.18 (d, J=6.9, 3H; Me),
123 (d, J=6.7, 3H; Me), 1.25-1.33 (m, 2H; 2CHH'CH), 1.36-1.47
(m, 2H; 2CHH'CH), 1.55-1.65 (m, 2H; 2CHMe,), 1.77-1.84 (m, 1H;
CHMe,), 1.99-2.09 (m, 1H; CHMe,), 2.34-2.56 (m, 8H; 2CHH'CO +
3CH,CO), 2.60 (dd, J=3.1, 15.5, TH; CHH'CO), 2.65 (dd, J=11.9,
14.8, 1H; CHH'CO), 2.70 (dd, J=11.5, 15.5, 1H; CHH'CO), 2.78 (dd,
J=11.8, 14.9, 1H; CHH'CO), 3.55-3.63 (m, 1H; H,NCH), 4.08 (d, J=
2.7, 1H; CHOH), 4.20-4.27 (m, 1H; NCH), 4.35-4.48 (m, 3H; 3NCH),
4.54-460 (m, 2H; 2NCH), 7.64 (d, J=83, 1H; NH), 7.70 (d, J=9.4,
1H; NH), 7.83 (d, J=9.1, 1H; NH), 7.99 (d, J=9.0, 1H; NH), 8.16 (d,
J=9.1, TH; NH), 838 (d, J=92, 1H; NH); “CNMR (125 MHz,
CD,OH): 17.6, 17.6, 18.9, 19.3, 19.6, 20.9, 21.3, 22.6, 23.0, 23.5, 23.7
(CH,); 26.0, 26.1, 32.1, 34.1 (CH); 36.1, 38.2, 40.6, 42.1, 43.0, 43.3
(CH,); 43.6, 43.8 (CH); 45.3 (CH,), 45.6, 45.9 (CH); 46.7 (CH.,), 48.3,
53.0, 56.2, 75.4 (CH); 171.4, 172.0, 172.1, 172.7, 173.2, 173.9, 174.9
(C); HR-MALDI-MS: 814.5 (20), 792.5 (100) [M-+Nal*, 775.5 (52),
7705 (56) [M+H]*, 752.5 (25), 699.5 (19), 681.5 (20), 559.3 (10),
554.4 (25), 537.4 (27), 469.3 (19), 445.3 (20).

TFA-H-(3S)-f3*-hVal-(35)-8°-hAla-(3S)-3*-hLeu-(2S,3S)-p**-hAla(a-F)-
(3S)-%-hVal-(3S)-B>-hAla-(3S)-3*-hLeu-OH (3): Hydrogenolysis of the
B-heptapeptide 38 (38.7 mg, 40 umol) was performed in TFE
(10 mL) according to GP2, and the resulting carboxylic acid was
Boc deprotected according to GP5a. The crude product was puri-
fied by preparative RP-HPLC with a gradient of A (0.1% TFA in
H,0) and B (MeCN, 10 to 50% B over 40 min) at a flow rate of
20 mLmin~". Lyophilization yielded the B-heptapeptide 3 (26.6 mg,
75%) as a colorless foam. "H NMR (500 MHz, CD;0OH): 0.91-0.95 (m,
18H; 6Me), 1.04 (d, /=6.8, 3H; Me), 1.05 (d, /=6.8, 3H; Me), 1.14
(d, J=6.7, 3H; Me), 1.18 (d, J=6.8,3H; Me), 1.21 (d, J=6.7, 3H;
Me), 1.25-1.34 (m, 2H; 2CHH'CH), 1.39-1.47 (m, 2H; 2CHH'CH),
1.57-1.65 (m, 2H; 2CHMe,), 1.79-1.86 (m, 1H; CHMe,), 1.97-2.04
(m, TH; CHMe,), 2.27-2.66 (m, 12H; 6 CH,CO), 3.47-3.57 (m, 1H;
H,NCH), 4.13-4.19 (m, 1H; NCH), 4.28-4.48 (m, 5H; 5NCH), 4.88
(dd, J=5.8, 49.1, TH; CHF), 7.81 (d, J/=8.3, 1H; NH), 7.85 (d, J=9.0,
1H; NH), 7.99 (d, /=8.8, TH; NH), 8.09 (d, /=8.2, TH; NH), 8.10 (d,
J=88, 1TH; NH), 833 (d, J=85, 1H; NH); *CNMR (125 MHz,
CD;0H): 153 (d, /=2.7), 17.9, 18.8, 19.3, 19.8, 20.5, 21.1, 22.5, 22.6,
23.5, 23.6 (CH,); 26.0, 26.1, 32.0, 33.7 (CH); 35.8, 39.1, 41.1, 42.7,
433, 43.4 (CH,); 44.1, 44.2 (CH); 45.1, 45.8 (CH,); 45.8, 46.4, 47.2 (d,
J=24.1); 53.8, 56.1, 93.7 (d, J=183.9) (CH); 169.0 (d, J=19.5),
1716, 172.1, 1722, 172.7, 1729, 1752 (C); "FNMR (282 MHz,
CD,0D): 6=-75.1 (s, TFA), —199.2 (dd, J=30.9, 48.0, CHF); HR-
MALDI-MS: 816.5 (20), 794.5 (95) [M+Na]*, 772.5 (100) [M+H]*,
757.5 (41), 752.5 (22), 701.5 (11), 683.5 (11), 574.4 (26), 559.4 (59),
556.4 (29), 537.4 (27), 471.3 (10), 447.3 (35).

TFA-H-(3S)-f3*-hVal-(35)-*-hAla-(3S)-3*-hLeu-(2R, 35)-3>*-hAla(a-F)-

(3S)-8>-hVal-(3S)-B>-hAla-(3S)-3>-hLeu-OH (4): Hydrogenolysis of the
B-heptapeptide 39 (66 mg, 69 pmol) was performed in TFE (20 mL)
according to GP2, and the resulting carboxylic acid was Boc depro-
tected according to GP 5a. The crude product was purified by prep-
arative RP-HPLC with a gradient of A (0.1% TFA in H,0) and B
(MeCN, 10 to 50% B over 40 min) at a flow rate of 20 mLmin™".
Lyophilization yielded the (-heptapeptide 4 (32 mg, 52%) as a col-
orless foam. 'H NMR (500 MHz, CD,0H): 0.90-0.96 (m, 18H; 6 Me),
1.07 (d, J/=6.9, 6H; 2Me), 1.14 (d, J=6.7, 3H; Me), 1.23 (d, /=6.7,
3H; Me), 1.25 (d, J=7.1, 3H; Me), 1.27-1.35 (m, 2H; 2CHH'CH),
1.37-1.44 (m, 2H; 2CHH'CH), 1.55-1.65 (m, 2H; 2CHMe,), 1.77-1.84
(m, TH; CHMe,), 2.02-2.09 (m, 1H; CHMe,), 2.32 (dd, J=10.3, 15.1,
1H; CHH'CO), 2.39-2.54 (m, 7H; CHH'CO + 3CH,CO), 2.59 (dd, J=
3.3, 15.5, TH; CHH'CO), 2.66 (dd, J=11.2, 15.5, TH; CHH'CO), 2.76
(dd, J=7.3, 14.8, 1H; CHH'CO), 2.78 (dd, J=7.4, 15.0, 1H; CHH'CO),
3.57-3.64 (m, TH; H,NCH), 425-4.31 (m, 1H; NCH), 4.36-4.51 (m,
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3H; 3NCH), 4.52-4.61 (m, 1H; NCH), 4.64-4.66 (m, 1H; NCH), 5.07
(dd, J=2.5, 47.6, 1H; CHF), 7.59 (d, J=8.6, 1H; NH), 7.72 (d, J=9.0,
1H; NH), 7.76-7.78 (m, 2H; 2NH), 8.00 (d, J=9.2, 1H; NH), 8.48 (d,
J=8.0, 2H; 2NH); *C NMR (125 MHz, CD;0H): 16.9 (d, J=5.5), 17.6,
19.0, 19.5, 19.7, 21.0, 21.3, 22.8, 23.0, 23.5, 23.6 (CH;); 26.0, 26.1,
32.0, 34.1 (CH); 36.1, 38.1, 40.5, 41.8, 43.2, 43.3 (CH,); 43.6, 43.7,
45.4 (CH); 45.5 (CH,), 45.8 (CH), 46.7 (CH,), 47.0 (d, J=18.9), 53.3,
56.3, 94.8 (d, J=192.3) (CH); 169.5 (d, J=20.4), 171.3, 171.6, 171.7,
1729, 173.2, 174.8 (C); "FNMR (282 MHz, CD,0D): 6=-75.2 (s,
TFA), —203.5 (dd, J=34.1, 47.0, CHF); HR-MALDI-MS: 816.5 (2),
794.5 (24) [M4+Nal*, 772.5 (100) [M+H]*, 701.5 (28), 683.5 (6),
574.4 (7), 556.4 (32), 447.3 (23), 386.3 (6).

TFA-H-(3S)-3-hVal-(3S)-3*-hAla-(3S)-3-hLeu-(3S)-B***-hAla(a,a-F,)-
(3S)-3-hVal-(3S)-p>-hAla-(3S)-3>-hLeu-OH (5): Hydrogenolysis of the
[-heptapeptide 40 (51.2 mg, 52 umol) was performed according to
GP2, and the resulting carboxylic acid was Boc deprotected ac-
cording to GP5a. The crude product was purified by preparative
RP-HPLC with a gradient of A (0.1% TFA in H,0) and B (MeCN, 10
to 50% B over 40 min) at a flow rate of 20 mLmin~". Lyophilization
yielded the B-heptapeptide 5 (36 mg, 77%) as a colorless foam.
'H NMR (500 MHz, CD,0H): 0.90-0.97 (m, 18H; 6Me), 1.05 (d, J=
6.8, 3H; Me), 1.06 (d, /=6.9, 3H; Me), 1.13 (d, J=6.7, 3H; Me), 1.22
(d, J/=6.6, 3H; Me), 1.23 (d, J=6.9, 3H; Me), 1.26-1.34 (m, 2H;
2CHH'CH), 1.36-144 (m, 2H; 2CHH'CH), 1.55-1.65 (m, 2H;
2CHMe,), 1.78-1.85 (m, 1H; CHMe,), 2.01-2.07 (m, 1H; CHMe,),
2.33 (dd, J/=9.9, 15.1, 1H; CHH'C(O), 2.41-2.75 (m, 11 H; 5CH,CO +
CHH'CO), 3.51-3.59 (m, 1H; H,NCH), 4.19-4.25 (m, 1H; NCH), 4.36-
448 (m, 3H; 3NCH), 4.50-4.57 (m, 1H; NCH), 4.85-4.96 (m, 1H;
NCHCF,), 7.65 (d, J=8.6,1H; NH), 7.77 (d, J=9.0, 1H; NH), 7.87 (d,
J=9.0, TH; NH), 836 (d, /=8.8, 1H; NH), 8.43 (d, J=9.1, TH; NH),
8.55 (d, J=9.7, TH; NH); *CNMR (125 MHz, CD,OH): 13.1 (d, J=
5.1), 17.5, 18.9, 194, 19.9, 20.9, 21.5, 22.7, 23.0, 23.5, 23.6 (CH,);
26.0, 26.1, 32.1, 34.0 (CH); 35.7, 38.4, 40.6, 41.7, 43.2, 43.3 (CH,);
437, 43.8 (CH); 45.5 (CH,), 45.5, 45.8 (CH); 46.6 (CH,), 47.4 (dd, J=
23.1, 32.9), 54.1, 56.1, 118.3 (dd, /=251.5, 263.3) (CH); 164.7 (t, J=
26.4), 171.4, 171.6, 171.8, 173.0, 173.1, 174.9 (C); °F NMR (282 MHz,
CD,0D): §=-75.2 (s, TFA), —104.7 (d, J=258.2, CFF’), —123.1 (dd,
J=25.6, 258.2, CFF); HR-MALDI-MS: 812 (17) [M+Na]™, 791 (100)
[M4H]I*, 719 (20), 701 (7), 592 (11), 574 (22), 465 (17), 395 (6).

TFA-H-(2S,35)-3**-hAla(a-F)-(3S)-3*-hVal-(3S)-°-hAla-(3S)-f3*-hLeu-OH
(6): Hydrogenolysis of the [-tetrapeptide 30 (10 mg, 15.7 umol)
was performed according to GP2, and the resulting carboxylic acid
was Boc deprotected according to GP5a. The crude product was
purified by preparative RP-HPLC with a gradient of A (0.1% TFA in
H,0) and B (MeCN, 5 to 50% B over 45 min) at a flow rate of
18 mLmin~". Lyophilization yielded the fB-tetrapeptide 6 (7.7 mg,
87%) as a colorless foam. 'H NMR (500 MHz, CD,0D): 6 =0.91-0.96
(m, 12H; 4Me), 1.14 (d, J=6.7, 3H; Me), 1.29-1.34 (m, 1H;
CHH'CH), 1.31 (d, J/=7.0, 3H; Me), 1.47 (ddd, J=4.9, 10.0, 13.9, TH;
CHH'CH), 1.58-1.66 (m, TH; CHMe,), 1.80-1.87 (m, TH; CHMe,),
2.23 (dd, J=7.1, 13.8, TH; CHH'CO), 2.34 (dd, J=9.3, 146, 1H;
CHH'CO), 2.39 (dd, J=6.6, 13.8, 1H; CHH'CO), 2.44 (d, J=6.6, 2H;
CH,CO), 2.48 (dd, J=4.3, 14.5, TH; CHH'CO), 3.87 (ddq, J=2.9, 6.8,
25.0, 1H; BocHNCH), 4.09-4.12 (m, 1H; NCH), 4.13-4.21 (m, 1H;
NCH), 4.26-4.32 (m, 1H; NCH), 5.15 (dd, J=2.9, 49.2, 1H; CHF);
BCNMR (125 MHz, CD,0D): 6=12.7 (d, J=5.1), 19.1, 19.7, 20.2,
22.3, 23.6 (CH;); 26.1, 33.3 (CH); 39.0, 41.0, 43.5 (CH,); 44.5 (CH),
44.7 (CH,), 46.0, 49.8 (d, J=20.9), 54.0, 91.1 (d, J=191.2) (CH);
167.5 (d, J=19.3), 1725, 172.7, 175.0 (C); "FNMR (282 MHz,
CD,0D): 6=-75.2 (s, TFA), —203.3 (dd, J=24.5, 49.1, CHF); HR-
MALDI-MS: 469.3 (11) [M+Na]™, 447.3 (100) [M+H]*, 429.3 (6),
302.2 (11), 231.2 (7).
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TFA-H-(2R,3S)-B**-hAla(a-F)-(35)-3°-hVal-(3S)-3>-hAla-(3S)-°-hLeu-OH

