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The synthetic flavylium salt 6-hydroxy-4'-(dimethylamino)flavylium hexafluorophosphate displays a set
of pH-driven chemical reactions in aqueous solutions, involving the formation of hemiketal species and
chalcones with cis and trans configurations. Such reactions were studied by steady-state and transient
UV-Vis spectroscopy and by stopped-flow techniques. A novel and more generalized kinetic scheme is
developed, in order to take account of possible acid/base pairs that occur in the network of chemical
reactions as the pH is changed. It is found that the formation of the hemiketal species by hydration of

the flavylium is slow, and it is not possible to isolate each process that leads to the formation of the
cis-chalcone (hydration and tautomerization reactions). The cis/trans isomerization reaction of
cis-chalcone is slow, and the system takes several hours to reach equilibrium after a pH jump at room
temperature. In basic conditions, negatively charged trans-chalcones are dominant. Comparison with
other flavylium compounds shows that the hydration process is affected mainly by the amino group,
while the hydroxyl group influences the tautomerization and isomerization reactions.

Introduction

The multistate pH-driven reactions of flavylium dyes produce
systems in which complex logical functions may be carried out
in solution.! This is possible because of the wide range of
two-state processes that appear by applying stimuli, such as a
pH jump or a photochromic process, to the system. Flavylium
compounds, as well as other molecules like natural anthocyanins,
present a 2-phenylbenzopyrylium core which develops into several
species, such as the hemiketal B obtained by hydration in the
2-position of the flavylium cation, a cis-2-hydroxychalcone Cc
formed by tautomerization of B, and a trans-2-hydroxychalcone Ct
obtained by isomerization of Cc (Fig. 1).>* Suitable substituents
might be introduced into the general skeleton of the flavylium
compounds in several positions, influencing greatly the reactivity
of the compounds.' The substitution by hydroxyl or methoxy in
position 4" and the absence of electron donor groups in position
7 are particularly important, because it has been shown that it
leads to a cis/trans barrier, allowing these compounds to undergo
write—lock—read—unlock—erase photochromic cycles, and perform
as XOR and XNOR logic gates (multistate/multifunctional
systems).!

This work deals with 6-hydroxy-4'-(dimethylamino)flavylium
hexafluorophosphate, a compound with a dimethylamino group
at the 4'-position and a hydroxyl group at the 6-position (see
Fig. 1). This compound can be made to undergo a wide range
of chemical reactions just by changing the pH, and it is important
to understand a priori the effects of the substituents on this
network.! The presence of the dimethylamino group has already
been studied,*>'*® and it was found that the formation of
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B, through the hydration of AH*, is slow due to an extended
conjugation between the benzopyrylium and the dimethylaniline
rings, giving rise to a planar flavylium ion. The presence of
the hydroxyl group at the 6-position opens up new possibilities,
increasing greatly the number of states that might be achieved
by pH jumps (see Fig. 1) because of all the hydration and
tautomerization reactions that might occur on the conjugated
base.”” The existence of a new pathway for the conversion of
flavylium compounds into chalcones will affect the kinetics greatly;
however it has been found that the hydration of A is negligible.
The reaction kinetics and the thermodynamics are affected by
this increase, and several assumptions and simplifications that are
usually made to describe these results cannot be applied here,
which increases the complexity of the problem. Instead, a more
general scheme is developed, which can be used in many flavylium
systems, considering that acid/base reactions reach equilibrium
immediately. The multistate reaction then transforms into a 3-
state reaction scheme, which is solved by the matrix method.’®"
With the kinetic analysis and the equilibrium results, it was
possible to obtain all the kinetic and equilibrium constants, and
these are compared with the data available for other flavylium
compounds.

Thermodynamics and Kinetics

As mentioned in the introduction, flavylium compounds display
a wide range of chemical reactions driven by pH, caused not only
by acid/base equilibrium, but also because the hydration of the
flavylium ring leads to the formation of a hemiketal compound
(B) and H*. B ultimately will open and transforms into the
cis-chalcone (Cc) by tautomerization and later into the trans-
isomer (Ct) by cis/trans isomerization."”* The basic partners of
AH", B, Cc and Ct are A, B-, Cc™ and Ct~, which are formed
due to deprotonation of the hydroxyl group (see Fig. 1). Many
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Fig. 1 pH-Driven chemical reactions of 6-hydroxy-4'-(dimethylamino)flavylium.

flavylium compounds do not have such a group, and therefore
will not undergo any of the reactions on the right-hand side of
Fig. 1, which simplifies the thermodynamic and kinetic analysis.
On the other hand, most of the reactions occur on totally different
timescales. The formation of B and Cc from AH* takes place
normally within seconds, or fractions of a second, while the
cis/trans isomerization generally occurs on a very long timescale
(several hours or more). All the acid/base equilibria are virtually
instantaneous when compared with the other reactions presented
here.

With the assumption that the acid/base reactions are instanta-
neous, the molar fractions of each species will be given by:

[H']

(AN) = (IAH"]+[A]) (1-A)
[A]= %([AH*H [A]) (1-B)
[B]= [H[]H—JK (1B1+[B1) (1-0)
B1= [H]K—H( (1B1+[B1) (1-D)
[Cel= [H[]Hf]K (cel+1ce 1) (1-B)

Ce
[Ce]=—a

- TR ([Cc] + [Cc’])

(1-F)
Eqn (1) neglects acid/base reactions that produce Cc*~ and Cc*
species (it is assumed that the kinetics is studied at moderate pH).
The same equations may also be written for the Ct acid/base
equilibria. Since the isomerization reaction takes place on a long
timescale, only the reactions from AH* to Cc will be considered in

the following kinetics. The following pseudo-rate constants may
be defined.

k H+ 4 kbase+kbase OH7 KAI-[+
ALY (k™ + ke [OH ) K

(2-A)

! KM +[H']
L (A [T+ h o )T+ (RO [HT ]+ k% ) K2 2B)

7 K} +[H']
_ e [H' ]+ K™K} (2-0)

Tk

+ base - Cc

k—r = k—T[HC] + kT Ka (2-D)

Ka,c+[H+]

The following set of differential equations describes the kinetics
of the reaction of AH*/A to give Cc/Cc:

d([AH"]+[A])
dt

=—k,([AH ]+[A]) +&_, ([B]+[B])  (B-A)
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d([B]+[B 1)

o k(AT Al) ¢
(k,y+ kt)([B]Jr[B*]) thk, ([CC][Cci]) (3-B)
dficel+[Ce) k([BI+[B 1)=& ([Cel+[Cc ) (-C)

dt

The solution of eqn (3) is given by a sum of exponentials, where
the solutions of the time constants are given by the following
determinant:'®"

—k, — k., 0
k, —k, 4k -4 k. |=0 @)
0 k.

and therefore

4=0

otk vk Ve J(k+k, —k k) +4k kO
Y Y Y Y Y
37 2

The reciprocals of 4 give the relaxation times of the kinetic traces
obtained by pH jumps of stopped-flow experiments.>*!° Because
A1 = 0, it turns out that the decays are biexponential even though
the determinant is 3 x 3. If no acid/base equilibria are observed
for AH*, B and Cc, eqn (5) reduces to:

4 =0
1om —(hey + ke [H ]+ + k) N
' 2 (6)
\/(kh TR H =~k = k) + 4k k]
2

In certain conditions (acidic media, basic media or low tautomer-
ization rate constants) eqn (5) gives:

M=0
A= —(k,+k) (7
A= (kr + k—r)

Unfortunately, eqn (7) cannot be applied to the whole pH range
in some cases, and if one desires to describe the whole set of data,
eqn (5)isnecessary. Yet, in many cases the approximation of eqn (7)
is enough to describe experimental data in acidic conditions,
because a linear relationship with [H*] is observed, which therefore
can be used to obtain the rate constants. As will be shown below,
however, the pH dependence is sometimes difficult to linearize
for certain flavylium compounds, and a non-linear data fit with
eqn (5) is required in order to obtain the rate constants. After such
a procedure it may be proven that eqn (7) is enough to describe
the data, but such knowledge is only known a posteriori. If the use
of eqn (7) is valid, some approximations can be made and some
useful equations found. If [H*] 3> KP (a situation that might be
common over a wide pH range, because pK?® is expected to be
above 9):

[H"] N
A =k+k =k ————+k [H | +k
/12 T ¥ h K:\H +[H7] I OH (8)
dmkrk ks Rl RERS

Kafc + [H+]

Eqn (8) shows how certain rate constants may be directly obtained
from experiments. If k_qy is not negligible, a multilinear regression
of 4, vs. [H*] and [H*]/(K2" + [H*]) (if K2"* is known) would
give rise to a non-zero value at the intercept with [H*] = 0. If one
is sure that eqn (7) is applicable, than eqn (8) is a practical way to
get the results needed at pH < 10.

Also, some processes within the scheme have been proven
to be quite slow or almost non-existent, as in the case of A
hydration, represented by k"% [H*]. If this term is equal to zero, a
simplification occurs, and the same reasoning applies to all other
processes on this network of chemical reactions. It is therefore
important to understand whether or not there are any processes
that can be neglected. The quality of the experimental data is also
rather critical, in order to correctly catch the shape of the time
decay constants vs. pH curves.

Once the thermodynamic equilibrium is reached, with the
establishment of the cis/trans isomerization, normally only AH*,
A, Ct and Ct~ species remain, depending on the pH. As a
first approximation, [AH*] may be obtained from the following
equation:*®

[an]= CanlH L ©)
]+ K,

in which C,y is the total concentration of flavylium species, K, is
an apparent acidity constant given by:

K, =K 4+ Kyy + KyKy + KKK, (10)

and the equilibrium constants (easily obtained with a pH titration)
are:

BI[H'] &,

o= BT _ ks 1A
Ky = ki (11-B)
K = : (11-C)

However, within the scheme shown in Fig. 1, this approach is
no longer valid if one desires to explain the whole set of data.
Ky, as defined in eqn (11-A), is not a constant because it will
depend on [H*]. The acid/base equilibria for B, Cc and Ct should
be considered as well. [AH*] should be obtained by the following
equation:

. C H+ 2
Ty Em— L (12)
[H'P+K, [H]+K,
where:
K./ = K"Ky + K< Ky Ky + K9 Ky Kp K, (13)
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and

[BIHT] _ ki[H"]
[AH'] — kW[H*] +k on

If the appearance of Cc*~ and Ct*~ are also considered, eqn (12)
must change as well, in order to accommodate these species into
the description. The change might be important at high pH when
these species appear and hence shift the equilibrium towards the
formation of the chalcone. The full description is then given by:

K = (14)

C H+ 2
(AH'] = an[H] (15)
[HF + K[ i
where:
K," = K Ky (KSKOK, + K KE) (16)

The same reasoning is also valid if Ct* and Cc* (and AH* and
BH*, which were not considered because such species appear at
very low pH values, below 1) are considered in the scheme, but such
species are unlikely to appear because under acidic conditions only
the flavylium salt remains. Nevertheless, one has to realize that
experimentally it is [AH*] vs. pH that is obtained by probing a
wavelength at which AH* (and almost nothing else) absorbs light,
and under such conditions eqn (9) is sufficient. Only if species like
Ct~ or Ct* are being probed will eqn (12) or eqn (16) be more
appropriate.

Results and data analysis
Structure

6-Hydroxy-4'-(dimethylamino)flavylium has a structure similar to
4'-aminoflavylium salt, which has been previously studied by X-ray
diffraction.'” X-Ray analysis of this salt showed an almost planar
molecule with a resonance form in which the amino group parti-
cipates in the © molecular orbital (see Scheme 1). Therefore the
positive charge is distributed and the hydration reaction in which
the hemiketal species is formed is less favorable. AMI1 semi-
empirical calculations for the present case-study suggest that these
conclusions may be extended to 6-hydroxy-4'-(dimethylamino)-

OO R="

Scheme
flavylium

1 Resonance structure of 6-hydroxy-4'-(dimethylamino)-

Fig. 2 Structure of 6-hydroxy-4'-(dimethylamino)flavylium obtained by
AM1 semi-empirical calculations.

flavylium (see Fig. 2). Table 1 compares three different flavylium
compounds and shows how crucial the dimethylamino group
bonded to C4' is in order to put the phenyl ring planar with the rest
of the molecule. An important double bond character is also found
in C4-N and C2-C1’ bonds for the dimethylamino derivatives,
which is absent for 6-hydroxyflavylium and the hemiketal species.
The double bound character does not substantially change the
C2 charge, but nucleophilic attack on this carbon will be more
difficult. In addition, the amino group is not easily protonated,
and will have a low pK,.