(7): Hydrogenolysis of the f-tetrapeptide 31 (12 mg, 18.8 umol)
was performed according to GP2, and the resulting carboxylic acid
was Boc deprotected according to GP5a.The crude product was
purified by preparative RP-HPLC with a gradient of A (0.1% TFA in
H,0) and B (MeCN, 5 to 50% B over 45 min) at a flow rate of
18 mLmin~'. Lyophilization yielded the P-tetrapeptide 7 (4 mg,
38%) as a colorless foam. 'H NMR (500 MHz, CD,0D): 6 =0.91-0.98
(m, 12H; 4Me), 1.14 (d, J=6.7, 3H; Me), 1.31 (ddd, J=4.7, 9.1, 13.8,
1H; CHH'CH), 1.42-1.48 (m, 1H; CHH'CH), 1.46 (d, J/=7.0, 3H; Me),
1.57-1.65 (m, 1H; CHMe,), 1.77-1.84 (m, 1H; CHMe,), 2.23-2.29 (m,
2H; 2CHH'CO), 2.36 (dd, J=7.5, 14.1, TH; CHH'CO), 2.40-2.48 (m,
2H; CH,CO), 2.53 (dd, J=3.5, 14.4, 1H; CHH'CO), 3.87 (ddq, /=28,
7.0, 24.6, 1H; BocHNCH), 4.07-4.11 (m, 1H; NCH), 4.15-4.22 (m,
1H; NCH), 4.29-4.34 (m, 1H; NCH), 5.10 (dd, J=2.8, 46.8, 1H; CHF);
3CNMR (125 MHz, CD,0D): 6=15.3 (d, J=3.6), 19.1, 19.8, 203,
22.3, 23.6 (CH;); 26.1, 33.5 (CH); 39.1, 40.8, 43.4 (CH,); 44.3 (CH),
448 (CH,), 45.9, 50.0 (d, /=19.9), 54.1, 91.9 (d, J=193.9) (CH);
168.2 (d, J=203), 1724, 1733, 1749 (QO); "FNMR (282 MHz,
CD,0D): 6=-75.2 (s, TFA), —203.8 (dd, J=23.5, 45.9, CHF); HR-
MALDI-MS: 491.3 (7), 469.3 (28) [M+Nal*, 447.3 (100) [M-+H]T,
383.1 (4), 302.2 (4), 284.2 (6), 223.6 (5).

TFA-H-(35)-8**3-hAla(a,a-F,)-(35)-B>-hVal-(35)-3°-hAla-(35)-*-hLeu-OH
(8): Hydrogenolysis of B-tetrapeptide 32 (53 mg, 83 umol) was per-
formed according to GP2, and the resulting carboxylic acid was
Boc deprotected according to GP5a. The crude product was puri-
fied by preparative RP-HPLC with a gradient of A (0.1% TFA in
H,0) and B (MeCN, 5 to 50% B over 45 min) at a flow rate of
18 mLmin~'. Lyophilization yielded p-tetrapeptide 8 (37.9 mg,
79%) as a colorless foam. "H NMR (500 MHz, CD,0D): 6 =0.91-0.97
(m, 12H; 4Me), 1.14 (d, J=6.7, 3H; Me), 1.31 (ddd, J=4.6, 9.1, 13.7,
1H; CHH'CH), 1.40 (d, J=6.8, 3H; Me), 1.46 (ddd, J=4.9, 10.0, 13.8,
1H; CHH'CH), 1.57-1.65 (m, 1H; CHMe,), 1.80-1.87 (m, 1H; CHMe,),
2.24 (dd, J=7.1, 13.9, 1H; CHH'CO), 2.32-2.44 (m, 4H; CH,CO +
CHH'CO + CHH'CO), 2.53 (dd, J=4.1, 14.7, 1H; CHH'CO), 3.98-4.08
(m, TH; BocHNCH), 4.09-4.13 (m, 1H; NCH), 4.15-4.20 (m, 1H;
NCH), 4.27-4.33 (m, TH; NCH); ®CNMR (125 MHz, CD,0D): 6=
12,6, 19.1, 19.7, 20.2, 22.2, 23.6 (CH;); 26.1, 33.4 (CH); 38.8, 41.0,
434 (CH,); 44.4 (CH), 44.7 (CH,), 45.9, 50.6 (t, J=27.2), 54.5 (CH);
115.8 (t, J=257.1), 163.1 (t, J=27.4), 1724, 1726, 1749 (O);
F NMR (282 MHz, CD;0D): 6 =—75.2 (s, TFA), —114.4 (dd, J=11.7,
260.4, CFF'), —116.1 (dd, J=11.7, 259.3, CFF'); HR-MALDI-MS: 509.3
(8), 487.3 (37) [M+Na]*, 465.3 (100) [M+H]*, 447.3 (15), 391.3 (5),
320.2 (13), 302.2 (5).

TFA-H-(2R)-B*-hGly(a-F)-(3S)-3*-hVal-(3S)-3°-hAla-(3S)-3*-hLeu-OH (9):
Hydrogenolysis of B-tetrapeptide 33 (22.8 mg, 36.6 pmol) was per-
formed according to GP2, and the resulting carboxylic acid was
Boc deprotected according to GP5a. The crude product was puri-
fied by preparative RP-HPLC with a gradient of A (0.1% TFA in
H,0) and B (MeCN, 5 to 50% B over 45 min) at a flow rate of
18 mLmin~'. Lyophilization vyielded p-tetrapeptide 9 (12.5mg,
63%) as a colorless foam. '"H NMR (500 MHz, CD,0D): 6 =0.91-0.97
(m, 12H; 4Me), 1.14 (d, J=6.7, 3H; Me), 1.30 (ddd, /=4.6, 9.1, 13.7,
1H; CHH'CH), 1.46 (ddd, J=5.0, 10.0, 13.9, 1H; CHH'CH), 1.57-1.65
(m, 1H; CHMe,), 1.77-1.84 (m, 1H; CHMe,), 2.24-2.30 (m, 2H;
2CHH'CO), 2.38 (dd, J=7.1, 14.0, 1H; CHH'CO), 2.44 (d, J/=6.4, 2H;
CH,CO), 2.51 (dd, J=3.6, 143, 1H; CHH'CO), 3.41-3.53 (m, TH;
BocHNCH,), 4.06-4.10 (m, 1H; NCH), 4.16-4.22 (m, 1H; NCH), 4.27-
433 (m, 1H; NCH), 527 (td, J=46, 47.6, 1H; CHF); *CNMR
(125 MHz, CD;0D): 6=19.1, 19.8, 20.3, 22.2, 23.6 (CH,); 26.1, 33.5
(CH); 39.1, 41.0, 42.2 (d, J=20.7), 43.5 (CH,); 44.3 (CH), 44.7 (CH,),
459, 54.2, 889 (d, /=190.5) (CH); 168.1 (d, J=19.6), 172.5, 173.1,
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175.0 (O); 'F NMR (282 MHz, CD,0D): 6=—75.2 (s, TFA), —195.4
(ddd, J=21.3, 24.5, 47.0, CHF); HR-MALDI-MS: 477.2 (5), 455.3 (31)
[M+Na]*, 433.3 (100) [M+H]*, 415.3 (6), 288.2 (8), 270.2 (9), 231.2
(5).

TFA-H-B-hGly-(35)->-hVal-(35)-3°-hAla-(35)-3°-hLeu-OH (10): Hydro-
genolysis of f-tetrapeptide 34 (19.5 mg, 32.2 umol) was performed
according to GP2, and the resulting carboxylic acid was Boc depro-
tected according to GP 5a. The crude product was purified by prep-
arative RP-HPLC with a gradient of A (0.1% TFA in H,0) and B
(MeCN, 5 to 50% B over 45 min) at a flow rate of 18 mLmin . Lyo-
philization yielded p-tetrapeptide 10 (10.7 mg, 63 %) as a colorless
foam. 'HNMR (500 MHz, CD;0D): 6=0.91-0.94 (m, 12H; 4Me),
1.14 (d, /=6.7, 3H; Me), 1.31 (ddd, J=4.7, 9.1, 13.8, 1H; CHH'CH),
146 (ddd, J=5.0, 10.0, 13.8, 1H; CHH'CH), 1.58-1.66 (m, 1H;
CHMe,), 1.73-1.82 (m, 1H; CHMe,), 2.21 (dd, J=10.2, 142, 1H;
CHH'CO), 2.27 (dd, J=6.6, 14.1, 1H; CHH'CO), 2.38 (dd, J=7.1, 14.1,
1H; CHH'CO), 2.42-2.45 (m, 3H; CH,CO + CHH'CO), 2.57 (ddd, J=
53, 6.6, 16.2, 1H; CHH'CO), 2.65 (ddd, J=5.2, 80, 16.2, 1H;
CHH'CO), 3.16 (ddd, J=5.4, 6.7, 18.2, 1H; BocHNCHH’), 3.22 (ddd,
J=5.3, 8.0, 18.2, 1H; BocHNCHH'), 4.08-4.12 (m, 1H; NCH), 4.15-
422 (m, TH; NCH), 427-4.33 (m, 1H; NCH); "CNMR (125 MHz,
CD,0D): 6=18.7, 19.6, 20.3, 22.3, 23.6 (CH,); 26.1 (CH), 33.2 (CH,),
33.4 (CH), 37.5, 39.6, 41.0, 43.4 (CH,); 444 (CH), 44.8 (CH,), 46.0,
53.8 (CH); 171.9, 172.5, 173.0, 175.0 (C); HR-MALDI-MS: 459.3 (7),
437.3 (38) [M+Nal*, 4153 (100) [M+H]*, 398.3 (15), 270.2 (5),
231.2 (14), 207.6 (5).
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Synthesis of 2’-Aminoalkyl-Substituted
Fluorinated Nucleobases and Their Influence on
the Kinetic Properties of Hammerhead

Ribozymes

Astrid E. Klopffer and Joachim W. Engels*™

Hammerhead ribozymes are ribonucleic acids that catalyse the
hydrolytic cleavage of RNA. They interfere with gene expression
in a highly specific manner and recognize the mRNA target
through Watson—Crick base pairing. To overcome the problem of
point mutations (Watson-Crick “mismatches”) occurring in viral
genomes, we developed 2'-aminoethyl-substituted fluorinated nu-
cleosides, which are universal nucleobases. The highly efficient
synthetic pathway, which features a direct phthaloylamination of
a primary alcohol under Mitsunobu conditions, leads to modified
phosphoroamidites. The 1'-deoxy-1'-(4,6-difluoro-1H-benzimida-
zol-1-yl)-2'-(B-aminoethyl)-B-b-ribofuranose nucleoside analogue

Introduction

RNA is a central molecule in the chemistry of life and is in-
volved in the cellular process of gene expression and protein
biosynthesis."? RNA exhibits great structural diversity, and its
secondary structures and three-dimensional conformations are
mainly stabilized by hydrogen bonding and base stacking.
Many efforts have been undertaken to elucidate structural
changes through the incorporation of artificial nucleosides.”

As a result of our investigations on fluorinated nucleobase
analogues,”” the disubstituted fluorobenzene and -benzimid-
azole derivatives 1 and 2 appear to be universal nucleobases.”
These nucleobase analogues do not differentiate thermody-
namically between the four natural nucleosides A, C, G or U in
duplexes. Furthermore, an enhanced base-stacking ability
upon fluorination is observed for the 2,4-difluorobenzene nu-
cleoside derivative. Nevertheless, a destabilization of modified
RNA 12-mer duplexes results due to a lower solvation by H,O
molecules and the absence of hydrogen bonds between the
modified and the natural nucleosides.

Based on these findings and owing to the special properties
of “organic fluorine”™®” such as a high electronegativity, a small
size and the often-discussed ability to form weak hydrogen
bonds, we designed nucleosides which should stabilize RNA
duplexes additionally through electrostatic interactions. With
this approach we wanted to establish universal nucleobases
which are able to overcome the problem of point mutations in
biological applications. Here, oligonucleotides are simply deac-
tivated by mutating bases. One example is the toleration of
escape mutants in HIV.

Therefore, we synthesized the 2'-f-aminoethyl-substituted
fluorinated nucleobase analogues 3 and 4 and investigated

ChemBioChem 2004, 5, 707-716 DOI: 10.1002/cbic.200300809

does not differentiate between the four natural nucleosides and
leads to a RNA duplex that is as stable as the unmodified parent
duplex. Upon incorporation into a ribozyme, the analogue’s cata-
lytic activity is equal for all four possible substrates, and the
cleavage rates for the modified ribozymes are significantly higher
(up to a factor of 13) than for the natural Watson—Crick “mis-
match” base pairs. In agreement with the thermodynamic data
obtained by measurement of the T,, values of the RNA 12-mers,
the cleavage rates for the 2'-substituted fluorinated benzimid-
azole derivative 4 are slightly higher than for the corresponding
fluorinated benzene derivative 3.

their ability to stabilize RNA duplexes. As the primary amino
group is protonated under physiological conditions,”® the in-
termolecular electrostatic interaction with the negatively
charged RNA backbone of the second RNA strand may lead to
increased stability of the RNA 12-mers (Scheme 1).

To test the artificial nucleosides in a biological system we in-
corporated these new modifications into hammerhead ribo-
zymes that are directed against the integrase region of the
human immunodeficiency virus.”’

Hammerhead ribozymes are catalytically active ribonucleic
acids that interfere with gene expression through the hydroly-
sis of the complementary mRNA."* Thus, they are potential
therapeutics for gene therapy. Their recognition of viral mRNA
and their catalytic activity is dependant on Watson-Crick base
pairing and decreases dramatically in the presence of point
mutations (“hot spots”) in the target region. Therefore, we
modified the hammerhead ribozymes with the above-men-
tioned universal nucleobases. To investigate their ability to tol-
erate point mutations in the target sequence without losing
their catalytic activity, we analysed the kinetics of the cleavage
reactions.

This article presents the synthesis of the 2'-substituted artifi-
cial nucleosides and their influence on the stability of RNA du-
plexes and the kinetic properties of hammerhead ribozymes.

[a] Dipl.-Chem. A. E. Kiopffer, Prof. Dr. J. W. Engels
Institute for Organic Chemistry and Chemical Biology
Johann Wolfgang Goethe University
Marie Curie Strasse 11, 60439 Frankfurt/Main (Germany)
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E-mail: joachim.engels@chemie.uni-frankfurt.de
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Scheme 1. Modified fluorinated nucleoside analogues.

Results and Discussion

Chemical synthesis

The fluorinated building blocks 1'-deoxy-1'-(2,4-difluorophen-
yl)-B-p-ribofuranose (5) and 1'-deoxy-1'-(4,6-difluoro-1H-benzi-
midazol-1-yl)-3-p-ribofuranose (6) were prepared according to
the procedure established in our group, which is described in
detail elsewhere by Parsch and Engels.” The simultaneous pro-
tection of the 5- and 3'-hydroxyl group with 1,3-dichloro-
1,1,3,3-tetraisopropyldisiloxane (Markiewicz reagent) was car-
ried out in dry pyridine at room temperature and yielded the
protected nucleosides 7 and 8 in 88% and 92 %, respectively
(Scheme 2). The Markiewicz reagent was synthesized by a
Grignard reaction of 2-bromopropane, magnesium and tri-
chlorosilane.'™ After the dimerisation of 1,1-diisopropylsilanol,
the product 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane was

M
A

HO OH pyridine

\//Sl)g OH

5B’ 7B'=88%
6 B? 8B%=92%

4 W S

SIOO

LiBH,
_ THF/MeOH 82

9B'=66%
10 B2=59%

Scheme 2. Synthesis of the 2'-B-hydroxyethyl-substituted nucleoside building blocks

(B! =2,4-difluorobenzene; B>= 4,6-difluorobenzimidazole).
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obtained by subsequent chlorination in 81% overall yield. The
alkylation of the 2’-position of the nucleosides 7 and 8 was
performed with methyl bromoacetate and sodium hydride in
anhydrous THF in 66 % and 59 % yield, respectively (Scheme 2).
The reduction of the ester group to the primary alcohol was
achieved by treatment with LiBH, in a mixture of dry THF/
methanol (8:2) at 0°C. The desired nucleosides 3',5-O- (1 1,3,3-
tetraisopropyldisiloxy)-1'-deoxy-1"-(2,4-difluorophenyl)-2'-(3-hy-
droxyethyl)-5-p-ribofuranose (11) and 3',5’-0-(1,1,3,3-tetraiso-
propyldisiloxy)-1'-deoxy-1'-(4,6-difluoro-1H-benzimidazol-1-yl)-
2'-(-hydroxyethyl)-3-p-ribofuranose (12) were obtained in
93% and 98 % vyield, respectively.'

3',5’-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-(4,6-difluo-
ro-1H-benzimidazol-1-yl)-2'-(8-hydroxyethyl)-/-b-ribofuranose
(12) was then treated with p-toluenesulfonyl chloride, N,N'-di-
methylaminopyridine and triethylamine in dry pyridine to
afford compound 13 in 86% vyield. After conversion into the
azide 14 with NaNj, the crude product was hydrogenated over
Pd/C at room temperature for 4 h to yield the primary amine
15 (45% vyield over two reaction steps). The primary amine
group of 3',5-0-(1,1,3,3-tetraisopropyldisiloxy)-1'-deoxy-1'-(4,6-
difluoro-1H-benzimidazol-1-yl)-2'-(3-aminoethyl)-3-b-ribofuran-
ose (15) was then protected with trifluoroacetic acid anhydride
(69%), and the Markiewicz group was cleaved with tetrabuty-
lammonium fluoride in THF to give 1'-deoxy-1'-(4,6-difluoro-
1H-benzimidazol-1-yl)-2'-(5-N-trifluoroacetamidoethyl)--p-ribo-
furanose (17) in 92% yield. The 5'-OH function of 17 was pro-
tected with 4,4’-dimethoxytriphenylmethyl chloride (DMTrCl) in
dry pyridine and Et;N to afford the 5'-O-(4,4-dimethoxytrityl)
derivative 18 in 66 % yield. The final phosphorylation of the 3'-
position gave the phosphoroamidite 19 in 75% yield
(Scheme 3). This building block can be directly incorporated
into RNA oligoribonucleotides by solid-phase synthesis (Car-
uther’s method).

The phosphoroamidite 23 of the 2’-substituted compound
carrying the 2,4-difluorobenzene nucleobase analogue was
synthesized by a shorter, optimised pathway. Thus, direct
phthaloylamination of 3',5"-0-(1,1,3,3-tetraisopropyldi-
siloxy)-1"-deoxy-1'-(2,4-difluorophenyl)-2’-(3-hydroxy-
ethyl)-B-p-ribofuranose (11) under Mitsunobu condi-
tions"” with diethylazodicarboxylate (DEAD), triphe-
nylphosphine and phthalimide afforded the phthal-
imide-protected nucleoside 20 in excellent yield
(79%). The advantage of this synthetic strategy is the
orthogonality of the phthalimide and dimethoxytrityl
protecting groups, which means that the phthalimide
group can be used in solid-phase oligoribonucleotide
synthesis."® This group is stable under the standard
phosphoroamidite coupling conditions and can be
cleaved simultaneously with the exocyclic amino pro-
tecting groups of the natural nucleobases in NH,/
MeOH (3:1). The Markiewicz group of compound 20
was cleaved with tetrabutylammonium fluoride in
THF to give 1'-deoxy-1'-(2,4-difluorophenyl)-2'-(5-N-
phthalimidoethyl)-5-p-ribofuranose (21) in 98 % yield
(Scheme 4). After protection of the 5’-hydroxyl group
with 4,4’-dimethoxytrityl chloride (75 %), the product
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Scheme 3. Synthesis of 1'-deoxy-1'-(4,6-difluoro-1H-benzimidazol-1-yl)-2'-(3-aminoethyl)-B-p-ribofuranose (15) and

its conversion into the corresponding phosphoroamidite 19.

CF,

22 was phosphorylated to the
corresponding phosphoroamidite
23 in 53% yield. The phthaloyla-
mination also works well for the
difluoro-substituted  benzimida-
zole derivative (data not shown).

Thermal stabilities and thermo-
dynamic data of modified RNA
12-mer duplexes

To investigate the influence of the
modified nucleosides on the sta-
bility of RNA duplexes we meas-
ured the T, values and calculated
the thermodynamic properties of
RNA 12-mers by UV/Vis melting
studies. Therefore, we incorporat-
ed the modified phosphoroami-
dites into a defined A/U-rich RNA
sequence (5-CUUUUCXUU CUU-3’
paired with 3'-GAA AAGNAA GAA-
5'). This sequence was also used
in studies by Parsch and
Engels;*' thus, we are able to
compare our results with those
obtained for fluorinated nucleo-
base analogues without modifica-
tion at the sugar moiety. The oli-
goribonucleotides were mono-
modified at the position marked
with X and the two resulting
strands were each hybridised with
four different RNA strands carry-
ing one of the four natural nucle-
obases opposite to the fluorinated
nucleobase analogue (position
marked with N, Table 1). With this

Table 1. T,, values and the corresponding thermodynamic parameters of the mono-modified duplex RNAs (5'-CUU UUCXUU CUU-3' paired with 3'-GAAAAG NAA-
GAA-5" in phosphate buffer containing 140 mm NaCl). AT, is the difference in the T,, values compared to the corresponding 2'-unmodified fluorinated nucleo-
bases 1 and 2. The data for the unmodified duplexes (X=U) are published in ref. [4].
Base pair T., value [°C] AT, [°C] AH° [kcalmol™'] TAS® [kcalmol™'] AG® [kcalmol™']
X N
3 A 29.7+0.2 +23 742435 65.0+29 9.0+0.3
C 30.7+0.2 +34 748+1.2 65.2+09 9.6+£0.1
G 26.6+0.3 -1.0 90.5+2.1 81.7+1.5 8.8+0.1
U 32.0+0.2 +4.1 73.9+4.7 64.0+45 10.1£0.2
4 A 359+0.2 +7.5 722420 61.5+20 10.8+£0.1
C 36.7+0.3 +8.0 743+0.6 63.3+0.6 10.9+0.1
G 373+03 +79 726+2.0 61.5+1.8 11.1£0.1
U 38.3+0.1 +9.0 833+0.3 71.5+0.3 11.8£0.1
U A 37.8+0.1 - 87.8+1.7 759+1.6 11.9+0.1
C 30.4+0.1 - 845+1.3 748+1.3 9.8+0.1
G 38.6+0.2 - 83.0+25 711124 11.94+0.2
U 30.1+0.1 - 89.5+1.6 79.8+1.6 9.7+0.1
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Scheme 4. Optimised synthetic pathway for the 2,4-difluorobenzene derivative 11 by the

direct phthaloylamination of the alcohol to obtain the phosphoroamidite 23.

approach we mimic the point mutations in viral genomes and
are able to investigate the effect of artificial nucleosides on the
stability of RNA duplexes. The hybridization of the difluoroben-
zene- and difluorobenzimidazole-modified nucleosides 1 and 2
with all four natural nucleobases results in nearly identical T,
values (27.3-27.9°C and 28.4-29.4°C, light grey and white bars
in Figure 1) for each set of the corresponding RNA duplexes.
Hence, both nucleosides can be considered as universal bases
which do not discriminate between the four natural ones in
RNA duplexes. However, due to the absence of hydrogen
bonds and the lower solvation of the modified bases by water
molecules, the duplexes are less stable than the unmodified
reference duplex (up to 2.4 kcalmol™). Regarding the natural
base pairs, the T,, values for the Watson-Crick base pair (T,,=
37.8°C) and the U-G Wobble base pair (T,,=38.6°C) are as ex-
pected significantly higher than for the mismatch base pairs
U-C and U-U (T,,=30.4°C and T,=30.1°C, respectively). The
effect of the substitution of the aromatic hydrogen with fluo-
rine atoms can be outlined by the measurement of the corre-
sponding RNA modified with a benzene residue which shows
significantly lower T,, values (dashed bars in Figure 1). There-
fore, we improved the fluorinated universal bases by adding a
2'-(B-aminoethyl)group to the sugar moiety (3 and 4 respec-
tively, dark grey and black bars in Figure 1).
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In the case of the 2'-(8-aminoethyl)-4,6-difluoro-
benzimidazole-modified nucleoside 4, the protonated
amino group leads to an enhanced stability which is
equal to the unmodified parent duplex (black bars in
Figure 1). This can be explained by electrostatic inter-
actions with the negatively charged RNA backbone
in the duplex. Furthermore, this artificial nucleoside
can be considered as a universal nucleobase, too. It
pairs with all four naturally occurring nucleosides
without energy discrimination (Table 1). The maxi-
mum variation in the T,, values for the four modified
duplexes is only 2.4°C, which is a very small amount
compared to literature data of universal nucleobas-
es.’! Compared to the Watson-Crick mismatch base
pairs U-C and U-U, there is an increase of T, values
of up to 8.2°C. A stabilization relative to the parent
duplex is even observed in the case of the 4-U modi-
fied base pair. The T, values of the 12-mer RNA
double strands modified with this nucleoside ana-
logue are about 8°C higher than the RNA duplex
containing the fluorinated benzimidazole compound
without 2'-modification. This enhanced stability of
2.2 kcalmol™" can be assigned to the interaction of
the protonated amino group.

RNA strands modified with 2'-(3-aminoethyl)-2,4-di-
fluorobenzene-substituted nucleoside 3 behave com-
pletely differently. The analysed strands have much
lower T, values (26.6-32.0°C, dark grey bars in
Figure 1) but they still stabilize the RNA duplexes.
Compared to the 2’-unmodified fluorinated benzenes
and the Watson—-Crick mismatch cases there is still a
substantial stabilization of up to 4°C except for the
base pair 3-G which destabilizes the RNA duplex by
1.0°C. The conformation of the sugar moiety (“sugar pucker-
ing”) or the geometry of the newly formed base pair and the
accompanying possible restriction of the rotation of the nucle-
obase or the length of the 2’-alkyl chain may explain this loss
of duplex stability, but this is still under investigation by means

f-9
Qo
L

Tmvalues/°C —=

A C G U

Figure 1.T,, values of the mono-modified duplex RNAs (black bars = 1'-deoxy-
1'-(4,6-difluoro- 1H-benzimidazol-1-yl)-2'-(B-aminoethyl)-3-p-ribofuranose (4),
dark grey bars = 1'-deoxy-1'-(2,4-difluorophenyl)-2'-(3-aminoethyl)-p-p-ribofura-
nose (3), light grey bars = 1'-deoxy- 1'-(4,6-difluoro-1H-benzimidazol-1-yl)-B-p-ri-
bofuranose (2), white bars = 1'-deoxy-1'-(2,4-difluorophenyl)-3-p-ribofuranose
(1), dashed bars = 1'-deoxy-1"-phenyl-3-p-ribofuranose.
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of NMR spectroscopy. Surprisingly, this modification differenti-
ates between the nucleobases A, C, G and U. Paired with a pyr-
imidine nucleobase, the modification 3 results in distinctly
higher T,, values (up to 2°C) than those paired with purine
nucleobases.

In summary, we have developed the new, artificial universal
base 4 that stabilizes RNA duplexes as well as the natural
Watson-Crick base pair U-A. By analogy with the results for
the 2’-unmodified nucleobase analogues 1 and 2, the RNA du-
plexes modified with 2’-substituted benzimidazole derivatives
show higher stabilities than their modified counterparts based
on the benzene modification.