Table 1 AMI semi-empirical calculations

C2charge O1-C2-C1'-C2 bond torsion C3'-C4-N-C bond torsion C2-Cl’ bond order C4'-N bond order = C2-O1 bond order
6-Hydroxy-4'-(dimethylamino)flavylium
AH*  0.28 0.6° 2.5° 1.24 1.28 1.17
A 0.11 0.8° 3.7° 1.04 1.12 1.21
B 0.29 26.1° 27.9° 0.93 1.06 0.91
B- 0.30 28.1° 11.4° 0.91 0.97 0.97
4'-Dimethylaminoflavylium
AH* 0.28 0.6° 2.5° 1.24 1.28 1.15
B 0.29 26.1° 28.0° 0.93 1.06 0.91
6-Hydroxyflavylium
AH* 0.28 20.5° — 1.08 — 1.22
A 0.06 22.0° — 1.02 — 1.21
B 0.28 26.4° — 0.93 — 0.91
B- 0.30 28.3° — 0.92 — 0.97

4'-Aminoflavylium (X-ray data)"
AH* — 2.2° —
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Electronic absorption spectra — equilibrium

The electronic absorption spectra exhibit a strong absorbance at
A = 540 nm in acidic aqueous solutions (see Fig. 3). Such a band
is characteristic of other flavylium compounds and is assigned
to AH*."" As the pH increases, this band gradually disappears,
reflecting the disappearance of AH*. On the other hand, a new
transition appears at 410 nm, which is assigned to the formation
of chalcone species (both Cc and Ct). For pH > 10 almost all
absorbance at 540 nm disappears, while the shape of the absorption
spectra between 300 and 500 nm shows the acid/base equilibria
of the chalcone species. A plot of the absorbance at 540 nm as
a function of pH can be fitted with eqn (8), giving rise to a
pK, of 6.4. This already gives an upper limit for the value of
K2+ Also a separated absorption band from A is not observed,
and the chalcone species have overlapping spectra. This does not
enable a clear-cut description of the system to be formulated
just by examining the electronic absorption spectra, and other
experiments are required.

0.3

Abs

400 500

700 800

A /nm

Fig. 3 Absorption spectra of aqueous solutions of the 6-hydroxy-4'-
(dimethylamino)flavylium compound (10 uM) as a function of pH (pH =
2.3 to 10.9). The spectra were run after the solutions were left to reach
equilibrium in the dark for 48 h. Insert shows absorption spectra in the
pH range 7.9-10.9.

Electronic absorption spectra — AH*/ A equilibrium

Since the hydration of AH* occurs on a rather long timescale, a
pH jump from an acidic solution containing AH* to a pH until
about 8 will instantaneously produce an acid/base equilibrium.
By recording the absorption spectra after this jump (around 30 s
after) it is possible to approximately capture this equilibrium and
therefore to obtain K" and the absorption spectrum of A. These
results are shown in Fig. 4, and it is concluded that K*™ = 1.9 x
10-® M. The isosbestic point at 560 nm is ill-defined because
at higher pH there is already some hydration/tautomerization
occurring.

Transient absorption spectra — UV-Visible spectrophotometry

The absorption spectra after a pH jump from 1 to 8.2 were
measured as a function of time (see Fig. 5). Conversion of AH*
to A is observed during the mixing time of the sample: even
after 2 minutes the absorption spectra of A peaked at 560 nm.

300 400 500 600 700

A /nm

Fig.4 Absorption spectra of aqueous solutions of the (5 uM) 6-hydroxy-
4'-(dimethylamino)flavylium compound as a function of pH between 1.7
and 9 taken 30 s after a pH jump from 1. Insert shows absorption at A =
540 nm.
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Fig. 5 Transient absorption spectra between / = 2 min and 20 h after a
pH jump from 1 to 8.2. After 3 h, all the flavylium species (AH* and A)
have disappeared, while Ct appears on a long timescale (more than 5 h).

Afterwards, the absorption at 560 nm decreases gradually, while
a new band appears around 400 nm. A clear isosbestic point is
not observed, so again it is not possible to distinguish different
species within the spectra. However, it is possible to fit the data
with a biexponential decay, in which one of the components
is due to the cis/trans isomerization with a relaxation time of
3.6 hours (see Table 2). The other component is in fact a mixture of
two components containing both hydration and tautomerization
processes, which could be resolved by stopped-flow experiments,
which have a much better time-resolution.

Table 2 Isomerization rate constant at 293 K

pH ki/107° 57!
7.7 9.4
8.2 6.1
8.4 7.8
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Stopped-flow — direct pH jumps

Starting from acidic solutions (pH ~ 1), only AH* is present.
By a sudden increase of pH, a mixture of AH*/A is immediately
achieved on the timescale of a stopped-flow experiment: even after
3 ms the spectrum is shifted to the wavelength characteristic of A
(see Fig. 6). Therefore two processes are observed: the hydration
of AH*, which generates the hemiketal compound B, and the
tautomerization of B with the consequent ring opening, leading
to the formation of the chalcone Cc. Nevertheless, such a picture
is simplistic, because the reverse reactions back to AH* also occur.
However, as shown in eqn (5), biexponential kinetics are expected
even when all these processes are taken into account, and, as shown
in Fig. 6, this is what is observed experimentally.

a)
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Fig. 6 Direct pH jump from 1 to 10 of a solution measured by

stopped-flow. a) Time-resolved spectra for time delays of 3 ms, 0.5, 1,
2,3, 6,10, 20 and 30 s; b) Bleaching at 2 = 545 nm.

Stopped-flow — reverse pH jumps

Starting off from pH = 7, four hours after the sample preparation,
a mixture of AH*, A, Cc, Ct and B is expected at the beginning.
The pH jump to acidic conditions leads to the formation of AH*,
because of the reverse chemical reactions that take place. At the
end, only AH* and Ct (or Ct*) species will remain. Fig. 7 shows
that A is immediately converted to AH* after a pH jump from
7 to 1.6. Afterwards the absorption at 4 = 540 nm increases
with biexponential kinetics, and some minutes later only AH*
and Ct (or Ct*) species remain. The amplitude of the signals
from reverse pH jumps is considerably lower than from direct
pH jumps. The consequences are kinetic traces with much more
noise, making them more difficult to analyze. As seen in Fig. 8,
the errors associated with the decay constants are higher.

Rate constants and equilibrium — full description

Fig. 8 shows a fit of the pH dependence of the constants obtained
from stopped-flow experiments using eqn (5). This dependence

400 450 500 550 600 650 700

A/nm
b)
1.2
1 WM
TR T
g s
Eos ¥
g
5 0.6 -
£
204
< |
0.2 ,}
ol v ‘
0 4 8 12

t/s

Fig. 7 Reverse pH jump from 7 to 1.6 of a solution measured by
stopped-flow. a) Time-resolved spectra for time delays of 8§ ms, 80 ms,
0.5, 1, 12 and 60 s; b) Absorption increase at A = 545 nm; the white line is
a biexponential fit.

shows an unusual dependence, especially for pH values between 5
and 10, where the kinetics is rather slow for the second component.
The fitting results in the following values:

ky, =0.005 s
ky=331M"s"!
k oy =048 s

ke =610 M " 57!

kr=0.305"
kor=064s"
Ko =017 57!

KP=31x10"M

K&=38x10°M

ke, ke, kow, k%, and k™ converge to meaningless values,
suggesting that A is much less reactive than AH*. Also, the
approximation of eqn (7) is only valid for pH values above 11
or lower than 1 (see Fig. 8b). Therefore, this is a system where
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Fig. 8 a) pH dependence of the constants obtained from direct and
reverse pH jumps with the stopped-flow technique, and the fit with eqn (5);
b) Curves 1 and 2 from graph a), and k, + k_,[H*] (curve 3) and k. + k_.
(curve 4) (see eqn (7)).

each component of the kinetics may be addressed to one specific
reaction (hydration or tautomerization) only under rather extreme
pH conditions.

It is now possible to calculate K; from K," and K§' from K,”
from the absorption spectra at equilibrium conditions. It is even
possible to attain an estimation of K<~ using eqn (14), since at
certain wavelengths (between 420 and 290 nm) the absorption
spectra show variations at pH values above 8 (see Fig. 3 and
Fig. 9). This is an indication of the presence of Ct>~ and/or Cc*~
species at pH values above 8, and therefore it is possible to use
eqn (15). However, it is not possible to distinguish between the
two species, unless it is assumed that [Cc*~] is negligible, in which
case only an indication of K&~ is obtained.

To fit the experimental data at various wavelengths, a general
expression is required. According to the Lambert-Beer law, the
absorption at a given wavelength is the sum of the absorptions
of each of the species in solution. In this system there are many
molecules in solution (AH*, A, B, B-, Cc, Cc~, Cc*~, Ct, Ct~ and
Ct*"), and each molecule will have an extinction coefficient ¢ for
every wavelength. Discarding certain molecules that will exist in
small amounts, like B~, eqn (17) should describe the experimental
results.

Abs(J) =

ean[H T+ (65 + ecc Kt + e KiKr) Ku[H'] + K+ Ky <(£Cc — K&+ e — KaC[KI) +

However, not all variables can be obtained, so it is better to work
with this simplified expression described by eqn (18), where ¢, &’
and ¢” are related to the extinction coefficients.

e [H T + &K, [H 1+ K, K,y (g” + ;—MJ
Abs(4)= L DA
’ r K
H P+ K [H ]+ K+ o
[H] + K, [H]+ a+[H+]

The fitting results (see Fig. 9) are given by:
K'=14x10°M
K, =246

KO KK, + K& K% = 6.64 x 1074 M?

If one considers the amount of Cc?~ to be negligible, one obtains
K= =2.0x 10" M (pKS— = 8.7).

0.3
A= 540 nm
0.2
[7]
o
<
A= 485 nm
0.1 - A=410 nm
A= 340 nm
0
1 3 5 7 9 11 13

pH

Fig. 9 Absorption variation under equilibrium conditions at different
wavelengths fitted with eqn (18).

Discussion
Formation of the hemiketal

The results obtained show a rather slow hydration of AH* species
(ky = 0.005 s7'), which is almost the limiting step of the set of
chemical reactions described in Fig. 1. Once B is formed, it readily
reacts to form AH* or Cc, at almost equal rates (kr = 0.30 s' and
k_on = 0.48 s7"), and under acidic conditions only AH* is formed
(k_, = 33.1 M~'s7"). K};, which should be considered as an equi-
librium parameter instead of a constant (see eqn (14)), decreases
strongly with pH, acquiring very low values such as 10~ M.

The instability of B is explained by the double bond character
of C2-C1’ (see Table 1), which hinders the nucleophilic attack
by H,O. Such behavior has been observed in other flavylium
compounds bearing an amine group on the 4'-position,”? and
in 7-hydroxy-4'-(dimethylamino)flavylium.”® Therefore, electron-
donating groups at such positions reduce the formation of B,
slowing down all the kinetics of the scheme in Fig. 1. On the

(sco- KE K K + oo KE© Kfc)
[H]

[H P+ K [H*] + K/ + ==

(17)

[H*]
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other hand, A is much less reactive than AH*, a result that has
also been observed previously. Only by nucleophilic attack of A
with OH™ is it possible to form the hemiketal species, and therefore
in basic conditions the reaction is catalyzed by OH".

Formation of the chalcones

Kinetically, the formation of cis-chalcones (Cc) occurs after the
formation of hemiketal species, and the cis/trans isomerization
takes some hours to proceed, and therefore Ct species are not
observed within the timescale of stopped-flow experiments. But,
once equilibrium is reached, there is a rich chalcone pH-dependent
chemistry. The mole fraction distribution of the several species can
be calculated following a procedure reported in the literature®!
(see Fig. 10), and it is found that even at pH 3 a significant amount
of Ct exists in solution. Cc™ appears in large quantities around
pH 8, while for pH > 9 Ct*>~ (and perhaps Cc*~) becomes dominant.
It is not possible to be certain of the presence of either Cc*~ or
Ct*~ at such high pH with the present set of data, but, unless both
species have a similar pK,, it is likely that only Ct>~ is dominant.
Cc* should be much less stable than Cc~ due to the hydrogen
bond that should be formed in Cc™.

1

0.8 -

0.6 -

0.4 -

molar fraction

0.2 -

pH

Fig. 10 Molar fraction distribution at the equilibrium pH for 6-hydroxy-
4'-(dimethylamino)flavylium species.
Comparison with other flavylium compounds

Table 3 compares the kinetic and equilibrium constants of different
and related flavylium compounds. All reactions depend strongly

on the presence of the substituents. The amino group considerably
decreases the rates of hydration and dehydration, presumably due
to the planar structure and extended m conjugation of the AH*
species. The hydroxyl group, which is an electron-donor as well,
also reduces the hydration rate, but in a less pronounced way. The
presence of an electron-acceptor group like NO,, on the other
hand, has an opposite effect. For 4'-hydroxy-6-nitroflavylium, a
ky of 9 s™' was obtained,* a value that is 3 orders of magnitude
higher than for 4'-hydroxyflavylium (k, = 8.9 x 107?s7"),* another
flavylium compound with a planar structure.