Kinetic analysis of chemically modified hammerhead ribo-
zymes

In order to compare the results obtained for the stability of
modified RNA duplexes with the influence of the nucleoside
analogues 3 and 4 on RNA cleavage reactions, we analysed
the kinetic properties of chemically modified catalytic RNAs. In
a previous study® we investigated the effect of the fluorinat-
ed nucleobase analogues 1 and 2 on the catalytic activity of
hammerhead ribozymes. In correlation with the UV/Vis melting
studies,” the mismatch variants of the hammerhead ribo-
zyme-substrate complexes were still a little more active than
the modified ribozymes. For an application of the fluorinated
nucleosides in biological systems we needed to optimise them
in order to enhance the catalytic activity of the ribozymes in
such a way that they are superior to the Watson-Crick mis-
match variants. For these further investigations we substituted
the 2'-position as discussed in the previous chapters and we
optimised the hammerhead ribozyme domains for the mea-
surement under multiple turnover conditions (Figure 2). To
reveal the influence of the artificial nucleobases, only one de-
fined position in the hammerhead sequence was substituted.
The hammerhead ribozyme was modified at the position
15.4%" (marked M in Figure 2) and paired against any natural
nucleobase N in a dye-labelled 17-mer substrate. Twelve differ-

3 5
helixii + 177 CY5
—C
U—-A
M—N
u A cleavage site
C—G
A—U
helix II AP CrccAAG—-3
UGC U GA GU helix |
G A
u

Figure 2. Secondary structure of the chemically modified hammerhead ribo-
zyme-substrate complex with highlighted sites of incorporation (M=A, 3, 4;
N=A, C G, U; Cy5=fluorescence dye; bold black letters: highly conserved core
structure).
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ent ribozyme-substrate complexes were analysed, which
means that each of the two modifications 3 and 4 as well as
the unmodified ribozyme were tested against the four natural-
ly occurring substrates. The substrates were marked with the
fluorescence dye Cy5. To avoid a possible interference of the
dye with the ribozyme-substrate complex the dye was attach-
ed to the 5-end of the substrate through a tetrathymidine-
containing linker by using phosphoramidite chemistry. The
cleavage products were detected with laser diodes in an ALF
Express™ system.?

As expected, a great difference in the cleavage rates is ob-
served when comparing the unmodified ribozyme (M-N=A-
U) cleaving the Watson-Crick match substrate (k. =2.5 min™")
and the three mismatch substrates (Table 2). The kinetic analy-

Table 2. Kinetic parameters of the modified hammerhead ribozymes direct-
ed against the four possible substrates (k... = cleavage rate, K,,=Michaelis-
Menten constant; N=A, C, G, U).
M N kcat Km kcat/Km
(ribozyme)  (substrate)  [min'] [um] [10~*min~"'nm™"]
A A 0.21+0.12 2.09+14 1.14+0.2

C 0.03+0.01 0.11£0.05 23+0.2

G 0.14+0.06 093404 2.1+07

U 25408 22406 26+16
3 A 0.21+0.07 0.6+£0.37 53+25

C 0.15+0.05 0.66+0.4 27+1.1

G 0.14+0.02 0.5+0.1 29+0.7

U 0.11+£0.02 1.0+0.5 1.34+0.6
4 A 0.19+0.1 24413 1.1+0.5

C 0.39+0.12 203+14 26+13

G 0.22+0.12  3.08+2.3 1+£0.7

U 0.24+0.1 0.93+0.8 84+4.1

ses of the modified ribozymes reveal that the benzimidazole-
modified ribozyme (M=4) cleaves all the four possible short
synthetic RNA substrates quite effectively. The reaction rates
are lower than for the unmodified ribozyme; however, focus-
sing on the four different base pairs they do not vary very
much (k.,=0.19-0.39 min~', Table 2). These reaction rates are
up to a factor 13 higher than those for the Watson—Crick mis-
match ribozyme-substrate complexes. Thus, we have devel-
oped a hammerhead ribozyme which tolerates point muta-
tions and does not differentiate between the four possible
substrates. Interestingly, the ribozyme-substrate complex with
a C opposite to the modification 4 (M-N=4-C) has the high-
est cleavage rates. One possible explanation for this result is
that the 4,6-difluorobenzimidazole nucleobase acts as a steric
mimic of guanosine, since the determined parameter fits well
into that thought. As a result the hammerhead ribozyme modi-
fied with a 1’-deoxy-1'-(4,6-difluoro-1H-benzimidazol-1-yl)-2'-
(B-aminoethyl)-g-p-ribofuranose nucleoside analogue 4 is a
candidate for cell assays targeting HIV point mutations.

For the difluorobenzene-modified ribozyme (M=3), the ob-
served cleavage rates k., are only slightly higher than for the
Watson-Crick mismatch cases. But as a result of smaller K,
values the catalytic efficiency remains in the range of those ob-
tained for the difluorobenzimidazole modified ribozyme (M=
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4). In correlation to the UV melting studies on the stability of
RNA 12-mers, the improvement in the catalytic activity is not
as distinct as for the benzimidazole derivative. In contrast to
the low T,, value obtained for the base pair 3-G, the kinetic
analysis does not indicate a significant loss of activity.

Similar to the observation for the complex modified with
the Watson-Crick “analogon” base pair (4-C), the highest reac-
tion rate for the 2,4-difluorobenzene modification 3, which is
considered to be a steric mimic of uridine, is determined with
the ribozyme-substrate complex containing the base pair 3-A
(k;y=0.21 min~", Table 2). As the end point of all performed
cleavage reactions is similar, the modifications seem to slightly
decrease the reactions rates and it is not likely that they trap
the ribozyme-substrate complex in an inactive conformation.

By comparing these results with the above-mentioned previ-
ous studies, it is evident that the incorporation of the 2'-ami-
noalkyl chain led to an enhancement of the cleavage rate in
such a way that this new generation of chemically modified ri-
bozymes tolerate point mutations and cleave short synthetic
substrates substantially better than the Watson-Crick mis-
match variants do.

Conclusion

A synthetic pathway leading to 2-aminoethyl-substituted
nucleoside analogues has been established and optimised
through the application of the phthalimido group under Mitsu-
nobu conditions. The artificial nucleobases were incorporated
into RNA 12-mer duplexes in order to investigate their influ-
ence on the stability of RNA helices. As the difluorobenzimida-
zole derivative turned out to be a universal nucleobase, which
stabilizes all four possible duplexes to the same extent as the
Watson-Crick base pair does, the modified phosphoroamidites
were introduced into a hammerhead ribozyme sequence, and
their kinetic parameters were determined. Ribozymes modified
with both 3 and 4 have better or at least equal catalytic activi-
ties relative to the Watson-Crick mismatches. This improve-
ment can be assigned to the 2-aminoethyl group owing to
the fact that the 2'-unsubstituted fluorinated nucleosides have
significantly lower catalytic rates than the Watson-Crick mis-
match complexes. Thus, the most important ability for tolerat-
ing point mutations is implemented. The correlation of the re-
sults obtained in the UV/Vis melting studies with the kinetic
analyses is challenging. In analogy to the thermodynamic
properties, the 2'-substituted fluorinated benzimidazole modifi-
cation 4 is significantly better than the Watson-Crick mismatch
complexes and ribozymes modified with 3 have reaction rates
comparable to the Watson—Crick mismatch ones. Nevertheless,
the enhancement of the stability gained for the RNA duplexes
modified with 4 in the UV/Vis melting studies is not so distinct
in the kinetic studies. As the ribozyme activity is dependent on
the formation of a precisely three-dimensionally folded struc-
ture between the ribozyme and its substrate, the introduced
chemical modifications may have an influence on the geome-
try of the complex. Therefore, not only are the parameters in-
vestigated in 12-mer helices (such as base stacking, hydrogen
bonding and solvation) of interest for the catalytic activity, but
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the steric demands of the modifications and the change of the
overall conformation of the ribozyme-substrate complex also
influence the kinetic parameters dramatically. Molecular dy-
namic simulations reveal that the C-F--H-C distance in base
pairs containing fluorinated benzimidazoles and benzenes is
about 0.5 A longer than hydrogen bonds between natural nu-
cleosides. Furthermore, the angle between the nucleobase and
its adjacent nucleotide increases to an extent of 14° (50° in-
stead of 36° data not shown). This change leads to a closer
contact which allows a better base stacking between the ben-
zimidazole ring and its 5’-neighbouring nucleotide. The greater
hydrophobicity of the 4,6-difluorobenzimidazole nucleobase
may also be an explanation for its improved properties. It has
been proposed™® that nature inserts adenine so readily in non-
instructional situations because of the greater hydrophobicity
of adenine relative to the other normal bases. These studies
may provide an explanation for the better ability of fluorinated
benzimidazole nucleosides to stabilize RNA duplexes and to
improve the cleavage rates of ribozymes compared to the fluo-
rinated benzenes.

The presented chemical modifications with improved prop-
erties for RNA recognition can be easily introduced into differ-
ent ribozymes making them applicable to a variety of different
mRNA targets.

Experimental Section

Oligonucleotide synthesis: The RNA oligoribonucleotides
(1.0 umol scale) were synthesized on an Expedite 83900-DNA/RNA
Synthesizer (Perseptive Biosystems) by phosphoroamidite chemis-
try with a coupling time of 12 min for the modified monomeric
building blocks. The fully protected RNA strands were cleaved
from the controlled-pore-glass (CPG) support with methanol in
25% aqueous NH; solution (1:3) at room temperature for 24 h. The
2'-silyl groups were deprotected with Et;N-3HF within 24 h at
room temperature. The crude RNA oligomers were precipitated
with butanol at —20°C and the fully deprotected RNAs were puri-
fied by sterile anion-exchange HPLC (JASCO-System, NucleoPac-PA-
100 column from Dionex). The purified oligoribonucleotides were
subsequently desalted over Sephadex-G25 columns (Amersham
Biosciences). The purified hammerhead ribozymes were first desalt-
ed with ultracentrifugation membranes and then twice desalted
with Sephadex columns (Amersham Biosciences). All oligoribo-
nucleotides were characterized by MALDI-TOF mass spectrometry
and the masses obtained were in good agreement with the calcu-
lated ones.

UV melting curves: UV melting profiles of the RNA duplexes were
recorded with a CARY-1 UV-VIS Spectrophotometer (Varian) in
10 mm cuvettes. A phosphate buffer containing 140 mm NaCl
(pH 7.0) was used at oligonucleotide concentrations of 2um for
each strand and a wavelength of 260 nm. Each melting curve was
determined three times. The temperature range was 10-70°C with
a heating rate of 0.5°Cmin~". The thermodynamic data were calcu-
lated from the melting curves by means of a two-state model for
the transition from duplex to single strand.*”

Kinetic analysis: The cleavage reactions were carried out under
multiple turnover conditions in 50 mm TRIS buffer (pH 8.0) with
10mm MgCl,. The substrate concentrations varied between 100 nm
and 1250 nm; the ribozyme concentration was 50 nm or 25 nm, re-
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spectively (ratio 1:2 to 1:50). The reaction mixtures were incubated
at 37°C and the reactions were stopped with formamide after defi-
nite times. The probes were then loaded on a 16% polyacrylamide
gel (15% crosslinking, 1xTBE buffer, 7m urea) and the Cy5-labeled
cleavage products and substrates were detected with an ALF Ex-
press System (Amersham Biosciences) at 667 nm. Each kinetic anal-
ysis was performed at least three times and the Michaelis-Menten
kinetics were calculated after the linearisation plots of Eadie-Hof-
stee and Lineweaver-Burk.

Chemistry: The anhydrous solvents (e.g. THF, CH,Cl, or pyridine)
were obtained from Fluka and were used without further purifica-
tion. Unless otherwise stated the reactions were performed under
anhydrous conditions under an inert atmosphere. All reactions
were monitored by thin-layer chromatography by using silica gel
60F,s, plates from Merck. Flash column chromatography (FC) was
performed with Merck silica gel 60 (40-63 um). NMR spectra were
recorded on Bruker spectrometers: AM250 and AMX400 ('H, "C,
3p); primes refer to the sugar moiety. Mass Spectra were recorded
on a Perseptive Biosystems MALDI-TOF spectrometer Voyager DE
or with electrospray ionisation (ESI).

3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-(4,6-difluoro-
1H-benzimidazol-1-yl)-f#-p-ribofuranose (8): 1'-Deoxy-1'-(4,6-di-
fluoro-1H-benzimidazol-1-yl)-5-p-ribofuranose' (6) 419,
14.3 mmol) was dissolved in anhydrous pyridine (42.6 mL). After
the dropwise addition of 1,3-dichloro-1,1,3,3-tetraisopropyldisilox-
ane (5.0 g, 15.7 mmol, 1.1 equiv), the reaction mixture was stirred
for 5 h at room temperature. The reaction was stopped by the ad-
dition of water and the mixture was extracted with CH,Cl,. The
combined organic phases were washed with water, dried (MgSO,),
filtered, concentrated in vacuo and the residue was coevaporated
twice with toluene. Purification by FC (CH,Cl,/MeOH 95:5) yielded
8 (6.9 g, 13.2 mmol, 92%). '"H NMR ([Dg]DMSO): 6 =8.35 (s, 1H; H2),
741 (dd, 1H, J,,=6.7 Hz, J,;=88Hz; H7), 7.12 (dt, 1H, J,,=
2.0 Hz, J,3=10.7 Hz; H5), 5.91 (d, 1H, J,,=2.0 Hz; H1'), 5.74 (d, 1H,
J1,=47 Hz; 2-OH), 434 (q, 1H, J;,=2.7 Hz, J,;=8.0 Hz; H2)), 2.26
(t, TH; H3'), 414 (m, 1H; H5'), 4.05 (m, 1H; H4), 3.93 (m, 1H; H5"),
1.30-0.91 ppm (m, 28H; Si—CH,, Si—iPr); *C NMR ([DJDMSO): 6 =
158.00 (dd, C), 157.00 (dd, C;), 149.54 (C2), 134.53 (C,rom), 129.01
(Caror)s 97.91 (t, Jy,=22 Hz; C5), 94.78 (dd, J,,=4 Hz, J,;=28 Hz;
C7), 90.24 (C1'), 81.46 (C2), 73.37 (C4), 69.18 (C3'), 60.53 (C5),
17.03 (SiCHCH,), 12.32 ppm (SiCHCH,); ESI(+) MS: m/z (%): 529.3
(IM4HI™, 100).