Such an effect is much less pronounced on the tautomerization
and isomerization reactions: remarkably, the isomerization is
almost identical on the 6-hydroxy- and 6-hydroxy-4'-(dimethyl-
amino)- compounds, and the same seems to happen for the
tautomerization reaction. Thus it seems that for these reactions
the hydroxyl group at C6 has a stronger influence, perhaps because
these reactions proceed from a molecule where the two rings
are electronically decoupled. Therefore, rather than being an
intermediate case, the chemistry of 6-hydroxy-4'-(dimethylamino)-
flavylium resembles 4'-aminoflavylium for the hydration reaction,
while for the tautomerization and isomerization it resembles 6-
hydroxyflavylium.

These two aspects provide, therefore, a framework in which
the design of new flavylium compounds may be directed in
order to obtain desirable chromic properties. Knowledge of
how substituents affect the reaction kinetics is as crucial as the
understanding of solvent effects. Qualitative predictions may then
be complemented by semi-empirical calculations, in order to
obtain the ideal pH-dependent rate constants for the network of
chemical reactions of these compounds.

Final comments

The flavylium salt 6-hydroxy-4'-(dimethylamino)flavylium hex-
afluorophosphate, which has a wide array of pH-driven chemical
reactions in aqueous solutions, was synthesized. In order to
understand the chemistry of this type of compound, a generalized
kinetic scheme is required. This leads to a better understanding of
the relationship between chemical structure and reactivity, because
it is possible to access many kinetic rate constants. In the present
case, a comparison with other flavylium compounds shows that the
hydration process is affected mainly by the amino group, while the
hydroxyl group influences the tautomerization and isomerization

Table 3 Equilibrium and kinetic constants for different synthetic flavylium compounds

Substituent None? 6-OH* 4'-Dimethylamino?  7-Diethylamino-4-OH¢  7-OH-4-Dimethylamino”  6-OH-4'-Dimethylamino
Ky/M 9.8 x 10~ 1 x10°* 2.8 x 107 — 2.5 % 10°¢ 2.9 x 1078
K 0.06 0.57 21 — — 0.47

K, 400 25 130 — >4000 25

ey /s7! 4.6 0.09 2.8 x 107 1.5x 10~* 0.02 0.005
ko/M™'st 47 x10° 900 1000 — 8000 33.1

k /s 0.11 — 80 — — 0.30

k /s 1.78 — 3.7 — — 0.64

ki/s™! 41x10*  1x10* 48x10° — 0.4 7.8 x 1073
k_i/s™! 1.1 x 10°° — 3.7 x 1078 1 x 1072 <l x10™* —
kgs/M™'s™h — — 9.3 x 10* 3.5 1.4 610
k_on/s™! 49 x 10 — — — — 0.48

Kbuse /51 — — — — — 0.17

@ Calculated using eqn (10). ® Ref. 3 and 11. ¢ Ref. 17. 4 Ref. 12. ¢ Ref. 14./ Ref. 13.
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reactions. This deduction is helpful in order to design better
flavylium compounds for applications like information storage.
Ultimately, the work developed here might also be applied in
photochromic or electrochromic devices, enabling a framework
in which compounds with a more complicated chemical structure
might also be used in a quantitative way.

Experimental
Synthesis

All reagents and solvents used were of analytical grade. NMR
spectra were run on a Bruker AMX 400 instrument, MS spectra
were run on a Micromass GCT machine, and elemental analyses
were obtained on a Thermofinnigan Flash EA 1112 series device.

6-Hydroxy-4'-(dimethylamino)flavylium hexafluorophosphate

This was prepared by condensation of 4'-(dimethylamino)-
acetophenone (0.69 g, 5 mmol) and 2,5-dihydroxybenzaldehyde
(0.82 g, 5 mmol), on the basis of a method initially described
by Robinson and Pratt,” and later developed by Michaelidis and
Wizinger,* using concentrated sulfuric acid instead of gaseous
hydrogen chloride. The reagents were dissolved in acetic acid
(10 ml), and 98% (w/w) sulfuric acid (2.5 ml) was then added,
keeping the temperature below 60 °C. The solution became red and
was stirred overnight. Addition of ethyl acetate led to precipitation
of a brown solid, which was filtered and washed with ethyl ether.
A yield of 51% was obtained. The solid may be dissolved in
acetic acid and reprecipitated as its hexafluorophosphate salt
by adding 65% (w/w) HPF,. Elemental analysis: exp. (calc.
for C;;H,,NO,PF,-0.5H,0; FW = 420.29 g mol™") C 48.39%
(48.58%), N 3.44% (3.33%), H 4.44% (4.08%). MS-FD: m/z 266.1
[M — PF]* (100%). "H NMR (400 MHz, CD;CN/DCI, 300 K,
AH* species): 6/ppm 3.23 (s, 6H, N(CH,),), 6.92 (d, 2H, *J =
8.8 Hz, H3 + HY), 7.22 (d, 1H, *J = 2.8 Hz, H5), 7.43 (dd,
IH, °J = 9.1 Hz, *J = 2.8 Hz, H7), 7.77 (d, 1H, *J = 9.1 Hz,
HS), 7.97 (d, 1H, *J = 9.4 Hz, H3), 8.17 (d, 2H, *J = 8.8 Hz,
H2 + H6'), 8.37 (d, 1H, °J = 9.4 Hz, H4). "C NMR (100 MHz,
CD;CN/DCI, 300 K, AH" species): 6/ppm 41.2 (N(CH,),), 112.9
(CS), 114.7 (C3 + C5), 115.5, 117.6 (C3), 120.3 (C8), 124.6,
126.3 (C7), 134.2 (C3' + C5), 147.6 (C4), 149.8, 157.5, 158.2,
171.0.

Measurements

All experiments were carried out in aqueous solution. The pH
was adjusted by addition of HCl and NaOH, or buffer, and
was measured in a Meterlab pHM240 pH meter from Radiome-
ter Copenhagen. UV-Vis absorption spectra were recorded in
a Shimadzu UV2501-PC spectrophotometer. The stopped-flow
experiments were performed in a SFM-300 spectrophotometer,
controlled by a MPS-60 unit (Bio-Logic) and the data were
collected through a TIDAS diode array (J & M), with wavelength
range between 300 and 1100 nm, all connected to a computer. The
standard cuvette had an observation path length of 1 cm or 0.1 cm.
For these experiments the dead time of each shot was previously
determined to be 5.6 ms with a 8§ mL s~ flow rate.

Semiempirical calculations

Geometries were optimized by AMI1 at the UHF level.
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In order to study the structural limits in the design of molecular motors, a terz-butyl substituted
analogue was prepared. The unexpected photochemical and thermal isomerisation processes and the
stereochemistry of new overcrowded alkene 5 are described. The bis tert-butyl substituted alkenes were
synthesised in a five-step sequence with an overall yield of 7.5%. Structural assignments of the isomers

based on experimental data were supported by calculations of all four isomers of the alkene. X-Ray

crystal analysis showed a strongly twisted alkene (torsion angle 39°) for a less stable photochemically

generated cis-isomer.

Introduction

Fundamental knowledge of organic compounds where structural
parameters have been pushed to the limit (e.g. steric crowding
in alkenes and deviation from arene planarity) have led to a
plethora of remarkable molecules. The challenge to prepare such
compounds has frequently been a major incentive to develop new
synthetic procedures. Most of these compounds have, however,
found little application in functional devices. The overcrowded
biphenanthrylidenes 1-3 (Fig. 1),> whose helical structures re-
semble in some respect the structure of helicenes, are not only
interesting molecules from a fundamental point of view, but might
find application in nanotechnological devices.*

Fig. 1 Overcrowded alkenes 1-5; compounds 1-4 function as unidirec-
tional light-driven molecular motors.

The motor molecules 1-4 are able to perform, in a four-step
sequence, a 360° unidirectional rotation around the central double
bond (the rotary axis) and function as light-driven molecular
motors.® The whole rotation process is fueled by light energy,
which induces two photochemical cis—trans isomerisations of the
double bond. Each photochemical isomerisation is followed by

Department of Organic and Molecular Inorganic Chemistry, Stratingh
Institute, University of Groningen, Nijenborgh 4, 9747 AG, Groningen, The
Netherlands. E-mail: Feringa@chem.rug.nl; Fax: +3150 363 4296, Tel: +31
50 363 4278

T Electronic supplementary information (ESI) available: Details of cal-
culations. Table S1: Calculated structures for the four isomers of 4 and
the experimental structural data of stable cis-4 and stable trans-4. Table
S2: Calculated structures for all four isomers of 5 and the experimental
data for both cis-isomers of 5 from X-ray crystallography. See DOI:
10.1039/b611070c

a thermally driven helix inversion. During this thermal process,
a change in the orientation of the R-substituents takes place
from the energetically unfavorable (pseudo-)equatorial to the
energetically favorable (pseudo-)axial orientation. The thermal
process is irreversible and it accounts for the unidirectionality
of the entire rotary process. Since the size of the R-substituents
is of particular importance for the motor function, ethyl and
isopropyl substituted molecular motors 2 and 3 were synthesised.’
Interestingly, replacing the methyl substituents in 1 by the larger
isopropyl substituents in 3 revealed that the thermal isomerisations
of the motor molecules proceed in two consecutive steps. It was
demonstrated that the thermal helix inversion of a molecule with
(M ,M)-helix to a molecule with a (P,P)-helix proceeds via an
intermediate with a (P,M) helical structure.’

A major disadvantage of motor 1 is the relatively low rate of
the thermal helix inversion and therefore slow overall rotation.
We have designed and synthesised motor molecule 4, in which
the two six-membered rings as in 1 have been replaced by two
five-membered rings. An important feature of motor molecule 4
is its enhanced speed of rotation, due to the enhanced rate of the
thermal helix inversion. This is probably a direct consequence of
the reduced steric hindrance around the central double bond. This
is indirectly reflected in the synthesis of the motor molecules 1-4
for which in the final, and most difficult step a McMurry reaction
is used to form the sterically overcrowded double bond. Whereas
the synthesis of 1, 2 and especially 3 is quite troublesome, the last
step in the synthesis of motor 4 is readily performed and proceeds
in good yields.

Independently, overcrowded alkene 4 has been studied in the
group of Harada.® In their detailed studies, they have shown that
the original assignment of the absolute configuration of 4 had to be
revised. We became interested in the thermal and photochemical
properties of overcrowded alkene 5, which is expected to show
severe steric hindrance compared to its analogue 4. In 5 the
two methyl substituents are to be replaced by two bulky rert-
butyl substituents. It was anticipated, that like in the case of
1 and 3, the increase of steric bulk would allow more detailed
studies of substituent effects on the photochemical and thermal
isomerisation processes for the molecular motors containing two
five-membered rings.

This journal is © The Royal Society of Chemistry 2007
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Synthesis

The preparation of alkene 5 (Scheme 1) is straight-forward and
follows the synthetic scheme that has originally been applied to
4. A feature is, however, that due to the increasing steric bulk
of the tert-butyl group, these reactions are much slower and
require extended reaction times. The synthesis starts with the
commercially available acid 6, which was converted to ester 7 in
good yield by reaction with methyl iodide in DMF in the presence
of base. Deprotonation of the ester 7 using LDA in THF at low
temperature and subsequent alkylation with 8 gave the desired
ester 9 in moderate yield. This ester 9 could be cleaved only using
harsh conditions, but acid 10 was eventually obtained in good
yield after refluxing for six days in a mixture of ethanol and water
containing KOH. Acid 10 was converted to the ketone 11 using
standard Friedel-Crafts conditions, employing SOCI, and AICI;.
Preliminary attempts to couple this ketone using the McMurry
reaction with TiCl, and zinc powder resulted in the recovery of
the starting material. However, using prolonged reaction times
of nearly two weeks, the desired alkene 5 was obtained as a
mixture of (25*,2'S*)-(P*,P*)-cis- and (25*,2'S*)-(P*,P*)-trans-
isomers in an approximate 5 : 2 ratio and in a combined yield
of 19%.” Analysis of the crude reaction mixture showed that
apart from the mixture of cis-5 and trans-5, still a part of the
starting ketone 11 remained present, indicating that even longer
reaction times might yield more of the product. Surprisingly, in
this McMurry reaction the formation of the usual side-products
was not observed.® Eventually, the cis-5 isomer was obtained pure
by multiple precipitations and recrystallisations from heptane.
Unfortunately, the trans-5 isomer could not be obtained in pure
form in this way (vide infra) and could only be obtained pure
after photochemical isomerisation of cis-5. The structures of both
isomers were assigned by comparison of the 'H NMR spectra of 5
with those of the corresponding cis and trans isomers of the methyl
substituted five-membered ring molecular motor 4. Informative in
this respect are the absorptions of Hy and H, for the cis-isomer of
5 at high field (6 6.3 ppm) and the absorption of H, for trans-5 at
low field (6 8.7 ppm) (for numbering see Fig. 2(d)). Summarizing,
the alkene 5 was, considering the steric bulk introduced into the

Mel, K,COs,

MOH DMF, RT, 86%

7

O,H @) SOCl, CH,Cly,
DMF, A

— -~
b) CICH,CH,CI, ACl3,
0°C, 84%

10

(ratio 2:5)

Fig. 2 PLUTO drawings of racemic (25*2'S*)-(P*,P*)-cis-(£)-2,2'-
di-zert-butyl-2,2',3,3 - tetrahydro- 1,1’ - bicyclopenta[a]naphthalenylidene
(5) viewed perpendicular (a) to the central double bond and along
(b) the central double bond; Newman projection of the configuration
around the central double bond (viewed along the axis C,~C,) (c) as well
as the numbering scheme adopted for the molecule (d) are depicted.

final molecule, efficiently synthesised in a five-step sequence in an
overall yield of 7.5%.