3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-(4,6-difluoro-
1H-benzimidazol-1-yl)-2'-methylacetate-f-p-ribofuranose  (10):
Sodium hydride (0.59 g, 25.4 mmol, 1.3 equiv) was added to a
solution of 3',5'-0-(1,1,3,3-tetraisopropyldisiloxy)-1"-deoxy-1'-(4,6-di-
fluoro-1H-benzimidazol-1-yl)-3-b-ribofuranose (8) (10 g, 18.9 mmol)
in anhydrous THF (100 mL). After the dropwise addition of methyl
bromoacetate (5.14 mL, 55.9 mmol, 3 equiv), the mixture was stir-
red overnight and then poured into a saturated solution of NaCl.
The product was extracted with CH,Cl, and the combined organic
extracts were dried over MgSO,. Purification by FC (CH,Cl,/MeOH
98:2) yielded the product 10 (6.7 g, 11.1 mmol, 59%). 'H NMR
(IDJIDMSO): 6=8.38 (s, 1H; H2), 7.45 (d, TH, J;,=1.9 Hz; H7), 7.17
(t, TH, J;,=8.4Hz; H5), 6.12 (s, 1H; H1'), 459-4.46 (m, 3H; H2,
H3', -CH,-), 439 (m, 1H; -CH,-), 4.14 (m, 1H; H5'), 4.05 (m, 1H; H4),
3.95 (m, TH; H5’), 3.60 ppm (s, 3H; CH;), 1.12-0.92 ppm (m, 28H;
Si—CHs, Si—iPr); ESI(+) MS: m/z (%): 601.5 (IM-+-H]™*, 100).

3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-(4,6-difluoro-
1H-benzimidazol-1-yl)-2'-(-hydroxyethyl)-f-p-ribofuranose (12):
Compound 10 (6.68 g, 11.1 mmol) was dissolved in a mixture of
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THF and methanol (8:2) (200 mL) and cooled down to 0°C. Lithium
borohydride (1.94 g, 89.4 mmol, 8 equiv) was added and the mix-
ture was stirred for 40 min. After quenching the reaction with a
saturated solution of NH,Cl, the mixture was extracted with CH,Cl,
and the combined organic extracts were dried over MgSO,. Purifi-
cation by FC (CH,Cl,/MeOH 98:2) yielded the white solid product
12 (6.22 g, 10.9 mmol, 98%). 'H NMR (CDCl;): 5 =8.26 (s, 1H; H2),
6.95 (dd, 1H, J;,=63Hz, J,;=80Hz; H7), 683 (dt, 1H, J,,=
2.1Hz, J,;=10.1Hz; H5), 591 (s, 1H; H1’), 455 (m, 1H; -aCH,),
4.30 (d, TH, J;,=13.4 Hz; -fCH,), 4.20 (d, 1H, J,,=9.3 Hz; -aCH,),
4.06 (d, 1H, J,,=10.9 Hz; -fCH,-), 3.95 (m, 3H; H2', H3', H4), 3.81
(m, 2H; H5, H5"), 2.60 (brs, 1H; OH), 1.18-0.98 ppm (m, 28H; Si—
CH;,, Si—iPr); *C NMR ([Dg]DMSO): 6 =158.17 (dd, J;,=250 Hz; C;),
153.40 (dd, J;,=253 Hz; Cg), 143.09 (C2), 13539 (C,om) 129.83
(Corom)s 98.76 (t, J,,=28 Hz; C5), 95.35 (dd, J;,=5Hz, J;3=28 Hz;
C7), 89.60 (C1'), 82.16 (Ca), 73.81 (Cp), 70.62 (C2'), 61.34 (C4'), 61.04
(C5'), 17.94 (SiCHCH,), 13.02 ppm (SiCHCH,); ESI(—) MS: m/z (%):
571.6 (IM—H1%, 100).

3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-(4,6-difluoro-
1H-benzimidazol-1-yl)-2"-[(#-(para-toluenesulfonyl)ethyl)]-f-p-ri-
bofuranose (13): 3',5-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-
(4,6-difluoro-1H-benzimidazol-1-yl)-2'-(3-hydroxyethyl)-3-p-ribofura-
nose (12) (6.22 g, 10.9 mmol) was dissolved in anhydrous CH,Cl,
(240 mL). N,N'-Dimethylaminopyridine (1.35 g, 1.05 mmol), triethyl-
amine (5 mL) and 4-toluenesulfonyl chloride (6.53 g, 34.3 mmol)
were added. While stirring at room temperature for 2 h the yellow
solution turns orange. The reaction was stopped by adding a satu-
rated solution of NaHCO; and the mixture was extracted with
CH,Cl,. The combined organic extracts were dried over MgSO, and
the crude product was purified by FC (CH,Cl,/MeOH 99:1) to afford
compound 13 (6.82g, 9.4 mmol, 86%) as a light yellow foam.
'H NMR (CDCly): 6=8.18 (s, 1H; H2), 7.90 (d, 2H, J,,=8.3 Hz; Hy,),
730 (d, 2H, J,,=80Hz; Hy), 6.87 (dd, 1H, J,,=14Hz, J ;=
2.2 Hz; H7), 6.80 (dt, 1H, J;,=2.2 Hz, J,;=10.1 Hz; H5), 5.74 (s, 1H;
H1'), 445 (m, 1H; -aCH5), 4.28 (m, 4H; -aCH,, -BCH,-, H2'), 4.05
(m, 2H; H3', H4), 3.84 (m, 2H; H5’, H5"), 2.41 (s, 3H; CH;), 1.09-
0.94 ppm (m, 28 H; Si—CH,, Si—iPr); *C NMR (CDCl,): 8 =159.55 (dd,
J1,=243 Hz, J,3=17 Hz; Cg), 153.51 (dd, J,,=243 Hz, J,3=23 Hz;
Cp), 144.95 (Cy), 140.79 (C2), 134.06 (C,om), 130.18 (C,om) 129.82
(Cios)r 128.56 (Cyy), 98.67 (t, J,,=22 Hz; C5), 93.12 (dd, J;,=23 Hz,
J13=28Hz; C7), 89.72 (C1'), 82.09 (Ca), 81.21 (CB), 70.15, 70.08,
69.47 (C2', C3, C4'), 59.38 (C5), 21.56 (Cyy), 17.21 (SiCHCH,),
12.90 ppm (SiCHCH,); ESI(+) MS: m/z (%): 741.4 (IM+2Lil*, 100).

3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-(4,6-difluoro-
1H-benzimidazol-1-yl)-2'-(#-azidoethyl)-f-p-ribofuranose (14):
Sodium azide (1.44 g, 22.2 mmol) was added to a solution of 13
(6.8 g, 9.38 mmol) in DMF (20 mL). The mixture was stirred at 55°C
for 4 h and then stirred overnight at room temperature. The reac-
tion was quenched by adding H,O and CH,Cl,. After extraction the
combined organic extracts were dried over MgSO, and the crude
product was used directly for the synthesis of compound 15.
'HNMR (CDCly): =844 (s, 1H; H2), 7.05 (dd, 1H, J;,=6.0 Hz,
J13=7.9 Hz; H7), 6.89 (dt, 1H, J,,=2.1 Hz, J,3=9.9 Hz; H5), 5.92 (s,
1H; H1), 453 (m, TH; -aCH,-), 429 (m, 2H; H2', -CH,-), 4.21 (m,
1H; -CH,-), 4.05 (m, 1H; -CH,), 3.96 (m, 1H; H3’), 3.80 (m, 1H; H4),
3.53 (m, 1H; H5'), 3.49 (m, 1H; H5"), 1.11-0.94 ppm (m, 28H; Si—
CH,, Si—iPr); CNMR (CDCl): 6=159.99 (dd, J,,=243 Hz, J,;=
11 Hz; Cp), 154.00 (dd, Cp), 141.36 (C2), 129.05 (C,om) 126.04 (Coror),
98.68 (t, J,,=22 Hz, C5), 93.32 (d, C7), 89.90 (C1’), 83.05 (Ca), 81.25
(C2'), 71.10, 70.08, 59.32 (C3', C4', C5'), 50.81 (Cp), 16.77 (SiCHCH,),
12.73 ppm (SiCHCH,); ESI(+) MS: m/z (%): 598.3 (IM+H]*, 100).
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3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-(4,6-difluoro-
1H-benzimidazol-1-yl)-2'-(f-aminoethyl)-f-p-ribofuranose  (15):
3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-(4,6-difluoro-1H-
benzimidazol-1-yl)-2'-(8-azidoethyl)-3-p-ribofuranose (14) was dis-
solved in a mixture of THF/MeOH (1:1, 50 mL). After addition of the
hydrogenation catalyst (Pd/C) the flask was flushed with hydrogen
and the mixture was stirred for 4 h at room temperature. The cata-
lyst was removed by filtration and the solvents were evaporated.
The crude product was purified by FC (CH,Cl,/MeOH 9:1) to afford
compound 15 (2.39 g, 4.2 mmol, 45% starting from 13) as a col-
ourless solid. '"H NMR (CDCl;): 6=8.25 (s, TH; H2), 6.93 (dd, 1H,
J,,=65Hz, J;3=81Hz; H7), 668 (dt, 1H, J,,=20Hz, J;=
10.2 Hz; H5), 5.90 (s, 1H; H1'), 446 (m, 1H; -aCH,), 419 (m, 1H;
-aCH,-), 4.07 (m, 1H; H2), 3.98 (m, 2H; H3’, H4'), 3.87 (m, 1H; H5'),
3.72 (m, 1H; H5"), 2.97 (m, 2H; -BCH,-), 2.90 (brs, 2H; NH,), 1.05-
0.92 ppm (m, 28H; Si—CH,, Si—iPr); ESI(+) MS: m/z (%): 572.5
(IM+H1*, 100).

3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-(4,6-difluoro-
1H-benzimidazol-1-yl)-2'-(-N-trifluoroacetamidoethyl)-f-p-ribo-
furanose (16): 3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-
(4,6-difluoro-1H-benzimidazol-1-yl)-2'-(3-aminoethyl)-3-p-ribofura-
nose (15) (2g, 3.5mmol) was dissolved in anhydrous pyridine
(40 mL) and cooled down to 0°C. Trifluoroacetic anhydride (0.6 mL,
4.2 mmol) was added dropwise and the temperature was allowed
to warm to 25°C. The reaction mixture was then stirred at room
temperature overnight. After evaporation and coevaporation with
toluene the residue was diluted with CH,Cl, and H,O. After extrac-
tion the combined organic extracts were dried over MgSO, and
the crude product was purified by FC (CH,Cl,/MeOH 98:2 —CH,Cl,/
MeOH 95:5) to give 16 (1.60 g, 2.4 mmol, 69%) as a white foam.
'H NMR (CDCly): 6=8.41 (s, TH; H2), 7.09 (brs, 1H; NH), 6.93 (dd,
1H, J,,=6.1Hz, J,;=7.9Hz; H7), 6.84 (dt, 1H, J,,=2.1Hz, J,;=
10.0 Hz; H5), 5.88 (s, 1H; H1'), 455 (m, 1H; -aCH,), 429 (m, 1H;
-aCH,-), 4.13-4.03 (m, 3H; H2', H3', H4'), 3.88 (m, 2H; H5', H5"),
365 (m, 2H; -BCH,), 1.13-0.94 ppm (m, 28H; Si—CH,, Si—iPr);
BCNMR (CDCly): 6=158.36 (dd, C;), 157.47 (CO), 157.10 (CF,),
154.85 (dd; Cp), 140.94 (C2), 131.00 (C, o), 115.84 (Coom)s 98.96 (t,
J1,=29 Hz; C5), 93.1 (d, J,,=27 Hz; C7), 89.73 (CT’), 82.65, 81.57
(C2, C3'), 69.79 (Ca), 69.38 (C5'), 59.36 (C4), 40.02 (CP), 17.10
(SICHCH;), 12.96 ppm (SiCHCH;); ESI(+) MS: m/z (%): 668.5
(IM+H1%, 100).

1'-Deoxy-1'-(4,6-difluoro-1H-benzimidazol-1-yl)-2"-(3-N-trifluoro-

acetamidoethyl)-f-p-ribofuranose (17): Compound 16 (1.6g,
2.4 mmol) was dissolved in anhydrous THF (100 mL). A solution of
tetrabutylammonium fluoride (0.42 mL, 0.42 mmol, 2.1eq, 1M in
THF) was added dropwise. After stirring for 15 min at room tem-
perature the solvents were evaporated and the residue was puri-
fied by FC (CH,Cl,/MeOH 98:2—CH,Cl,/MeOH 9:1) to give a 17
(1.31 g, 3.1 mmol, 88%) as a white foam. 'H NMR (CDCl,): 6 =8.60
(s, TH; H2), 8.08 (t, TH; NH), 7.01 (dd, 1H, J,,=8.2 Hz; H7), 6.75 (dt,
TH, J;,=20Hz, J,3=9.9Hz; H5), 587 (d, TH, J;,=4.1Hz; H1),
458 (t, TH, J,,=5.0 Hz; 5-OH), 4.16 (m, 2H, 3-OH; -aCH,), 3.90
(m, 2H; H2, -aCH,), 3.50 (m, 2H; H3, H4'), 3.18 (m, 2H; H5', H5"),
2.91 ppm (m, 2H; -BCH,); ESI(—) MS: m/z (%): 424.1 (IM—H]*, 100).