Further evidence for the structural assignment of cis-5 was
obtained by X-ray analysis. Sharp, colorless platelets of cis-5
suitable for X-ray crystallographic analysis were obtained by slow
recrystallisation from heptane (Fig. 2).°

The overall molecular shape of tert-butyl substituted cis-5
shows only minor differences compared to the methyl substituted
analogue cis-4. The structure of cis-5, which is C,-symmetric in
solution as could be seen from the 'H and *C NMR spectra,

o CO,Me
X)}\ LOA THE. “/:Q EtOH, KOH
oM

H 0, A, 82%
67%

TiCly, Zn,

EEEEE—
THF, A, 19%

Scheme 1 The synthesis of overcrowded alkene 5.
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deviates slightly from this preferred geometry in the solid state due
to crystal packing effects. The helical shape and the (pseudo-)axial
orientation of the zert-butyl substituents are the most noteworthy
structural features. The naphthalene moiety and the zert-butyl
substituent in each half of the molecule in cis-5 are found to be
oriented in the same direction. The length of the central double
bond was found to deviate only slightly from literature values:
1.353 A.™® The geometry of cis-5 around the central double bond
(see also the Newman projection in Fig. 2) is similar to that of cis-
4. The bond angles around C, and C are: C,—C,—C,, = 104.1°,
C,—C,—Cy = 124.2° and C,,—C,—C; = 130.9° (average total angle
around C, and C; = 359.8°). The values for the torsion angles
around the double bond are: C,—C,—C,—Cy = —13.5°, Cy,—C,—
C,/—Cy, = 10.9° and C,—C,—C,—Cy, = 178.7° (average). These
values are averages of values in the two parts of the molecule since
the structure is pseudo-C,-symmetric.

As can be seen from the Newman projection, the deviation
from the plane of the central double bond is considerable and is
approximately 10° to both sides. The two five-membered rings in
the molecule are only slightly twisted and the atoms C,, C, and C;
only slightly deviate from the least-squares plane through C,, C,,
C,, G, and Cy,.

Photochemical and thermal experiments

In order to investigate whether this molecule functions as a motor
and to examine the photochemical behavior of 5, enantiomerically
pure material was needed for CD measurements. The stable cis-5
could be resolved by chiral preparative HPLC using a Chiralcel
OD column as the stationary phase and a mixture of heptane—
isopropyl alcohol =99.75:0.25 as the eluent. In order to determine
the absolute configuration of the two enantiomers, the spectra of
the first eluted fraction of cis-5 and the spectrum of (2S5,2'S)-
(M ,M)-cis-4 obtained by Harada et al. were compared.® As can
be seen from Fig. 3, the UV-Vis and CD spectra are similar in
shape.

Noteworthy is the large difference in intensity of the absorption
in the CD spectrum at 233.6 nm, which has nearly doubled in
magnitude (and with opposite sign) for 5 compared to 4. On
the basis of this comparison, the absolute configuration of the
enantiomer in the first eluted fraction of the tert-butyl substituted
compound was assigned (25,2'S)-(P,P)-cis-5.

Irradiation of a solution of (28,2'S)-(P,P)-cis-5 in n-hexane
at low temperature (1 > 280 nm, 7 = —25 °C) gave complete
conversion to a new isomer of 5, as was determined by HPLC and
mass spectrometry. The solution of (2S5,2'S)-(P,P)-cis-5, which
was colorless, turned rapidly orange upon irradiation and an
absorption band appeared as high as 480 nm in the UV-Vis
spectrum. Coloration of the sample is observed in all cases for
unstable forms of the motors molecules 1-4, but never as intense
and as red-shifted as for this particular isomer of 5. The UV-Vis
and CD spectra of this new isomer are depicted in Fig. 4.

The CD absorptions of the newly formed isomer are not as
intense as those of stable (25,2'S)-(P,P)-cis-5. The most intense
absorption is found at 223.0 nm (Ae = —157.7), other signals
at longer wavelengths are significantly less intense. Based on
photochemical experiments with 1-4, it was anticipated that
upon irradiation of (25,2'S)-(P,P)-cis-5 photoisomerisation at the
central double bond had taken place to form the unstable (25,2'S)-

& x 10° (dm® mol™ o)

300+

b)

200 4

100

Ae
o
N

-100 4
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Fig. 3 UV-Vis (a) and CD spectra (b) of (25,2'S)-(P,P)-cis-5 (solid line)
and (28,2'S)-(M,M)-cis-4 (dotted line) in n-hexane.

(M, M)-trans-5. However, comparison of the CD spectrum of
the new isomer of 5 with that of the unstable (25,2'S)-(P,P)-
trans-4 or even unstable (25,2'S)-(P,P)-cis-4, did not give decisive
evidence for the formation of either unstable isomer of alkene 5.
Upon heating the sample in n-hexane at 60 °C, no decoloration
was observed, pointing out the relative stability of this newly
formed isomer. Only when a sample was dissolved in dodecane,
allowing heating at elevated temperatures (e.g. T = 90 °C),
decoloration of the sample was observed, leading to the formation
of (28.,2'S)-(P,P)-trans-5, as was confirmed by HPLC, UV-Vis
and CD spectroscopy (see Fig. 4). The UV-Vis spectrum shows
clearly the two absorption maxima at 350 and 360 nm, which
are characteristic for (25,2'S)-(P,P)-trans-5. This photochemical
isomerisation followed by a thermal isomerisation of the molecule
proved to be the only way to obtain pure (25*,2'S*)-(P*, P*)-trans-
5 because this compound could not obtained in pure form from the
reaction mixture. Also in the case of (25,2'S)-(P, P)-trans-5, the CD
spectrum does not have the intense Cotton effects that were found
for (25,2'S)-(M,M)-trans-4. The only obvious similarity between
the two CD spectra is the absorption in the CD at 259.2 nm (A¢ =
+158.7) for stable (25,2'S)-(P,P)-trans-5 and at 258.0 nm (A¢ =
—236.5) for the stable trans-4 isomer. The other Cotton effects in
the CD spectrum are surprisingly small for such a helical shaped
molecule.

This journal is © The Royal Society of Chemistry 2007
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Fig.4 UV-Vis(n-hexane) (a) and CD (n-hexane) (b) spectra of the isomers
of tert-butyl substituted olefin 5. Stable (25,2'S)-(P,P)-cis-5 (thick solid
line), unknown isomer of 5 (dashed line) and stable (25,2'S)-(P,P)-trans
(solid line).

In order to quantify the height of the activation barrier for the
conversion of the new isomer of 5 into the stable (25,2'S)-(P,P)-
trans-5 isomer, a sample of (25,2'S)-(P,P)-cis-5 in dodecane was
irradiated (1 > 280 nm, 7' = —25 °C). The sample was then heated
at various temperatures (70, 80, 90, 100 °C) while the intensity
of the CD-signal at 230 nm was monitored, indicating the decay
of the newly formed isomer of 5. The kinetic data revealed that a
unimolecular process took place going from the new isomer of 5 to
the stable (25,2'S)-(P,P)-trans-5. With the aid of an Eyring plot,
these data were used to calculate both the Gibbs energy (AG,* =
105 £ 4 kJ mol™"), the enthalpy (AH,* = 76 &+ 4 kJ mol™') and
the entropy of activation (AS,* = —100 £ 10 J K~' mol~") and the
half-life of the thermal helix inversion at room temperature (¢, =
193 h, 293.15 K).

Unfortunately, the isomers of 5 are not as robust as previously
examined molecular motors. Upon prolonged (>24 h) irradiation
of a sample with a low concentration (~1 x 10 M) at . >
280 nm photo-degradation took place to multiple products which
precipitated from the solution.

As indicated above, the actual structure of the new isomer
could not be assigned unequivocally by comparison with the UV-
Vis and CD spectroscopic data of previously prepared switches
or motor molecules. Therefore, irradiation experiments (1 >
280 nm, 7 = 20 °C) were performed with a mixture of stable
trans-5 and stable cis-5 in toluene-dg and benzene-d, in order to

generate quantitatively the unknown isomer of 5. The assignment
of the geometry of the unknown isomer of 5 on basis of 'H
NMR spectroscopy was difficult. The arene protons absorbing
at relatively high field, 6 6.4 and 6.8 ppm, are normally indicative
for molecules with a cis-geometry. These shifts to higher field are
due to the ring current anisotropy of the neighboring naphthalene
moiety. At the same time, no absorption was observed at low
field at approximately 6 8.0 ppm which would indicate a trans-
geometry. However, in the NOE spectrum, a small interaction was
observed between the protons of the terz-butyl and the protons at
C, of the naphthalene ring, which is usually observed for trans-
isomers, but not for cis-isomers. Interestingly, while following
the photochemical reaction by '"H NMR spectroscopy, first the
stable frans-5 is converted completely to the unknown isomer
of 5, followed by a slower, complete conversion of cis-5 to the
unknown isomer of 5. After prolonged irradiation of a sample
with an intermediate concentration of 5 (~1 x 1073 M), a number
of decomposition products appeared in the spectrum. One side
product 12 could be isolated in small quantities from an irradiated
sample of cis-5 and frans-5 and characterised (Fig. 5). So far,
these or similar side-products, have not been observed for either
six-membered molecular motors 1-3 or for the five-membered
molecular motor 4.

QOQ

Fig. 5 Photodegradation product 12 isolated after irradiation of a
mixture of cis-5 and trans-5.

Heating of the unknown isomer of 5 at 100 °C in a toluene-dy
solution showed a rapid conversion to the stable trans-5, followed
by the very slow (days in boiling toluene-dg) thermal conversion
of stable trans-5 to the stable cis-5. This is another indication,
apart from the preferred formation of the cis-5 over trans-5 in
the synthesis, that cis-5 is thermodynamically more stable than
trans-5. Since still no conclusive evidence could be presented to
unequivocally establish the structure of the new isomer, an X-ray
crystallographic analysis was performed. The unknown isomer of
5 was generated by irradiation (4 > 280 nm, 7 = 20 °C) of a
solution of stable (25*,2'S*)-(P*,P*)-cis-5 and stable (25*,2'S*)-
(P*,P*)-trans-5 in toluene-dg. Due to the small amounts obtained
of the unknown isomer of 5, crystallisation proved to be difficult.
A small orange crystal suitable for X-ray crystallographic analysis
could be obtained by slow diffusion of methanol in an n-hexane
solution of 5.' Surprisingly, the unknown isomer of 5 obtained
after irradiation proved to be the (28*,2'S*)-(M*,M*)-cis-5, as
can be seen from Fig. 6.