5'-0-(4,4'-Dimethoxytriphenylmethyl)-1'-deoxy-1'-(4,6-difluoro-

1H-benzimidazol-1-yl)-2'-(3-N-trifluoroacetamidoethyl)-f-p-ribo-

furanose (18): 1’-Deoxy-1"-(4,6-difluoro-1H-benzimidazol-1-yl)-2'-(3-
N-trifluoroacetamidoethyl)-3-p-ribofuranose (17) (1.3 g, 3.1 mmol)
was dissolved in anhydrous pyridine (20 mL). After addition of tri-
ethylamine (0.7 mL) and 4,4'-dimethoxytriphenylmethyl chloride
(1.21 g, 3.8 mmol, 1.2 equiv) the mixture was stirred at room tem-
perature for 3 h. The reaction was quenched by adding methanol.
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After evaporating the solvent and coevaporation with toluene the
residue was purified by FC (CH,Cl,/MeOH 98:2) to afford 18
(1.48 g, 2.03 mmol, 66%) as a yellow foam. '"H NMR (CDCl,): 6=
8.29 (t, 1H; NH), 8.08 (s, 1H; H2), 7.44-7.19 (m, 10H; H,,,), 7.08
(dd, 1H, J,,=6.1 Hz, J,;=8.2 Hz; H7), 6.86-6.79 (m, 4H; H5, H,.),
593 (d, 1H, J;,=5.6 Hz; H1), 453 (m, TH; -aCH,), 433 (m, 2H;
H2', -aCH,), 3.79 (s, 3H; OMe), 3.78 (s, 3H; OMe), 3.72 (m, 1H;
H3), 3.59 (m, 1H; H3), 348 ppm (m, 4H; H5, H5", -BCH,);
3C NMR (CDCl,y): 6=158.90 (C;), 158.57 (CO), 158.52 (CF,), 157.00
(dd, Cp), 141.23 (C2), 129.92, 129.08, 127.95, 127.89, 127.74, 127.72,
126.99 126.95(C,rom), 123.94 (Corom)s 113.18, 113.06 (C,yorn), 98.92 (C5),
94.50 (C7), 88.12 (C1’), 84.64, 82.30 (C2, C3'), 69.71 (C4'), 68.75
(Ca), 63.04 (CB), 55.16 (OCH;), 40.02 ppm (C5'); ESI(—) MS: m/z (%):
726.8 (IM—H]*), 100).

5'-0-(4,4'-Dimethoxytriphenylmethyl)-1'-deoxy-1'-(4,6-difluoro-
1H-benzimidazol-1-yl)-2'-(-N-trifluoroacetamidoethyl)-f-p-ribo-
furanose-3'-(2-cyanoethyl diisopropylaminophosphoroamidite)
(19): Collidine (2,4,6-trimethylpyridine, 1.4 mL, 10.7 mmol), 1-
methyl-1H-imidazole (45 pL, 0.56 mmol) and were added to a solu-
tion of 5-0-(4,4'-dimethoxytriphenylmethyl)-1’-deoxy-1'-(4,6-di-
fluoro-1H-benzimidazol-1-yl)-2'-(5-N-trifluoroacetamidoethyl)-£-p-ri-
bofuranose (18) (0.8 g, 1.1 mmol) in anhydrous MeCN (45 mL). The
mixture was cooled down to 0°C, and 2-cyanoethyl diisopropyl-
phosphoramidochloridite (0.41 mL, 1.84 mmol, 1.7 equiv) was
added slowly. The reaction mixture was stirred for 30 min at 0°C.
The reaction was quenched by the addition of a saturated aqueous
solution of NaHCO,. After extraction with CH,Cl,, the combined or-
ganic extracts were dried over MgSO,, and the crude product was
rapidly purified by FC (CH,Cl,/MeOH 98:2) to give compound 19
(0.76 g, 0.82 mmol, 75%) as a white foam. 'H NMR (CDCl,): 6 =8.05
(s, TH; H2), 7.75 (brs, 1H; NH), 7.39-7.21 (m, 7H; H,...), 7.06 (m,
1H; H7), 6.87-6.76 (m, 7H; H5, H,o.), 5.93 (d, TH, J,,=6.6 Hz; H1),
4.38-4.12 (m, 4H; H2, H4, -aCH,), 3.88 (t, 1H, J,,=6.2 Hz; H3)),
3.78 (s, 3H; OMe), 3.77 (s, 3H; OMe), 3.70 (m, 1H; -OCH,CH,CN-),
3.63-3.37 (m, 6H; H5', H5", -BCH,;, —OCH,CH,CN), (t, 1H, J;,=
6.3 Hz; —OCH,CH,CN), 1.32-1.18 ppm (m, 14H; 2iPr); 3'P NMR
(CDCly): 6=138.73, 138.38 ppm (ratio 1:1.4); ESI(+) MS: m/z (%):
928.5 ([M+HI*, 100).

3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-(2,4-difluoro-
phenyl)-B-p-ribofuranose (7): 1’-Deoxy-1'-(2,4-difluorophenyl)-j3-p-
ribofuranose™ (5) (10.39 g, 42.2 mmol) was dissolved in anhydrous
pyridine (126 mL). After the dropwise addition of 1,3-dichloro-
1,1,3,3-tetraisopropyldisiloxane (14.8 g, 46.6 mmol, 1.1 equiv) the
reaction mixture was stirred for 16 h at room temperature. The
yellow reaction mixture was stopped by the addition of water and
the mixture was extracted with CH,Cl,. The combined organic
phases were washed with water, dried (MgSO,), filtered, concen-
trated in vacuo and the residue was coevaporated twice with tolu-
ene. Purification by FC (CH,Cl,/MeOH 97:3) yielded 7 (18.1g,
37.0 mmol, 88%). 'HNMR (CDCl,): 6=7.55 (q, 1H, J,,=6.6 Hz,
J13=14.7 Hz; H6), 6.83 (m, 2H; H3, H5), 5.10 (d, 1H, J,,=2.1 Hz;
H1), 437 (dd, J,,=2.3 Hz, J,3=7.7 Hz; H2), 413 (m, 2H; H3', H4),
4.03 (m, 2H; H5’, H5"), 2.57 (brs, 1H; OH), 0.97-1.18 ppm (m, 28H;
Si—CHs, Si—iPr); *C NMR (CDCl,): 0 =163.10 (dd, J,, =235 Hz, J;;=
12 Hz, Cp), 160.42 (dd, J,,=236 Hz, J,;=12Hz; C;), 129.36 (C6),
123.95 (C1), 111.69 (d, J,,=21Hz; C5), 104.30 (t, J,,=25 Hz; C3),
82.05 (C5), 80.70 (C3'), 77.08 (C1), 71.42 (C2'), 62.10 (C4), 17.78
(SICHCH,), 13.92, 13.63, 13.34, 13.17 ppm (SiCHCH,); ESI(+) MS:
m/z (%): 506.4 ((M+NH,]*, 100).

3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-(2,4-difluoro-

phenyl)-2’-methylacetate-f-p-ribofuranose (9): Sodium hydride
(0.43 g, 18.5 mmol, 1.3 equiv) was added to a solution of 3',5'-O-
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(1,1,3,3-tetraisopropyldisiloxy)-1'-deoxy-1'-(2,4-difluorophenyl)-3-p-

ribofuranose (7) (8 g, 16.3 mmol) in anhydrous THF (80 mL). After
the dropwise addition of methyl bromoacetate (3.94 mL,
42.9 mmol, 3 equiv) the mixture was stirred for 4 h and then
poured into a saturated aqueous solution of NaCl. The product
was extracted with CH,Cl, and the combined organic extracts were
dried over MgSO,. Purification by FC (CH,Cl,) yielded the product 9
(6.02 g, 10.74 mmol, 66%). '"HNMR ([D;]DMSO): 6=7.61 (q, TH,
J1,=6.9 Hz, J;3=15.5 Hz; H6), 7.23 (t, 1H, J,,=9.8 Hz; H3), 7.01 (,
1H, J;,=7.3 Hz; H5), 5.10 (s, 1H; H1), 440 (m, 2H; H2', H3), 4.21
(m, 1H; -CH,), 4.13 (m, 1H; -CH,-), 3.98-3.87 (m, 3H; H4', H5, H5"),
3.61 (s, 3H; CH,), 1.04-0.91 ppm (m, 28H; Si—CH,, Si—iPr); *C NMR
(CDCLy): 6=131.18 (C o) 128.09 (C,.n), 11148 (C3), 103.86 (C5),
83.81, 81.97, 80.51 (Ca, CB, C1'), 72.93, 72.07, 71.11 (C2', C3’, C5)),
62.44 (C4'), 16.77 (SiCHCH,), 13.51 ppm (SiCHCH;); ESI(+) MS: m/z
(%): 561.3 (IM-+H]*, 100).

3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-(2,4-difluoro-
phenyl)-2-(3-hydroxyethyl)-#-p-ribofuranose (11): Compound 9
(6 g, 10.7 mmol) was dissolved in anhydrous THF (120 mL). After
the addition of methanol (30 mL) the mixture was cooled down to
0°C. Lithium borohydride (1.8 g, 83.1 mmol, 8 equiv) was added
and the mixture was stirred for 3 h. The mixture was then stirred at
room temperature for 1 h. After quenching the reaction with a sat-
urated aqueous solution of NH,Cl the mixture was extracted with
CH,Cl, and the combined organic extracts were dried over MgSO,.
Purification by FC (CH,Cl,/MeOH 98:2) yielded the white foam 12
(529 g, 9.94 mmol, 93%). 'HNMR (CDCl,): 6=7.71 (q, 1H, J,,=
6.7 Hz, J,3=8.4 Hz; H6), 6.82 (m, 2H; H3, H5), 5.20 (s, TH; H1"), 4.27
(m, 2H; H2', -aCH,"), 4.05 (m, 1H; -aCH,"), 3.96 (m, 2H; H3', -5CH,),
3.83 (m, 1H; -BCH,), 3.75 (m, 3H; H4, H5, H5"), 2.57 (brs, TH;
OH), 1.15-0.91 ppm (m, 28H; Si—CH,, Si—iPr); *C NMR (CDCl;): 6 =
162.62 (dd, J,,=235Hz, J;;=12Hz; Cy), 159.03 (dd, J,,=234 Hz,
Ji13=12Hz; C), 12841 (C6), 124.165 (C1), 111.07 (d, J;,=21Hz;
C5), 103.50 (t, J,,=21 Hz; C3), 85.15 (C5’), 80.36 (C3'), 79.18 (C1"),
72.79 (CB), 69.63 (C2), 61.65 (C4'), 59.93 (Ca), 17.21 (SiICHCH,),
13.41, 13.00, 12.83, 12.65 ppm (SiCHCH;); ESI(+) MS: m/z (%): 550.5
(IM+NH,]*, 100)

3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-1'-(2,4-difluoro-

phenyl)-2-(#-N-phthalimidoethyl)-f-p-ribofuranose (20): The pri-
mary alcohol 11 (1 g, 1.88 mmol) was dissolved in anhydrous THF
(66 mL) and phthalimide (0.28 g, 1.88 mmol) and triphenylphos-
phine (0.74g, 1.8 mmol) were added. Diethylazodicarboxylate
(0.44 mL, 1.8 mmol) was added dropwise and the reaction mixture
was stirred for 16 h. After quenching the reaction with a saturated
aqueous solution of NaHCO,; the mixture was extracted with
CH,Cl, and the combined organic extracts were dried over MgSO,.
Purification by FC (CH,Cl,—CH,Cl,/MeOH 98:2) yielded the white
foam 20 (0.99 g, 1.49 mmol,79%). '"H NMR (CDCl,): 6=7.85 (m, 2H;
Hone)s 7-72 (M, 2H; How), 7.63 (q, 1H, J,,=7.1Hz, J;;=152Hz;
H6), 6.78 (dt, 1H, J,,=2.3 Hz, J,;=8.1 Hz; H5), 6.68 (dt, 1H, J;,=
1.7 Hz, J,;=8.8 Hz; H3), 5.07 (s, 1H; H1"), 4.20 (m, 2H, H3’; -aCH,"),
4,12 (m, 1H; -aCH,-), 4.02-3.91 (m, 5H; H4', H5, H5", -BCH,-), 3.69
(d, TH, J,,=4.1 Hz; H2), 1.15-0.92 ppm (m, 28H; Si—CH,, Si—iPr);
BCNMR (CDCl): 6=168.21 (CO), 162.24 (dd, J;,=235Hz, J;;=
12 Hz; Cp), 159.12 (dd, J,,=235 Hz, J;3=12 Hz; C;), 133.76 (CHypy),
13217 (Cypy), 12856 (dd, J;,=4Hz, J;;=9 Hz; C6), 124.25 (C1),
123.16 (CHypy), 110.89 (d, J,,=19 Hz; C5), 10338 (t, J;,=26 Hz;
C3), 84.98 (C2), 80.10 (C5), 78.76 (C1’), 69.87 (C3'), 67.99 (CP),
59.96 (Ca), 38.21 (C4), 17.30 (SiCHCH;), 13.37, 13.00, 12.80,
12.50 ppm (SiCHCH,); ESI(+) MS: m/z (%): 679.5 (IM-+NH,]*, 100).

1'-Deoxy-1'-(2,4-difluorophenyl)-2'-(3-N-phthalimidoethyl)-£-p-
ribofuranose (21): 3',5'-0-(1,1,3,3-Tetraisopropyldisiloxy)-1'-deoxy-
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1'-(2,4-difluorophenyl)-2'-(5-N-phthalimidoethyl)-5-p-ribofuranose
(20; 1.5 g, 2.27 mmol) was dissolved in anhydrous THF. Tetrabutyl-
ammonium fluoride (1M solution in THF, 4.76 mL, 4.76 mmol,
2.1 equiv) was added dropwise. After stirring for 20 min at room
temperature the solvent was evaporated and the residue was puri-
fied by FC (CH,Cl,/MeOH 98:2—CH,Cl,/MeOH 9:1) to give 21
(0.93 g, 2.22 mmol, 98%) as a white foam. 'H NMR (CDCl,): 6 =7.80
(m, 4H; Hone), 7.52 (q, 1H, J,,=6.8 Hz, J;;=15.4 Hz; H6), 6.88 (dt,
1H, J;,=24Hz, J,;=85Hz; H5), 6.80 (dt, 1H, J,,=13Hz, J;=
9.5 Hz; H3), 4.89 (d, 1H, J,,=5.65 Hz; H1'), 4.83 (m, 2H; 3"-OH, 5'-
OH), 4.01 (q, TH, J,,=5.2 Hz, J,;=4.9 Hz; H2), 3.85 (m, TH, -8CH,-
), 3.75 (m, 2H; H3', -aCH,-), 3.69-3.55 (m, 4H; -aCH,-, -SCH,-, H4',
H5), 3.52 ppm (m, TH; H5"); *C NMR ([D¢]DMSO): 6 =167.76 (CO),
161.0 (dd, Cp), 158.80 (dd, C;), 134.29 (CH,p), 131.55 (Cpper), 129.38
(dd, J;,=4Hz, J,;=6Hz; C6), 123.83 (C1), 123.72 (CHypy), 111.26
(d, J,,=21Hz; C5), 10321 (t, J,,=26 Hz; C3), 85.14 (C4), 85.11
(C3"), 74.93 (C1"), 69.62 (C2), 66.46 (CB), 61.41 (C5), 37.55 (Ca),
17.29 (SiICHCH,), 13.64, 13.54, 12.97, 12.60 ppm (SiCHCH,); ESI(+)
MS: m/z (%): 420.0 (IM+H]*, 100).

5'-0-(4,4'-Dimethoxytriphenylmethyl)-1'-deoxy-1'-(2,4-difluoro-

phenyl)-2’-(f-N-phthalimidoethyl)-f-p-ribofuranose  (22): 1-
Deoxy-1'-(2,4-difluorophenyl)-2’-(8-N-phthalimidoethyl)-3-p-ribofur-
anose (21) (0.93 g, 2.2 mmol) was dissolved in anhydrous pyridine
(14 mL). After addition of triethylamine (0.5 mL) and 4,4-dimeth-
oxytriphenylmethyl chloride (0.86 g, 2.7 mmol, 1.2 equiv) the mix-
ture was stirred at room temperature for 3 h. The reaction was
quenched by adding methanol. After evaporating the solvent and
coevaporation with toluene the residue was purified by FC (CH,Cl,/
MeOH 98:2—CH,Cl,/MeOH 95:5) to afford 22 (1.20 g, 1.66 mmol,
75%) as a yellow foam. '"H NMR (CDCly): 6=7.75 (m, 2H; Honth):
7.60 (M, 2H; Hyy), 7.50 (q, TH; H6), 7.35 (M, 3H; H,.y), 7.3-7.05
(m, 7H; H,..), 6.95 (t, 1H; H3), 6.70 (m, 3H; H,.), 6.58 (M, 1H;
H5), 5.06 (s, TH; H1’), 4.05-3.93 (m, 3H; H2',-CH,-), 3.90-3.79 (m,
3H; H3',-CH,-), 3.67 (s, 6H; OMe), 3.59 (m, TH; H4'), 3.35 (m, TH;
H5"), 3.24 ppm (m, TH; H5"); *C NMR ([D¢]DMSO): 6 =168.74 (CO),
159.03, 158.97 (Cg), 135.04 (CHypw), 132.30 (Coe), 12855, 128.49,
12840 (Corom)s 123.62 (CHypy), 113.85 (¢, J;, =27 Hz; €3), 76.11 (C1),
70.27 (C2)), 66.92 (CP), 63.96 (C5'), 55.36 (C4'), 51.62 (C3'), 37.67
(Ca), 17.07 ppm (OMe); ESI(+) MS: m/z (%): 744.2 (IM+Na]*, 55).

5'-0-(4,4'-Dimethoxytriphenylmethyl)-1'-deoxy-1'-(2,4-difluoro-

phenyl)-2'-(#-N-phthalimidoethyl)-f-p-ribofuranose-3'-(2-cyano-

ethyl diisopropylphosphoroamidite) (23): Collidine (2,4,6-trimeth-
ylpyridine, 1.05 mL, 8.0 mmol) and 1-methyl-1H-imidazole (34 pL,
0.42 mmol) were added to a solution of 5-0-(4,4'-dimethoxytriphe-
nylmethyl)-1-deoxy-1"-(2,4-difluorophenyl)-2'-(3-N-phthalimidoeth-
yl)-B-p-ribofuranose (22) (0.60 g, 0.83 mmol) in anhydrous MeCN
(34 mL). The mixture was cooled down to 0°C and 2-cyano-
ethyl diisopropylphosphoramidochloridite (0.31 mL, 1.39 mmol,
1.7 equiv) was added slowly. The reaction mixture was stirred for
40 min at 0°C. The reaction was quenched by the addition of a
saturated aqueous solution of NaHCO,. After extraction with CH,Cl,
the combined organic extracts were dried over MgSO, and the
crude product was rapidly purified by FC (CH,Cl,/MeOH 98:2) to
give compound 23 (0.40 g, 0.44 mmol, 53%) as a white foam.
"H NMR (CDCly): =7.80 (M, 2H; Hyp), 7.71 (M, 2H; Hope), 7.50 (q,
1H; H6), 7.52-7.17 (m, 6H; H,.o), 6.82 (M, 7H; H,o.), 6.62 (dt, TH,
J1,=20Hz, J,;=84Hz; H3), 636 (dt, 1H, J,,=07Hz, J;=
10.4 Hz; H5), 5.09 (d, 1H, J;,=6.7 Hz; H1'), 4.22 (m, 2H; H2, H3),
4.0-3.87 (m, 3H; H4', -CH,-), 3.85 (m, 2H; -CH,-), 3.79 (s, 3H; OMe),
3.78 (s, 3H; OMe), 3.75 (m, 2H; -OCH,CH,CN-), 3.40 (m, 1H; H5'),
3.24 (m, 1H; H5"), 231 (t, 2H, J;,=6.6 Hz; —OCH,CH,CN), 1.13 (m,

715



www.chembiochem.org



BIO

7H; iPr), 098 ppm (m, 7H, iPr); *PNMR (CDCl,): 6=150.81,
150.51 ppm (ratio 1:2.4); ESI(+) MS: m/z (%): 922.8 (IM+H]™, 100).
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Evaluation of the Molecular
Interactions of Fluorinated Amino
Acids with Native Polypeptides

Christian Jackel, Wolfgang Seufert, Sven Thust, and
Beate Koksch*®

Investigation of the properties of fluorinated amino acids in a
native polypeptide environment increases our ability to use
the manifold functionalities and varied structural features of
this class of non-natural amino acids for protein engi-
neering." Fluorine as a functional group is not found
within the natural amino acid pool.? Due to their unique
electronic properties, fluorinated amino acids have dra-
matic effects on protein stability, protein—protein as well
as ligand-receptor interactions, and the physical proper-
ties of protein-based materials.”’ Furthermore, incorpora-
tion of fluorine into peptides and proteins provides an
opportunity to study their conformational properties and
metabolic processes by '°F NMR.a-Helical coiled-coil
peptides could serve as a model system of such a natural
protein environment for studying the impact of fluorine
substitution on distinct hydrophobic as well as charge in-
teractions. Fluorinated amino acids can be incorporated
into different positions of a heptad repeat motif, and
their influence on coiled-coil peptide formation assesse-
d.It has been shown that the substitution of leucine in
the hydrophobic surface of an a-helical coiled-coil pep-
tide by trifluoroleucine™ or hexafluoroleucine® results in
enhanced thermal as well as structural stability of the re-
sulting peptide or protein assembly. These results sug-
gest that the increase in stability is based on stronger in-
teractions between fluoroalkyl groups than between
their hydrocarbon analogues. Furthermore, it could be
shown that fluoroalkyl substituents in peptides tend to
cluster and to avoid interaction with hydrocarbon site

nucleophilic fragment [Nu]

contrel sequence [E,]

The ability of fluoroalkylated groups to participate in hydro-
gen bonding has been the subject of another controversial dis-
cussion for many years. The C—H—F—C interaction is supposed
to be one of the weakest hydrogen bonds,” and its impor-
tance for the folding of fluoro-modified peptides as well as the
action of peptide-based drugs has not been studied systemati-
cally yet. Thus, the interaction pattern of fluorinated amino acids
with proteinogenic amino acids remains to be investigated.

The development of two simple screens based on the
coiled-coil motif provides a systematic gauge of the influence
of fluorinated substituents on the stability and folding of a-

peptide sequences:

CLEKYELRKLEYELKKLEYELSSLE

electrophilic fragments:

Ac-RLEELREKLESLRKKLA

KaDpfeCGly Ac-RLEELREDfeGlyLESLRKKLA
. A7 . o "
chains;"" an effect that is well known from fluorine-based LeDfeGly Ac-RLEELREKDEeGLyESLRKKLA
materials.
. . L K8TfeGl Ac-RLEELRETfeGlyLESLRKKLA
The steric bulk of a trifluoromethyl group is still a con- Katreay
Lo9TfeGly ACc-RLEELREKTfeGlyESLREKLA

troversial issue. Tirrell et al. consider substitution of hy-

drogen by fluorine in an amino acid to be isosteric®  KBA
Therefore, they have used trifluoro or hexafluoro leucine  1.3E

as substitutes for leucine in a coiled-coil peptide, as, ac-
cording to their theory, these substitutes should have
space-filling properties similar to leucine. On the other
hand, according to Nagai et al., the volume of a trifluoro-
methyl group should be close to that of an isopropyl
group.®! Considering this controversy, fluorinated ethyl
glycines may serve as good starting points for screening
the space-filling properties of fluoroalkyl substituents within
the hydrophobic core of an a-helical coiled-coil peptide.

[a] C. Jéickel, W. Seufert, Dr. S. Thust, Dr. B. Koksch
University of Leipzig, Department of Organic Chemistry
Johannisallee 29, 04103 Leipzig (Germany)

Fax: (+49) 341-9736599
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AC-RLEELREALESLREKKLR
Ac-RLEELREKEESLREEKLA

Figure 1. Helical-wheel representation of the a-helical coiled-coil peptides and amino
acid sequences.' The substitution positions g,g’-K8 and a,a’-L9 (shaded in gray) and
their interaction partners g',g-E29 and d',d-L33 (unshaded) are highlighted with squares
(charged interface) and circles (hydrophobic interface). The ligation sites of the electro-
philic and nucleophilic fragments are marked with arrows.

helical structure elements in proteins. Moreover, the results of
these studies will contribute to elucidating complex questions
about the space-filling properties of fluoroalkylated amino acid
side chains as well as the influences of their unique electronic
properties on peptide and protein folding.

One screen of the interactions between a broad range of flu-
orinated amino acids and native amino acids measures the sta-
bility of such modified a-helical coiled-coil dimers (Figure 1).
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The single helices of the coiled-coil peptide consist of 4-3
heptad repeats. The hydrophobic surface formed by residues
at positions a and d provides the thermodynamic driving force
for the formation of the coiled coil, whereas the complement
between charged amino acid residues in positions e and g pro-
vides for the specificity of folding. This system has been shown
to respond very sensitively to even single mutations within
either of the recognition domains."”

A second screen uses the property of peptides with hydro-
phobic heptad repeats to self-replicate.” The efficiency of
template-assisted peptide-bond formation strongly depends
on the degree of complement of interacting amino acid side
chains of both recognition domains.

We designed a control peptide that consists of five full
heptad repeats (Figure 1) that fold into an antiparallel coiled
coil. We also designed six variants of the control sequence.
Four contain the fluorinated amino acids (S)-trifluoroethyl gly-
cine (TfeGly) and (S)-difluoroethyl glycine (DfeGly)"? either at

CHF, CF;
NHj COOH NHy COOH
DfeGly TfeGly

position 9 within the hydrophobic core or position 8 within
the charged surface; two others contain either one hydropho-
bic amino acid (Ala) at position 8 of the charged surface or
one charged amino acid (Glu) at position 9 of the hydrophobic
core. The last two variants were designed as points of compari-
son with the fluorinated peptides. Melting curves for all seven
peptides (control plus six variants) were measured by tempera-
ture-dependent CD spectroscopy in guanidine hydrochloride
(Table 1). The use of urea as denaturizing reagent did not lead
to a sufficient destabilization of the coiled-coil peptides even
at high concentrations (8 m).

Table 1. Melting temperatures of the a-helical coiled-coil control sequence
and its variants.

Peptide Tm® [°C]
control sequence 73.9
K8DfeGly 68.3
L9DfeGly 54.4
K8TfeGly 68.9
L9TfeGly 59.0
K8A 713
L9E 62.5

[a] T,, is defined as the temperature at which 50% of the peptide is un-
folded.

All of the substitutions are placed within the part of the
peptide that serves as electrophilic fragment in thioester-medi-
ated chemical ligation with the nucleophilic peptide to pro-
duce the full-length sequence. Thus, the rate of the self-repli-
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cation will give evidence of the sensitivity of the chosen
system in responding to subtle changes in structure and prop-
erties of fluorinated side chains.

To prove that the control sequence has self-replicating prop-
erties, E, and Nu were incubated at pH 7.0 with and without
added full-length peptide. Addition of increasing amounts of
template results in acceleration of product formation; this indi-
cates an autocatalytic system" (results not shown).

The rates of product formation for all of the variant peptides
differ from the original sequence; however, substitutions
within the hydrophobic domain have a stronger impact than
substitutions within the charged surface (Figure 2). Incorpora-
tion of a charged amino acid (Glu) instead of Leu in the hydro-
phobic core leads to a dramatically slower reaction rate; this is
consistent with the L9Glu variant-unique character of not form-
ing a dimer at room temperature in 5m GnHCI (Figure 3).

1.0 1

Turnover
o
»
L

0.24¢

0.0 T T T
0 50 100 150 200
t/min —p
1.0 1
B
0.8 1

Turnover

0 5 10 15 20

t/ min

Figure 2. A) Complete recorded and B) initial replicase turnover rates of electro-
philic peptide fragments with the control sequence (circles) and substitutions of
DfeGly (triangles) and TfeGly (diamonds) in positions K8 (open symbols) and L9
(closed symbols), Ala in position K8 (open squares) and Glu in position L9
(closed squares). Reactions were performed in 200 mm phosphate buffer at

pH 7.0 with 100 um peptide concentrations of both electrophilic and nucleo-
philic fragments. Tris(2-carboxyethyl)phosphine hydrochloride was added to a
final concentration of 250 um to avoid dimerization of the nucleophilic frag-
ment and the reaction products through disulfide bond formation. Reactions
were started by addition of the electrophilic fragment. At definite times aliquots
were taken.

ChemBioChem 2004, 5, 717 -720
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1.0 1.04
D.BJ: 2 GdnHCI
T 0.8 0,51!

0.4
0.6

Fraction Unfalded

20 30 40 50 60 70 a0 90

Figure 3. Thermal unfolding profiles of: control sequence (circles), DfeGly (trian-
gles), and TfeGly (diamonds) in positions K8 (open symbols) and L9 (closed
symbols), Ala in position K8 (open squares) and Glu in position L9 (closed
squares). Melting curves were recorded by observing the CD signal at 222 nm
with peptide concentrations of 20 um at pH 7.4 in 5m guanidinium chloride in
a 0.1 cm cuvette with a slope of 3°Cmin~". The peptide with Glu in position 9
(hydrophobic core) was already fully unfolded at 20°C in 5m GdnHCI (data not
shown), but a temperature-dependent denaturation of this peptide could be re-
corded in 2m GdnHCl (inset diagram). The thermal melting profiles were fitted
by using sigmoidal 5 parameter curve fit.