The helical structure of (25*,2'S*)-(M*,M*)-cis-5 is inverted
compared to stable (25*,2'S*)-(P*,P*)-cis-5. Although the X-ray
crystal structure of the unstable cis-5 suggests that the compound
is C,-symmetric in the solid state, it is slightly distorted from
its preferred C,-symmetric geometry in solution. A remarkable
feature of the molecule is the twisted nature of the compound. Not
only is the central double bond severely twisted, but also the two
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Fig.6 PLUTO drawings of racemic (25*,2'S*)-(M*,M*)-cis-(+)-2,2'-di-
tert-butyl-2,2',3,3'-tetrahydro-1,1’-bicyclopenta[a]naphthalenylidene  (5)
viewed perpendicularly (a) and along (b) the central double bond;
Newman projection viewing along the central double bond C,~C, (c) and
the adopted numbering scheme (d).

naphthalene moieties are deformed. This all in order to keep the
tert-butyl substituents in an axial position (torsion angle C,—C,—
C,—C,,, (average, 73.7°)). The central double bond is significantly
longer, 1.379 A, than that of, for example, stable (2R*,2'R*)-
(P*,P¥)-cis-4 (1.359 A, average) and (25%*2 S*)-(P*, P*)-cis-5
(1.353 A). The angles around the carbon atoms C, and C, of
the central double bond are characterised as follows: C,—C,—C,
(107.02°), C,—C,—Cy (120.87°), Cy,—C,—Cy (132.11°), Cy—C;—Cy,
(107.03°), C;—C,—C, (119.86°) and Cy,—C,—C, (133.10) giving
total angles around C, of 360.0° and C, of 360.0°. From the
torsion angles C,~C,~C;—C, = —37.3°, Cy,—C,~C;—Cy, = —39.6°
and C,-C,-C;—Cy, = 141.58° (average), it can be seen that the
central double bond is severely twisted. This is especially obvious
from the Newman projection in Fig. 6 and by comparison with
the corresponding torsion angles of stable (25*,2' S*)-(P*, P¥)-cis-
5 being: C,—C,-C,—-C, = 13.5°, Cy,—C,—C;—Cy,, = 10.9° and C,—
C,—C—Cy,, = 178.7° (average), respectively. The torsion angle Co,—
Co,—C,—Cy is in the unstable (2S5*,2'S*)-(M*,M*)-cis-5 reduced
to only 6.4° (average). In the stable cis-isomers, this torsion
angle normally nicely reflects the angle between both naphthalene
chromophores. In the present case, however, the central double
bond is twisted to such an extent that it no longer reflects this
angle (42.0°) correctly. Also the naphthalene moieties themselves
are bent. Whereas in each half of the molecule one aromatic ring
is relatively flat (Cs,—C¢—C,—Cs—Cy—Cy, and Cy,—Cy—Cy—Cy—Cy—
Cy,) the remaining atoms in the naphthalene moiety are bent away
to avoid steric hindrance. The deviations from the least-square
planes through the aromatic rings are quite large: Cs, (—0.40 A), C,
0.51A), C5 (—=0.26 A), Cy, (0.02A), Cs, (—0.19 A), Cy (0.28 A), Cy
(=0.15A)and Cyy, (0.10 A). The five-membered rings are relatively
flat and the deviations for C,, C, and C; from the least-square plane
through C,~C,—C;-C;,—C,, are not larger than 0.11 A. Compared
to several examples of torsional distorted alkenes described in the
literature, the unstable (25*,2'S*)-(M*, M*)-cis-5 contains one of

the most twisted double bonds. The only alkenes reported which
contained a double bond that is not influenced by push—pull
substituents with a larger twist are the alkenes 13,'> 14" and its
derivatives, 15" and 16 (Fig. 7)

LD -
t-BuMe,Si SiMes .O

(YT«

14: Cg,-Cg-Cq-Cqrp 54°

t-BuMe,Si SiMe;

15, R=H: Cg5-Coq-Cg-Cgry 55°

13: SI-C-C-Si 50° 16, R=Cl: Cgrs-Cg-Cg-Cysa66°

Fig. 7 Alkenes 13 and 14-16 with a larger twist of the central double
bond than that found in (25*,2'S*)-(M*,M*)-cis-5.

Three-stage isomerisation cycle

Summarizing the observations above, the following scheme can
be drawn for the zerz-butyl substituted alkene 5 (Scheme 2). Pho-
toirradiation of either stable (25*,2'S*)-(P*,P*)-trans-5 or stable
(28*,2'S*)-(P*,P*)-cis-5 at A > 280 nm leads to the quantitative
formation of the unstable (25*,2'S*)-(M*,M*)-cis-5. Heating at
elevated temperatures of unstable (25*,2'S*)-(M*, M *)-cis-5 gives
the stable (25*,2'S*)-(P*,P*)-trans-5. The same reaction can also
be performed by irradiation of the unstable (2.5*,2'S*)-(M*, M *)-
cis-5 with light (1 = 436 nm). Further heating of stable (25*,2'S*)-
(P*,P*)-trans-5 completes the cycle and reverts the system via
a slow thermal isomerisation to the starting point as the stable
(28%*,2'S*)-(P*,P*)-cis-5 is regenerated. It is remarkable that, in
contrast to 4, no unstable trans isomer of 5 could be detected.

stable (2S,2'S)-(P,P)-cis-5 unstable (2S,2'S)-(M,M)-cis-5

100°C

or 436 nm
A>280 nm

-25°C

AT, days

N

stable (2S,2'S)-(P,P)-trans-5

Scheme 2 Photochemical and thermal isomerisations of zerz-butyl sub-
stituted alkene 5.

Calculations

In order to gain insight into the structure and the relative stabilities
of the isomers of alkene 5, their structures were calculated. The

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 87-96 | 91





availability of simple, reliable methodology for the calculation of
the structural parameters is especially of importance for isomers
for which no X-ray analysis can be performed. Methodology
previously used for calculation of the structures of the first
generation molecular motors such as 1, containing two six-
membered rings, required long calculation times.” The presence
of two five-membered rings in molecules 4 and 5, however, means
that these molecules are much less flexible and the number of
conformational possibilities is therefore limited to those with an
anticipated pseudo-axial or pseudo-equatorial orientation of the
substituents at the stereogenic centers. It was felt that the structure
of these alkenes strongly depends on the steric interactions
between the two halves of molecule and therefore on the value of
dihedral angle C,—C,~C,—C,. Due to its structural similarity and
availability of both X-ray and CD data, methyl substituted motor
molecule 4 was chosen as a comparison to test the calculation
methodology.

At first the relation between the energy of molecule and its
structure was estimated at the AM1 semi-empirical level and
then optimised at the b3lyp/6-31g(d)//b3lyp/3-21g(d) level.’® The
comparison of the calculated structures with experimental X-
ray data showed excellent agreement and shows that this semi-
empirical-DFT methodology can be used for the prediction of
structurally related molecules."”

As was assumed on basis of the outcome of the synthesis of 4, the
isomer with the lowest energy was stable cis-4 followed by stable
trans-4 which was found to be 11.0 kJ mol™" higher in energy (see
Table 1). The unstable isomers trans-4 and cis-4 were respectively
20.2 and 26.5 kJ mol~" higher in energy than the stable-cis-4. These
values only reflect the relative energies of the different isomers of
4 and not the rate of the thermal helix inversion that depends on
the activation energy.

The conformations of lowest-energy of the isomers of 4
were then used as starting points for the computation of the
accessible isomers of 5. First, the methyl groups at C, and
Cy in the stable forms of 4 were replaced by tert-butyl sub-
stituents and full structure optimisations were performed for
all compounds at the AM1 semi-empirical level, followed by
systematic conformational search at the same level for each pre-
viously optimised structure according to the procedure described
for 4.

Table 1 Results of the calculated structures the four isomers of 4 and 5

AE/kJ mol™!
Stable cis Me-4 0.0
tBu-5 0.0
Unstable cis Me-4 +26.5
tBu-5 +57.5
Stable trans Me-4 +11.0
tBu-5 +42.0
Unstable trans Me-4 +20.2
tBu-5 +89.7

Similar to 4, cis-5 with pseudo-axial tert-butyl substituents was
of the lowest energy followed by the trans-5 isomer with axial
tert-butyl substituents which is 42.0 kJ mol™" higher in energy
(see Table 1 and Fig. 8)."” The unstable cis-5 isomer, due to the
steric crowding also with pseudo-axial zert-butyl substituents, was
15.5 kJ mol™"' higher in energy than the stable trans-5 isomer
with pseudo-axial substituents (57.5 kJ mol™" compared to axial
cis-5). The highest energy conformer was the unstable trans-5,
which was no less than 89.7 kJ mol™' higher in energy than
axial substituted cis-5. The differences in relative energies between
respective conformers of 4 and 5 are of steric origin. Bulky
substituents such as the terz-butyl groups cause distortions around
the central double bond and also severely distort the naphthalene
moieties, as can be seen from the X-ray and calculations of
the unstable isomers. Similarly, the bulky substituents do have a
profound impact on the barriers of isomerisation, as the unstable
cis isomer of 4 is thermally unstable, the unstable cis-5 can be
isolated and characterized due the steric hindrance induced by the
same tert-butyl substituents.

Discussion and conclusion

The experimental observations presented above for alkene 5 are
different from all molecular motors described so far. Contrary to
the usual rotary behavior of the overcrowded alkenes, no evidence
for the formation of the unstable trans-5 was found. The existence
of the three other forms, stable and unstable cis-5 and stable trans-
5 could be confirmed experimentally. Two important differences
in the behavior of bis-zert-butyl substituted alkene 5 compared to,
for example, the related bis-methyl substituted alkene 4 have to be

(b)

Fig. 8 Calculated structures of the stable (a) and unstable (b) trans isomers of 5.
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noted. The first difference is that irradiation of a stable cis-isomer
would normally lead to the formation of an unstable trans-isomer.
In case of 5, irradiation of the stable cis-5 gives the unstable cis-5
isomer. Apparently, upon relaxation from the excited state, there is
a preference for the pathway leading to formation of unstable cis-5.
From stable cis-5 it is difficult to form the unstable trans-5 because
of the presence of two very bulky fert-butyl substituents which have
to pass along each other. It is much easier for the two naphthalene
moieties to flip along each other. Therefore, refolding in the excited
state followed by relaxation to the ground-state takes place along
a pathway that eventually leads to the unstable cis-5. Although
experimentally unstable frans-5 was not observed, calculations
indicate that this isomer is found at an energy minimum, but that
it is significantly higher in energy than the other three isomers.

A second difference is that heating of an unstable cis- or trans-
isomer normally would lead to the stable cis- or trans-isomeric
counterparts. The thermal conversion of unstable cis-5 to stable
trans-5 observed here has no precedent. This interconversion takes
place at elevated temperatures at moderate speed.

Other characteristics of alkene 5 have precedents. For example,
overcrowded alkene 1 is able to switch selectively between the stable
cis-1 and the unstable 7rans-1."® The present overcrowded alkene 5
could in principle also function as such a perfect chiroptical switch
with full conversion in either way and simple read-out. A negative
aspect is the production of various side-products upon prolonged
irradiation of which 12 could be isolated and characterised.
These side-products were, however, only obtained after prolonged
irradiation times (hours) with polychromatic light (4 > 280 nm).
Upon irradiation of stable trans-5 with light (4 > 280 nm) the
system completely switches to the unstable cis-5. Reversal of the
process is accomplished by irradiation with blue light (1 =436 nm)
(Scheme 2). Probably irradiation of trans-5leads to the same exited
state as is reached upon irradiation of stable cis-5. Finally, the
stable trans-5 is thermally converted to the stable cis-5.

The overcrowded alkene 5 could in principle also function as
a molecular motor. The unidirectional rotation can, however, not
be proven unequivocally. The problem is that during the thermal
conversion of stable trans-5 to stable cis-5, the two halves of
the molecule can either rotate clockwise or counterclockwise.
Neither of the two pathways can be excluded and hence the
unidirectionality of rotation of the system is not certain. However,
the system performs its three-state cycle with high selectivity.
Starting with the stable cis-5, irradiation leads to full conversion
into unstable cis-5 in the first step of the rotary process. Subsequent
heating or irradiation of unstable cis-5 gives solely stable trans-5.
The system reverts eventually to the original cis-5 on prolonged
heating of stable #rans-5 at high temperatures. The molecule
therefore represents a three-state switching system. In conclusion,
the alkene 5 not only offers new insights in the behavior of the
molecular motors, but also provides an interesting showcase for
the stereochemistry of very hindered alkenes in general.

Experimental
General information

The high-resolution one- and two-dimensional "H NMR spectra
were obtained using a Varian VXR-300 and a Varian Mercury
Plus operating at 299.97 and 399.93 MHz, respectively, for the 'H

nucleus. *C NMR spectra were recorded on a Varian VXR-300
and a Varian Mercury Plus operating at 75.43 and 100.57 MHz,
respectively. Chemical shifts in "H spectra are reported in J units
(ppm) relative to the residual non-deuterated solvent signals:
CHCI; (0 7.26 ppm), benzene (6 7.15 ppm) toluene (6 2.08 ppm).
Chemical shifts in *C spectra are reported in d units (ppm) relative
to the deuterated solvent signals: CDCI; (6 77.0 ppm), benzene-d,
(0 128.0 ppm). The splitting patterns are designated as follows: s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br
(broad). All coupling constants (J) are denoted in Hertz (Hz). One-
dimensional '"H NMR spectra were recorded using the acquisition
parameters: ©/2 pulse width, 6.5 ps; spectral width, 6.000 Hz;
data size, 16 K; recycling delay, 1 s; number of transients, 32;
temperature 298 K. COSY, clean-TOCSY (MLEV-17), NOESY
and HMQC experiments were used for the assignment of the 'H
and “C NMR resonances when required. Melting points were
taken on a Mettler FP-2 melting point apparatus, equipped with a
Mettler FP-21 microscope and are uncorrected. Optical rotations
were measured with a Perkin Elmer 241 Polarimeter. UV-Vis
measurements were performed on a Hewlett-Packard HP 8453 FT
spectrophotometer and CD spectra were recorded on a JASCO J-
715 spectropolarimeter using Uvasol grade solvents (Merck). MS
(EI) and HRMS (EI) spectra were obtained with a Jeol JMS-600
spectrometer. Column chromatography was performed using silica
gel (Aldrich 60, 230-400 mesh). HPLC analyses were performed
on a Shimadzu HPLC system equipped with two LC-10ADwp
solvent delivery systems, a DGU-14A degasser, a SIL-10ADvp
autosampler, a SPD-M10A UV/Vis photodiode array detector, a
CTO-10Avp column oven and a SCL-10Avp controller unit using a
Chiralcel OD (Daicel) column. Preparative HPLC was performed
on a Gilson HPLC system consisting of a 231 XL sampling injector,
a 306 (10SC) pump, an 811C dynamic mixer, a 805 manometric
module, with a 119 UV/Vis detector and a 202 fraction collector,
using the Chiralcel OD (Daicel) column. Elution speed was
1 ml min~'. Solvents were distilled and dried before use by
standard methodology. Irradiation experiments were performed
with a 180 W Oriel Hg-lamp using a pyrex filter or filters of the
appropriate wavelengths. Photostationary states were ensured by
monitoring composition changes in time by taking UV-Vis spectra
at certain intervals until no changes were observed. Thermal
helix inversions were monitored by CD spectroscopy using the
apparatus described above and a JASCO PFD-350S/350L Peltier
type FDCD attachment with a temperature control.

Calculations

All semiempirical calculations have been performed usingan AM1
Hamiltonian employing the CaChe WS Pro 5.0 software.” The
ground state geometries were fully optimised with the use of b3lyp
hybrid functional and 3-21g(d) basis set. For all DFT-calculated
structures the single-point energy were calculated at b3lyp/6-
31g(d) level. In our computations all excited-state calculations
have been performed based upon the ground state geometries of
single molecules with the use of a Gaussian program package.”

(28%,2 §*)-(P*,P*)-cis-(£)-2,2'-Di-tert-butyl-2,2',3,3' - tetrahy-
dro-1,1"-bicyclopentala]naphthalenylidene (5). To a stirred sus-
pension of zinc powder (1.0 g, 15.3 mmol) in THF (10 ml) was
added carefully at 0 °C under an argon atmosphere TiCl, (0.85 ml,
1.5 g, 7.7 mmol). The resulting black slurry was refluxed for 2 h.
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Ketone 11 (0.92 g, 3.87 mmol) was added and heating at reflux was
continued for 13 d. The reaction mixture was then poured into a
saturated aqueous solution of NH,Cl1 (100 ml) and extracted with
ethyl acetate (3 x 50 ml). The organic layers were dried (MgSO,)
and the solvents were removed under reduced pressure giving a
yellow oil. This oil was further purified by column chromatography
(Si0O,, heptane, R; = 0.30) providing the cis and trans alkenes S as
a yellow solid in an approximate cis:trans ratio of 5 : 2 (160 mg,
0.36 mmol, 19%); m/z (EI, %) = 444 (M*, 64), 387 (49), 331
(100); HRMS (EI): calc. for CyHsq: 444.2817, found: 444.2809.
The cis-5-isomer was obtained pure as an amorphous white solid
by precipitation from heptane. Crystals suitable for X-ray analysis
were obtained as thin colorless platelets by recrystallisation from
heptane; mp 223.5-224.2 °C. Stable (25*,2'S*)-(P*,P*)-cis-5: 'H
(300 MHz, CDCl;) 6 0.79 (s, 18H), 2.94 (d, 15.4, 2H), 3.43 (dd,
15.4, 5.9, 2H), 3.61 (d, 5.9, 2H), 6.28-6.38 (m, 4H), 6.84-6.89
(m, 2H), 7.43 (d, 8.1, 2H), 7.54 (d, 8.4, 2), 7.63 (d, 8.1, 2H);
'H (400 MHz, toluene-ds) 0 0.81 (s, 18H, Bu,,,), 2.82 (d, 15.2,
2H, H,,,), 3.34 (dd, 15.2, 5.8, 2H, H,,,), 3.63 (d, 5.8, 2H, H,,),
6.30-6.34 (m, 2H, Hy), 6.61 (d, 8.1, 2H, H,), 6.74 (m, 2H, H,),
7.30 (d, 8.1, 2H, H,), 7.41 (d, 8.1, 2H, Hy), 7.54 (d, 8.1, 2H,
H;); '"H (400 MHz, benzene-d,, spectral data derived from a
mixture containing trans-5) ¢ 0.82 (s, 18H), 2.82 (d, 15.4, 2H),
3.34 (dd, 154, 6.2, 2H), 3.64 (d, 6.2, 2H), 6.37-6.41 (m, 2H),
6.70 (d, 8.1, 2H) 6.75-6.79 (m, 2H), 7.32 (d, 8.1, 2H), 7.46 (d,
8.1, 2H), 7.57 (d, 8.1, 2H);"*C (75 MHz, CDCl;) ¢ 28.7 (q), 34.5
(s), 35.1 (1), 58.8 (d), 122.3 (d), 123.8 (d), 123.9 (d), 126.2 (d),
127.4 (d), 128.1 (d), 128.4 (s), 132.1 (s), 139.1 (s), 140.1 (s), 144.0
(s); UV-Vis: (n-hexane) Ay,./nm (¢/dm?® mol~' cm™") 227 (76 100),
254 (28700), 307 (10000), 327 (8600), 362 (12700). Resolution
of stable cis-5 was performed by chiral HPLC using a Daicel
Chiralcel OD column as the stationary phase and a mixture of
heptane—isopropyl alcohol in a ratio of 99.75 : 0.25 as the eluent
at a rate of 1 ml min~'. The first eluted fraction (z = 4.08 min)
of cis-5 contained (25,2'S)-(P,P)-cis-5, the second fraction (1 =
4.92 min) contained (2R,2'R)-(M,M)-cis-5; (2S,2'S)-(P,P)-cis-5:
CD: (n-hexane) A, /nm (Ae/dm® mol~' cm™") 225.8 (+68.1), 233.6
(—214.8), 267.6 (+253.4), 376.4 (+4.6).

(285*%,2' S*)-(P*,P*)-trans-(£)-2,2 -Di-tert-butyl-2,2',3,3 -tetra-
hydro-1,1"-bicyclopentala|naphthalenylidene (5). Not obtained in
pure form from synthesis as described above. The stable trans-5
was obtained pure via photochemical isomerisation methods. This
involves either irradiation (4 > 280 nm, 7' = 0 °C) of (2S5,2'S)-
(P, P)-cis-5 in n-hexane to form the unstable (25,2'S)-(M ,M)-cis-5
followed by irradiation with a different wavelength (/4 > 436 nm,
T = 0 °C) or by irradiation (4 > 280 nm, 7' = 0 °C) of (25,2'S)-
(P,P)-cis-5 in dodecane to form the unstable (25,2'S)-(M,M)-cis-
5 which is then converted to the stable (25,2'S)-(P,P)-trans-S by
heating at elevated temperatures; 'H (300 MHz, CDCl;, spectral
data derived from a mixture containing cis-5) 0 0.81 (s, I8H), 2.42
(d, 15.0, 2H), 2.56 (dd, 15.0, 5.5, 2H), 3.00 (d, 5.5, 2H), 7.25 (d,
7.3, 2H), 7.41-7.55 (m, 4H), 7.68 (d, 8.4, 2H), 7.86 (d, 8.1, 2H),
8.52(d, 8.1, 2H); 'H (400 MHz, benzene-d,, spectral data derived
from a mixture containing cis-5) ¢ 0.88 (s, 18H), 2.21 (d, 15.0,
2H), 2.47 (dd, 15.0, 5.5, 2H), 3.18 (d, 5.5, 2H), 7.07 (d, 8.1, 2H),
7.24-7.28 (m, 2H), 7.39-7.44 (m, 2H), 7.52 (d, 8.1, 2H), 7.69 (d,
8.1, 2H), 8.72 (d, 8.4, 2H); 'H (400 MHz, toluene-dg) ¢ 0.86 (s,
18H, rBu,,,), 2.22 (d, 15.0, 2H, H,,), 2.47 (dd, 15.0, 5.5, 2H, H,.,),

3.13 (d, 5.5, 2H, H,,), 7.05 (d, 8.1, 2H, H,), 7.22-7.26 (m, 2H,
H,), 7.37-7.40 (m, 2H, Hj), 7.49 (d, 8.4, 2H, Hy), 7.64 (d, 8.4,
2H, H), 8.67 (d, 8.4, 2H, Hy); “C (75 MHz, CDCl;) ¢ 29.7 (q),
34.0 (s), 34.7 (t), 57.7 (d), 122.9 (d), 124.6 (d), 124.7 (d), 127.2 (d),
127.9 (d), 128.3 (d), 129.0 (s), 132.9 (s), 140.9 (s), 141.3 (s), 143.0
(s); UV-Vis: (n-hexane) A,,./nm (&¢/dm* mol~' cm~") 209 (115 000),
223 (88700), 235 (35700), 239 (35100), 276 (11 300), 349 (19 700),
364 (22100). Resolution of stable trans-5 was performed by chiral
HPLC on a analytical scale using a Daicel Chiralcel OD column as
the stationary phase and a mixture of heptane—isopropyl alcohol in
aratio 0of 99.75:0.25 as the eluent at a rate of I ml min~'. The first
eluted fraction (z = 4.41 min) of trans-5 contained (25,2'S)-(P,P)-
trans-5, the second fraction (1 = 5.39 min) contained (2R,2'R)-
(M, M)-trans-5; (2S,2'S)-(P,P)-trans-5: CD: (n-hexane): ,,,/nm
(Ae/dm’* mol™' em™') 216.6 (+136.4), 222.8 (—74.8), 229.0 (+50.4),
242.0 (—19.0), 250.2 (+46.0), 252.6 (+35.0), 259.2 (+158.7), 268.0
(+28.9), 278.6 (36.3), 326.6 (—11.8), 334.4 (—6.4), 346.6 (—19.6),
354.6 (—15.8), 362.2 (—21.8).

(28*,2’8%)-(M* ,M*)-cis-(+)-2,2'-Di-tert-butyl-2,2',3,3 -tetra-
hydro-1,1’-bicyclopenta[alnaphthalenylidene (5). The compound
was obtained pure form by photochemical conversion. Prepara-
tion was performed by irradiation of the either pure (2S5,2'S)-
(P,P)-cis-5 in n-hexane (4 > 280 nm, 7 = 0 °C), or a mixture
of racemic cis-5 or frans-5 in benzene-ds and toluene-dg at room
temperature; 'H (400 MHz, CDCIL;) 6 0.97 (s, 18H), 3.24-3.34
(m, 4H), 3.63 (d, 7.0, 2H), 6.46-6.51 (m, 2H), 7.03-7.07 (m, 2H),
7.29 (d, 8.1, 2H), 7.43 (d, 8.1, 2H), 7.65 (d, 7.7, 2H), 7.71 (d,
8.1, 2H); 'H (400 MHz, toluene-dg) 6 0.96 (s, 18H), 3.17-3.20
(m, 4H), 3.60-3.62 (m, 2H), 6.39-6.44 (m, 2H), 6.83-6.87 (m,
2H), 7.256 (d, 8.1, 2H), 7.49 (d, 8.4, 2H), 7.55 (d, 8.1, 2H), 7.63
(d, 8.1, 2H); 'H (400 MHz, benzene-ds) 6 0.98 (s, 18H, Bu,,),
3.19-3.22 (m, 4H, H,,, H,,), 3.61-3.64 (m, 2H, H,,), 6.42—
6.47 (m, 2H, Hy), 6.85-6.90 (m, 2H, H,), 7.28 (d, 8.1, 2H, H,),
7.55 (d, 8.1, 2H, Hs), 7.60 (d, 8.1, 2H, H,), 7.74 (d, 8.4, 2H,
H,); “C (100 MHz, CDCl;) ¢ 27.9 (q), 29.8 (s), 30.2 (t), 55.6
(d), 123.1 (d), 124.8 (d), 124.9 (d), 129.0 (d), 130.2 (s), 133.9
(s), 139.2 (s), 143.9 (s), 148.2 (s); two (d) were missing due to
overlap with the toluene-dy; m/z (EI, %) = 444 (M", 43), 387 (45),
331 (100). UV-Vis: (n-hexane) A,../nm (¢/dm* mol™' cm™") 227
(70000), 289 (19 100), 324 (9700), 481 (16 100); The retention time
of unstable (25, 2'S)-(M,M)-cis-5 is t = 11.36 min using a Daicel
Chiralcel OD column as the stationary phase and a mixture of
heptane—isopropyl alcohol in a ratio of 99.75 : 0.25 as the eluent
at a rate of 1 ml min~'; (25,2'S)-(M,M)-cis-5: CD: (n-hexane):
Amax/TM (Ag/dm?® mol™' cm™") 205.8 (+113.5), 223.0 (—157.7),
236.6 (+44.6), 262.4 (—9.5), 284.6 (+43.5), 303.0 (—8.8), 307.6
(—4.7), 327.0 (—12.5).