Clearly, the Glu variant is an extreme example of the influence
of polarity within the hydrophobic core on coiled-coil stability.
Incorporation of either fluorinated amino acid into the hydro-
phobic surface causes a strong retardation of the replication
rate relative to the control sequence, with the trifluoroethyl
substitution showing the stronger influence. In contrast, the
melting temperature of the DfeGly variant is more suppressed.
The electron-withdrawing effect of the two fluorine substitu-
ents of the Dfe group causes a high acidity of the proton at-
tached.” Thus, the acidic proton seems to disturb the interac-
tions within the hydrophobic core and can be detected.

Substitution of Lys in position 8 within the charged surface
by fluorinated amino acids or Ala, leads to subtle effects. Ala
substitution, as a reference for a small hydrophobic substitu-
tion is relatively unperturbing. DfeGly substitution increases
the rate slightly, while TfeGly substitution decreases it. Dimer
stabilities, expressed by melting points, of all three K8 variants
are decreased relative to the control peptide; this is most likely
due to the lack of the positively charged Lys e-amino group.
This effect is slightly stronger for both of the fluoroethyl gly-
cines than for K8A.

The thermal unfolding experiments allow straight conclu-
sions about the differences in secondary structure stability be-
tween the variants and thus give direct information about the
interactions of the fluorinated amino acids with the proteino-
genic ones. In contrast, a higher turnover rate in the replicase
screen indicates a variant to be a better catalyst in this system.
Catalytic activity strongly depends on accessibility of the cata-
lytically active template and, thus, on the dissociation rate of
the dimeric coiled-coil product. The DfeGly shows weaker hy-
drophobic interactions in position 9 of the coiled coil than
TfeGly, characterized by a lower melting temperature. This may
result in the higher turnover rate of the L9DfeGly compared
with the L9TfeGly variant due to a faster dissociation of the

ChemBioChem 2004, 5, 717-720 www.chembiochem.org
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dimer. The reaction rate of the background reaction, which is
the template-independent chemical ligation, was shown to be
uninfluenced by the type of substitution in position 9 of the
coiled-coil peptide (Figure 4). However, both fluorinated ethyl

1.0 9
0.8 1
—@— control sequence
—A— LODfeGly
061 —e— LOTfeGly
o)
5 0.4 4
IS
=}
'_
0.2 4
0.0 /‘”’/.—’/_’_’_,,—‘
0 5 10 15 20
tih  —»

Figure 4. Replicase turnover rates of the control sequence and two selected var-
iants in the absence of autocatalysis. Reactions were performed in 6 m guanidi-
nium hydrochloride. All remaining reaction conditions conform to the protocol

described in Figure 2.

glycine derivatives show weaker interactions in the hydropho-
bic core of the coiled-coil peptide than the native leucine pep-
tide. Considering the hypothesis that the steric bulk of trifluor-
oethyl glycine is similar to leucine and the postulated high lip-
ophilicity of fluoroalkyl groups," the opposite result should
have been expected. However, our results conform with stud-
ies on self-sorting parallel coiled-coil peptides with hydropho-
bic cores composed entirely of leucine or hexafluoroleucine.”
Disulfide-exchange assays resulted in less than 2% heterodi-
meric assemblies containing interactions of native and fluoro-
substituted amino acids; this indicates that fluoroalkyl-fluor-
oalkyl interactions are much stronger than mixed hydrocar-
bon-fluorocarbon cores. We conclude that either the space fill-
ing of fluoroalkyl groups is much overestimated and/or the
high electronegativity of fluorine disturbs a throughout forma-
tion of a hydrophobic core. Both facts would prevent the for-
mation of an intact helical coiled coil. In order to clarify these
issues, the screening system introduced here will be used for
the investigation of fluoroalkyl-substituted amino acids by sys-
tematically varying side chain size and fluorine content.

Fluorinated amino acids have been incorporated into a
heptad repeat motif at different positions, and their influence
on coiled-coil peptide formation as been studied. The screens
introduced here are sufficiently sensitive to detect the differ-
ence of even one single fluorine atom in the side chain of an
amino acid. On this basis, a general protocol is being devel-
oped to systematically study the steric, electronic, and hydro-
phobic effects of a variety of fluorinated amino acids that
differ in the content of fluorine as well as the position of the
fluorination on peptide modification.
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MALDI-TOF mass spectrometry were used to prove the purity and iden-
tity of each peptide product.
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Crystallographic Evidence for
Isomeric Chromophores in
3-Fluorotyrosyl-Green Fluorescent
Protein

Jae Hyun Bae, Prajna Paramita Pal, Luis Moroder,
Robert Huber, and Nediljko Budisa*™

The chromophore (4-(p-hydroxybenzylidene)imidazolid-5-one)
of green fluorescent protein (GFP) from the jellyfish Aequoria
victoria (av) is completely encoded in its amino acid se-
quence.V It is autocatalytically formed in the post-translational
modification reaction between the side chains of residues
Ser65-Tyr66-Gly67, with oxygen being the only external re-
quirement.? The presence of an aromatic amino acid at posi-
tion 66 is crucial for the formation of fluorescent avGFPs. How-
ever, the standard genetic code limits the number of possible
amino acids at this position to the canonical residues trypto-
phan, tyrosine, histidine and phenylalanine. Further direct
chromophore redesign is possible only by the use of an
expanded amino acid repertoire. This was demonstrated in
recent reports about the design of novel classes of tailor-made
GFP variants with a variety of Trp, Phe and Tyr analogues and
surrogates.”

Our method of selective pressure incorporation (SPI) is
based on the traditional use of auxotropic strains that exploits
the absence of absolute substrate specificity of aminoacyl-
tRNA synthetases, which are crucial enzymes in the interpreta-
tion of the genetic code.” This approach enables a residue-
specific mode of noncanonical amino acid incorporation, in
this case, the replacement of Tyr side chains with 3-fluorotyro-
sine, (3-F)Tyr. Fluorine, as the most electronegative element in
the context of a C—X bond, dramatically changes the residue’s
electronic properties when compared with a C—H bond, that
is, the dipole moment is opposite to that of a C—H bond. The
isosteric replacement of hydrogen with fluorine in organic
compounds is often accompanied by profound and unexpect-
ed changes in their properties.™

Correspondingly, fluorination of the Tyr66 as integral part of
chromophore (Cro66) of avGFP by (3-F)Tyr incorporation
should endow it with unusual spectral properties. As a model
protein, we used the commercially available “enhanced green
fluorescent protein” EGFP (Phe64Leu/Ser65Thr), which is a var-
iant of wt-avGFP with the phenolate ion in the Cro66 (absorp-
tion: A,,,,=488 nm; fluorescence A.,=510 nm)."*" It contains
11 Tyr residues,”” which were quantitatively replaced by the
use of the SPI approach, as confirmed by mass spectrometric
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Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.
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analyses.”” The presence of traces of Tyr-containing protein
cannot be excluded.

Interestingly, the basic spectral features of EGFP are not dra-
matically changed upon global fluorination of all Tyr residues.
The absorbance in the Tyr + Trp and Cro66 spectral regions
was slightly blue-shifted (wt-EGFP: 277 nm and 488 nm;
(3-F)Tyr-EGFP: 274 nm and 484 nm) at neutral pH. Conversely,
the fluorescence emission maximum of (3-F)Tyr-EGFP (4,,.,=
514 nm) is red-shifted by 4 nm with decreased intensity of
about 10% when compared with native EGFP (1, =510 nm)""’
(Figure 1). Single absorption and emission peaks clearly indi-
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Figure 1. Fluorescence emission spectra of wt-EGFP and (3-F)Tyr-EGFP in neu-
tral aqueous buffered solution (50 mm Na-phosphate pH 7.6, 100 mm NaCl;
25°C) upon excitation at absorption maximum wavelengths. The (3-F)Tyr-EGFP
chromophore has a slightly red-shifted emission fluorescence (\yq=514 nm)
when compared with the parent EGFP (\,,,,= 510 nm). Note the positions of
dihedral angles ¢ and .

cate an anionic state of the Cro66. There is no doubt that the
observed marginal red shift in the (3-F)Tyr-EGFP Cro66 fluores-
cence was due to its fluorination.”’ A lowering of the pK, of ty-
rosine —OH (10.05) upon fluorination by about 1.5 pH units is
due to an inductive effect exerted by the fluorine atom (pK,=
8.5 of (3-F)Tyr —OH group in solution).”®! Indeed, pH titration of

(3-F)Tyr-EGFP Cro66 revealed a decrease of its pK, value for
about 0.5 pH units.”!

Crystallographic evidence suggests that the fluorine atoms
are capable of acting as hydrogen-bond acceptors from both
—NH and —OH donors.”’ This was fully confirmed in the analy-
sis of the crystal structure of glutathione transferase M1-1
globally substituted with (3-F)Tyr.'” We made similar observa-
tions in the crystal structure of (3-F)Tyr-EGFP at a resolution of
2.1 A A closer inspection of this structure revealed various
crystallographically distinct microenvironments where different
types of interactions of the fluorine atoms can be mapped. For
example, partially exposed Tyr143 shows two conformations
but has no detectable distances that might indicate its involve-
ment in a particular interaction. Conversely, the fluorine of
Tyr145 has numerous contacts to neighbouring residues, for
example to Pro58 (amide oxygen, 2.54 R), His169 (ring nitro-
gen, 3.27 A) and water molecule 514 (2.99 A). As expected, all
other (3-F)Tyr residues involved in interactions with the envi-
ronment were characterised by only one conformation (e.g.
Tyr39, 106, 182, 200). Detailed analyses of the fluorinated tyro-
sines will be reported elsewhere.

The most interesting observation from the available struc-
ture of (3-F)Tyr-EGFP is the existence of two conformers of the
fluorinated Tyr66, in the context of chromophore. Rather rigid
internal architecture in the crystalline state of the fluorinated
Cro66 (Figure 2) and its surrounding residues is reflected in the
average crystallographic B factors for atoms in Cro66 of 15 A?,
while the B factors of the surrounding residues are from 5 to
25 A% In such a rigid environment, (3-F)Tyr145 has only one
conformer; this is plausible, since it is involved in interactions
with other residues and the solvent water. The crystallographic
occupancy (i.e. intensities of electron densities) is higher
(about 60%) for one conformer (assigned as “major”) than for
the other (40%, “minor”) (Figure 2). The hydroxyl groups of
both (3-F)Tyr-Cro66 conformers interact directly with Thr203
and His148 through hydrogen bonds. When fitted in the

Cro66

Figure 2. A) Crystal structure of (3-F)Tyr-EGFP (C, traces are blue) is indistinguishable from that of parent EGFP (C, traces are green). The chromophore (Cro66) and
residues 64-68 are represented as sticks in the same colours. B) Difference Fourier maps (Fo—Fc; contouring levels: 2.5 and 3.5 o) of (3-F)Tyr-Cro66 in (3-F)Tyr-EGFP.

C) Portion of the continuous electron densities (2 Fo—Fc; contouring levels 10) for residues Cro66, Asn144, Tyr145, Asn146, Ser147, His148 Asn149 and Val150 of wt-
EGFP superimposed onto the Fo—Fc difference electron density map (with the same contouring levels as above) of (3-F)Tyr-EGFP. Note the single conformer state of

(3-F)Tyr14s.
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“minor” (3-F)Tyr-Cro66 conformer, fluorine is in hydrogen-bond
contact (2.82 A) with the hydroxyl of Ser205 and conserved sol-
vent water (5316, 2.74 A). On the other hand, Cy2 of Thr203 is
3.87 A away from the fluorine of the “major” conformer; this
indicates a possible weak -CF--HC- hydrogen bond. In the light
of these observations, it is difficult to explain the higher crys-
tallographic occupancy of the fluorine atom position in the
“major” conformation.

The crystal structure of (3-F)Tyr-EGFP enabled “visualisation”
of the positions of some Cro66 hydrogen atoms due to their
replacement by fluorine atoms. Does this mean that, at least in
part, the wt-EGFP chromophore structure flips in its cavity?
Modelling and molecular-dynamics simulation studies indicate
that avGFPs have a fairly large central cavity in the protein
core that allows the planar Cro66 to have some rotational free-
dom, especially in the ¢ dihedral angle.” Electronic excitation
(So—$S,) was found to alter the conformation of the Cro66."" It
was speculated that in the excited state, responsible for char-
acteristic fluorescence, the conformation may be twisted rela-
tive to the ground state.” The cis-trans photoisomerisation
cannot occur by a 180° rotation of the 7 dihedral angle
(Figure 1).”. The phenolic oxygen of Tyr66 is less basic in the
excited state than in the ground state.” In this context, it is
possible to draw at least two canonical structures of Cro66. In
one of these, mesomeric structures the rotation around ¢ di-
hedral angle (Figure 1) should be difficult because of double-
bond character.” Thus, it might well be that the observed con-
formers represent Tyr-flipping “caught” or “frozen” by the chro-
mophore formation and maturation. Other alternatives include
the possibility that the measured electron difference maps
indeed represent an isomerisation of a mature chromophore.

A final and unambiguous answer, as to whether the avGFP
chromophore flips, as well as about its possible ring-flipping
rates, will come from dynamic "°F NMR studies. For example,
slow exchange rates of the ECFP Cro66 were documented re-
cently by the use of 'F NMR."" For that purpose a position-
specific fluorination of chromophore Tyr66 compared to other
unlabelled Tyr-residues of the avGFP structure is necessary.
Other approaches might include molecular dynamic simula-
tions, quantum calculations and even time-resolved X-ray crys-
tallography. Undoubtedly, the crystal structure of (3-F)Tyr-EGFP
and possibly the structures of other fluorinated avGFP will
offer a framework for a possible structural model capable of
correlating the chromophore environment configuration, dy-

namic behaviour and its spectroscopic function. Thus, we
anticipate that fluorinated avGFP-chromophores will become
valuable and general tools to assess chromophore dynamics of
the green fluorescent and related proteins.
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