3,3-Dimethylbutyric acid methyl ester (7). A mixture of 3,3-
dimethylbutyric acid 6 (24 g, 0.21 mol), DMF (150 ml), methyl
iodide (20 ml) and K,CO; (25 g) was stirred overnight at room
temperature. Addition of diethyl ether (100 ml) and subsequent
thorough washing with water (6 x 200 ml) gave after drying
(MgSO,) and removal of the diethyl ether the crude ester. For
further purification ester 7 was distilled at atmospheric pressure
to yield a colorless liquid (23 g, 0.18 mol, 86%); bp 129-132 °C
(lit.?* 124-128 °C); 'H (300 MHz, CDCl;) 6 1.02 (s, 9H), 2.2 (s,
2H), 3.65 (s, 3H); *C (75 MHz, CDCl;) d 29.5 (q), 30.5 (s), 47.6
(1), 50.9 (q), 172.6 (s).
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3,3-Dimethyl-2-naphthalen-2-ylmethylbutyric acid methyl es-
ter (9). A freshly prepared solution of LDA (16 mmol) in
THF (50 ml) was cooled to —70 °C and neat methyl 3,3-
dimethylbutanoate (1.95 g, 15 mmol) was added. The mixture
was stirred for 45 min while maintaining the temperature at
approximately —70 °C. A solution of the bromide 8 (6.6 g,
30 mmol) dissolved in THF (30 ml) was added at —70 °C and
allowed to react while stirring overnight. After quenching with
an aqueous saturated solution of NH,Cl (100 ml), the reaction
mixture was extracted with diethyl ether (3 x 75 ml). The
combined organic layers were washed with water and the solid
remaining after evaporation of all volatiles was purified using
column chromatography (SiO,, heptane—cthyl acetate = 50 : 1,
R: = 0.24) yielding the ester 9 as a colorless solid (2.7 g, 10 mmol,
67%); mp 69.6-70.5 °C; 'H (300 MHz, CDCl;) 0 1.12 (s, 9H), 2.62
(dd, 11.7, 3.7, 1H), 2.97-3.14 (m, 2H), 3.47 (s, 3H), 7.31 (dd, 8.4,
1.5, 1H), 7.41-7.49 (m, 2H), 7.62 (s, 1H), 7.75-7.82 (m, 3H); “C
(75 MHz, CDCl;) 6 27.7 (q), 33.0 (1), 34.0 (s), 50.5 (q), 58.4 (d),
125.1(d), 125.7 (d), 126.8 (d), 127.1 (d), 127.3 (d), 127.4 (d), 127.8
(d), 132.0(s), 133.4(s), 137.6 (s), 174.7 (s); m/z (EL, %) = 270 (M*,
67), 214 (41), 181 (71), 141 (100); HRMS (EI): calc. for C3H,,0,:
270.1620, found: 270.1614.

3,3-Dimethyl-2-naphthalen-2-ylmethylbutyric acid (10). A
mixture of ester 9 (2.7 g, 10 mmol), ethanol (50 ml) water (50 ml)
and KOH (5.0 g, 89 mmol) was refluxed for 6 days. Acidification
with an aqueous solution of 30% HCI, subsequent extraction with
diethyl ether (3 x 50 ml) and washing of the combined organic
layers with water, gave after drying (MgSO,) and evaporation
of all volatiles acid 10 as a yellow, impure solid. This solid was
recrystallised from a mixture of heptane—ethyl acetate = 50 : 1 to
give the desired acid 10 as a white solid (2.1 g, 8.2 mmol, 82%);
mp 113.9-115.2 °C; 'H (300 MHz, CDCl;) ¢ 1.09 (s, 9H), 2.58
(dd, 9.0, 5.3, 1H), 2.99-3.03 (m, 2H), 7.26-7.43 (m, 3H), 7.61 (s,
1H), 7.70-7.75 (m, 3H); “C (75 MHz, CDCl;) d 27.7 (q), 32.8 (1),
33.9 (s), 58.3 (d), 125.1 (d), 125.7 (d), 126.9 (d), 127.1 (d), 127.5
(2 x d), 127.9 (d), 132.1 (8), 133.5 (s), 137.4 (s), 179.7 (s); m/z
(EL %) = 256 (M*, 51), 200 (34), 141 (100); HRMS (EI): calc. for
C,;H,,0,: 256.1463, found: 256.1470.

2-tert-Butyl-2,3-dihydro-1H-cyclopentala]naphthalen-1-one (11).
A mixture of acid 10 (1.96 g, 7.7 mmol), SOCI, (2.1 ml, 29 mmol)
and DMF (2 drops) in CH,Cl, (100 ml) was refluxed for 1 h.
All volatiles were then removed under reduced pressure and the
yellow oil remaining was dissolved in 1,2-dichloroethane (75 ml)
and cooled to 0 °C. AICI; (2.0 g, 15 mmol) was added portionwise
and the reaction mixture turned deep green. After stirring for 1 h,
the reaction was quenched by addition of an aqueous solution of
1 M HCI (100 ml) followed by extraction with CH,Cl, (2 x 50 ml).
The oil remaining after removal of all volatiles under reduced
pressure was purified by using a short column (SiO,, heptane—-
ethyl acetate = 16 : 1, R; = 0.50). The ketone 11 was obtained
as a slightly yellow oil which solidified upon standing (1.53 g,
6.4 mmol, 84%); mp 71.9-73.2 °C; 'H (300 MHz, CDCl;) J 1.10
(s, 9H), 2.60 (dd, 7.3, 3.7, 1H), 3.08 (dd, 17.9, 3.7, 1H), 3.28 (dd,
17.9,7.3, 1H), 7.49-7.57 (m, 2H), 7.64-7.69 (m, 1H), 7.89 (d, 8.1,
1H), 8.03 (d, 8.4, 1H), 9.18 (d, 8.4, 1H); “C (75 MHz, CDCl;) o
27.5(q), 30.1 (1), 33.7 (s), 56.8 (d), 123.6 (d), 123.8 (d), 126.2 (d),
128.0 (d), 128.6 (d), 129.2 (s), 131.5 (s), 132.5 (s), 135.3 (d), 156.3

(s), 208.3 (s); m/z (EI, %) = 238 (M*, 18), 182 (100); HRMS (EI):
calc. for C;H,50: 238.1358, found: 238.1371.

2,2’-Di-tert-butyl-3H,3' H-[1,1']|bi(cyclopentaa]naphthalenyl)
(12). This compound (1.2 mg, 2.7 pumol) was isolated by
column chromatography (SiO,, heptane, R; = 0.45) after the
photochemical isomerisation reaction of olefin 5; 'H (400 MHz,
CDCly) 6 1.14 (s, 18H), 3.71 (d, 23.1, 2H), 3.81 (d, 23.1, 2H),
6.95-6.99 (m, 2H), 7.20-7.24 (m, 2H), 7.65-7.68 (m, 4H), 7.79
(d, 8.4, 2H), 7.94 (d, 8.4, 2H); 'H (400 MHz, toluene-dg) 6 1.12
(s, 18H), 3.45 (d, 23.1, 2H), 3.59 (d, 23.1, 2H), 6.75-6.79 (m,
2H), 7.50 (d, 8.2, 2H), 7.58 (d, 8.2, 2H), 7.62 (d, 7.3, 2H), 8.20
(d, 8.8, 2H); one (m, 2H) was not observed due to overlap with
the solvent. *C (100 MHz, CDCl;) ¢ 29.7 (q), 31.0 (t), 109.7
(d), 121.9 (d), 123.8 (d), 125.0 (d), 125.1 (d), 128.4 (d), no (s)
were observed due to small amount of material obtained. m/z
(EIL, %) = 442 (M*, 100), 427 (47); HRMS (EI): calc. for C;,H,:
442.2661, found: 442.2653.
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The Heck—Mizoroki cross-coupling reaction is an important part of the synthetic chemist’s toolbox,
and it has been applied to a huge variety of different substrates. In contrast, the mechanism of the
process is much less studied, and consequently less understood. There have been numerous studies
reported over recent years, both experimental and theoretical, aimed at uncovering the inner working of
this palladium-mediated coupling process. This perspective aims to review and compare these works

and to provide an up-to-date view of this reaction.

1 Introduction

Palladium catalysed cross-coupling reactions have proved ex-
tremely powerful synthetic tools and their scope continues to
increase year on year. Alongside the well-established Heck-
Mizoroki,'? Kumada,** Negishi,*® Sonogashira-Hagihara,”®
Stille*'* and Suzuki-Miyaura'"'? reactions, palladium catalysis of
aryl and vinyl hydroamination,” sulfination," dechlorination,’
dialkoxylation,' intramolecular arylation'” and C-H bond
alkenylation'® have more recently been discovered.

Although the mechanisms of many of these reactions are
thought to be relatively well understood, their nature often
prevents easy observation of the highly reactive intermediates
often associated with homogeneous catalysis. Whilst accurate
knowledge of the mechanism in operation is not necessarily a
prerequisite for the application of this reaction in organic synthe-
sis, knowledge of the mechanism may assist the optimisation of
reaction conditions, improve regio-, stereo- and chemo-selectivity,
and produce a concomitant reduction of side-reactions.
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The majority of the palladium catalysed cross-couplings are
thought to share a similar mechanism."” For the Suzuki, Sono-
gashira, Stille, Negishi, Hayama® and Kumada reactions, the pro-
posed mechanism involves initial oxidative addition of the halide
to a palladium(0) catalytic species to form a palladium(1r) species,
transmetallation of the organometallic reagent by palladium and
reductive elimination of the product from this species to regenerate
the active palladium(0) catalyst.

The Heck—Mizoroki (HM) reaction has evolved significantly
from its original guise as the arylation of olefins with aryl mercury
compounds.?*? The independent discovery by both Mizoroki!
and Heck? that aryl iodides could be used as a substitute for
aryl mercury compounds, and that this modification maintained
the oxidation state of palladium, allowing for the use of catalytic
palladium in the absence of reoxidants was particularly significant.
The reaction has been further developed over the years to allow the
coupling of less reactive halides, such as bromides,* chlorides,*
pseudo-halides such as triflates,? tosylates,”” mesylates,”® and aryl
diazonium salts.® In addition, the reaction is not limited to
arylation; it can be used to add vinyl halides to olefins* and can
involve the use of chiral ligands on palladium for the generation
of chiral centres with a high degree of enantiocontrol for certain
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substrates.’’** Recent developments involve the replacement of
the halide with an organoboron reagent in the presence of
stoichiometric reoxidant,* although this is closely related to the
original use of aryl mercury compounds.

Consequently, in contrast to the previously mentioned cross-
couplings, the HM reaction, having no organometallic reagent,
does not include a transmetallation step in its mechanism. This
review will examine the current mechanistic view of the HM
reaction and factors which impact upon it.

2 Basic mechanism

There has been a broadly accepted understanding of the mech-
anism operating in the HM reaction for many years,*® generally
thought to involve an initial oxidative addition of the halide to
a palladium(0) catalyst. Despite various claims for a possible
palladium(11/1v) cycle in the mechanism,***” the evidence for this
is poor, since it has been shown that in the majority of cases, the
palladacycles involved act as reservoirs of palladium,*®** some
of which is reduced to palladium(0). Further evidence against
this mechanism comes from gas phase computational studies
which indicate that the rate determining step in a palladium(11/1v)
cycle involving iodobenzene would be the oxidative addition of
iodobenzene to palladium.* Since the actual rate determining
step in the HM reaction of aryl iodides is not oxidative addition*
(vide infra) this indicates that a palladium(11/1v) cycle is not
in operation. Hence, the mechanism of the HM process can
be represented by Scheme 1, involving a palladium(0) species 1
undergoing oxidative addition to generate a palladium(1r) species
2, which reacts with the olefin component 3, possibly following
initial n’-coordination to the palladium atom. This results in a
carbometallation reaction to generate palladium(ir) alkyl complex
4. Elimination of palladium hydride from complex 4 furnishes the
product 5 and base assisted elimination of HX from palladium(ir)
complex 6 regenerates the active palladium(0) catalyst 1.

3 Reaction conditions

A number of palladium sources are used in the HM reaction, which
are either sources of palladium(0) such as Pd(PPh;),, Pd(dba),
and Pd,(dba);, or sources of palladium(ir) such as Pd(OAc), and
PdCl,(MeCN),. A wide range of solvents can be also used in

HM catalytic cycle

Carbometallation

R-X L AR
R—Pd—X 3
Oxidative \\7/_’ L
addition
2
L,Pd(0) R
RY,
1 Il
L—Ilz'd—L
X 4
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HX H-Pd—X
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6 \/\R B-hydride
elimination
5
Scheme 1

the HM reaction and elevated temperatures compared with other
cross-coupling reactions are frequently required (compared with
Sonogashira reactions, for example, which often proceed rapidly
at room temperature®). High boiling point solvents such as DMF,
DMA and toluene are often used. Additionally, inorganic bases
such as NaOAc are often used and polar solvents can be preferred
to achieve homogeneity.** The use of non-polar solvents also
becomes convenient when organic bases, such as trialkylamines,
are used. Recently, ionic liquids have also have been shown to be
useful solvents in HM reactions.*’

The use of ligand free HM reactions is possible, and indeed,
the early examples of HM reactions were performed under
these conditions.> However, it is more generally found that the
addition of palladium-stabilising ligands is highly beneficial in
terms of providing increased reactivity, stability and selectivity
of the catalyst.** The most widely used ligands are phosphines,
such as triphenylphosphine and tri(o-tolyl)phosphine,* however,
nitrogen,*! arsine,* sulfur®® and carbene** derived ligands can be
used. A wide variety of bidentate ligands have also been developed
for palladium, these including P,P, PN, N,N,* NS¢ and
P,S™" ligands as well as tridentate ligands which can switch to
bidentate coordination to allow a substrate to bind.”” Bidentate
diphosphine ligands that can switch between phosphorus and
nitrogen coordination have also been developed.”” The use of
chiral, chelating ligands can give rise to high levels of asymmetric
induction for certain substrates (vide infra).

In addition to the use of palladium-stabilising ligands, HM
reactions have often been subjected to empirical treatment with
various additives, generally claimed to promote selectivity or
reactivity. These have included saturation of the reaction with
chloride ion**” (Jeffery protocol), addition of phase transfer
catalysts,” and the addition of either silver”” and thallium? salts.
Whilst this approach is often successful in terms of achieving the
desired product, the exact mode of action of these additives is not
always well understood.

4 Catalyst generation

As in most cases, the catalyst used in the HM reaction is generated
in situ, which effectively means that the first step of the reaction
has to be the reduction of the palladium(1r) precursor to provide
the active palladium(0) catalytic species. Although there have

General cross-coupling catalytic cycle
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Comparison of HM mechanism with that of a generalised palladium catalysed cross-coupling reaction.

32| Org. Biomol. Chem., 2007, 5, 31-44

This journal is © The Royal Society of Chemistry 2007





been various claims made for palladium(11/1v) catalytic cycles,***
and indeed, some palladium(1v) species have been isolated,” all
current evidence seems to point to a palladium(0/11) cycle, and
this necessarily requires the reduction to the active palladium(0)
catalyst.

There is a range of methods for the in situ reduction of
palladium(1) salts to palladium(0) species, including treatment
with sodium borohydride,® hydrazine,® phenyl or methyl lithium
(to give biphenyl or ethane and lithium chloride respectively),*
n-butyllithium (to give butane, butene, octane and lithium
chloride)® and electrochemical methods.®® However, the most
common procedure is the use of triphenylphosphine as the
reducing agent and the mechanism of this reduction has been in-
vestigated independently by the groups of Jutand® and Hayashi,*
both of which propose the mechanism shown in Scheme 2.
This involves initial ligation of the palladium(ir) complex, for
example, palladium(ir) acetate in this case, to give complex 7,
which can eliminate acetoxytriphenylphosphonium acetate to
generate a monotriphenylphosphinylpalladium(0) complex, which
can coordinate further phosphines.

This mechanism explains the isotopic labelling observed by
Hayashi® and the independence of the rate of reaction on
phosphine concentration observed by Jutand.® It has been
demonstrated that the presence of one equivalent of water is
necessary for the reduction step to proceed (causing hydrolysis
of acetoxytriphenylphosphonium acetate 12, see Scheme 2),%
however, given the low catalyst loadings used, this is rarely a
problem even under rigorously anhydrous conditions! Further
evidence for this mechanism comes from the observation of similar
behaviour of analogues of Pd(OAc),, such as Pd(TFA),* and
related, sulfur bridged species.*’

Given that this method of reduction only works for Pd(OAc),
and related species, and not for palladium(ir) halide salts,®* it
appears that the thermodynamic driving force for this reaction
is the formation of the strong phosphorus—oxygen bond in triph-
enylphosphine oxide. This reduction is faster for electron poor
phosphines, as demonstrated by a positive Hammett parameter
for para-substituted tri-aryl phosphines.®® This is also in agreement
with the proposed mechanism of reduction. In certain cases, such
as when using tri(o-tolyl)phosphine, reduction of palladium by
this mechanism (Scheme 2) does not operate. Indeed, this led to
the initial proposal of palladium(11/1v) cycles®*” (vide supra) for
the resulting palladacycle catalysts. However, other methods for
the reduction of such species, including reaction with olefins and
via a palladium amide species can account for a reductive catalyst
generation process.? Indeed, for the majority of palladacycles,

and other supported palladium species, it is usually found that
the active species involved in catalysis are palladium(0) species,**
often resulting from degradation of the ligand.** The formation
of active catalytic species from palladacycle ‘reservoirs’ can give
rise to complicated kinetics.*

In cases where none of these potential reducing agents are
present, it is possible that organic amine bases are also able
to perform the reduction of palladium(i) to palladium(0),”
although this has been found to be slow compared to reduction
by triphenylphosphine.®® In addition, the olefin may reduce
the palladium(ir) species, either by a Heck-type reaction for
palladacycles,® or by a Wacker-type process when the olefin is an
allylic alcohol.”? In addition, another process that may be involved
in catalyst generation is the dissociation of dimeric catalysts. This is
sometimes responsible for the observed induction period in certain
cases.”* EXAFS studies have shown that the active catalytic
species in these systems are monomeric and that the equilibrium
favours there species at high dilution.* It could be argued that this
is not a true catalyst generation step, but part of an equilibrium
governing the oxidative addition step.

5 Oxidative addition

Despite being perhaps the easiest step to investigate due to it
being the first step in the catalytic cycle (and having received the
most attention), the mechanism of the oxidative addition step
of aryl and vinyl halides and tosylates to palladium(0) species is
still unclear. Early investigations of the mechanism of oxidative
addition involved the reaction of alkyl and aryl iodides reacting
with iridium complexes,”*® aryl iodides, bromides and chlorides
with Ni(PEt;),,” and the oxidative addition of benzyl chlorides to
Pd(PPh;),." Although these studies, particularly those involving
nickel, shed some light on the oxidative addition process involved,
it became clear that studies on palladium systems were required.
The first such study'* was the oxidative addition of aryl iodides
to Pd(PPh;),, which proved that electron withdrawing groups
on the aryl iodide accelerated the reaction with a clear positive
Hammett correlation (p = +2.0). The reaction was found to be first
order in both palladium and aryl iodide, but negative first order
in added triphenylphosphine. Since at this time it was known that
in solution, Pd(PPh;), dissociates to PPh; and Pd(PPh;),'*% it
was proposed that the active species in the oxidative addition was
probably Pd(PPh;),, formed from an unfavourable equilibrium
dissociation of a further PPh; from Pd(PPh;);, which has actually
been isolated as a solid. The build-up of negative charge on the
aryl ring in the transition state of the oxidative addition process

Pd(PPhjz)3
2PPh,
1 Ph;P—Pd
PhsP.
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Pd(OAc), 2PPh; ——— Ac o)@_%h—>
s PhsP-OAC
12
H,O
AcO) Ph;P=0
PPh
Hf»o' : AcOr
Scheme 2
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(demonstrated by the positive Hammett parameter) has been
explained by a three centre transition state 13 (Scheme 3), which
collapses to the oxidative addition product 14.!

PdL,

Scheme 3

This study also explains the relative lack of reactivity of aryl
bromides and chlorides, suggesting that the electropositive iodine
is a better ligand for palladium than either bromine or chlorine.'”!
It has also been suggested that a transition state such as 13 occurs
following initial n?-coordination of the aryl ring to palladium.'*
This study also observed the disappearance of the palladium(0)
starting material, but did not isolate the resulting product or
provide information on the structure of oxidative addition species.
However, based on the proposed transition state 13, the cis-isomer
would be expected for product 14.

It has been found that co-ordinately unsaturated palladium
(i.e. one triphenylphosphine per palladium) is unstable in solution
and reacts readily with aryl iodides®* This provides further
support for the suggestion that the active species is co-ordinately
unsaturated and that itis in equilibrium with the inactive, saturated
species. A subsequent study of oxidative addition of aryl iodides
to Pd(PPh;), in less polar solvents'™ (toluene) gave a similar
Hammett parameter (p = +2.3) and kinetics, the lack of effect of
the change in solvent polarity indicating little charge development
in the transition state. Because of this it was suggested that
transition state 13 was unlikely due to the development of charge'®
but a similar three centre transition state must occur as the
alternative SyAr clearly requires a greater development of charge.

In contrast, the oxidative addition of aryl chlorides to pal-
ladium(0) species has been found to proceed through a highly
charged transition state;'* a Hammett parameter of +5.2 being
found for the addition of aryl chlorides to Pd(dippp),. Again,
oxidative addition is predicted to proceed through an unsaturated
palladium(0) species [i.e. Pd(dippp)] and involves a three-centre
late-transition state charged species, which is essentially analogous
to structure 13 (Scheme 3), but involving chloride ion.

Although oxidative addition is generally accepted to be
an irreversible process, it has been shown that for sterically
crowded systems, the process is reversible, and reductive elim-
ination can be induced by the addition of bulky, electron-rich
phosphines."” Thus, reaction of tri-fert-butylphosphine with a
palladium(1r) oxidative addition product of mono-ligated tri-
ortho-tolylphosphinyl complex produces reversal of the oxidative
addition, regenerating the aryl halide and deriving a bis(tri-tert-
butylphosphinyl)palladium(0) complex.'”

As mentioned previously, the catalysts employed in the HM
reaction are typically generated in situ from palladium(1r) precur-
sors. The investigation of the oxidative addition process involving
Pd(PPh;), has tended to ignore the possible influences of any
associated anions. When using Pd(OAc), as the catalyst precursor,
two equivalents of acetic acid are generated during the palladium
reduction process, however, since HM reactions are performed in
the presence of stoichiometric bases, this results in the formation of
two equivalents of acetate anion, and, in addition, two equivalents
of the tributylammonium cation are also generated (for example).

It had been found using P NMR that there are signals for
palladium—phosphine complexes in solution, that their chemical
shift depends on the anions present,* and that their reactivity
is dependent upon the palladium(ir) precursor used. Additional
investigations have shown that only one equivalent of acetic
acid per palladium is actually generated,*® and investigation into
the effect of added chloride ion on the rate and mechanism of
oxidative addition has shown that the reaction is far more complex
than previously thought.'”® It appears that in the presence of
chloride ions, a number of palladium(0) species are present in
solution, all of which disappear to give the oxidative addition
product upon addition of iodobenzene.’® This shows that either
all species are active in the oxidative addition, or they are in rapid
equilibrium with each other (or both). Although various anionic
palladium species with chloride ligands have been proposed, there
is little chemical evidence for the existence of any of them, and
indeed, they have been proposed on the basis of ‘general chemical
expectations’ rather than hard evidence.'® That said, it has been
demonstrated that the transition state that occurs in the oxidative
addition step involving iodobenzene and palladium(0) in the
presence of chloride ions is different to the one that occurs in their
absence. This has been clearly demonstrated by comparison of the
Hammett parameters for two relevant processes, which produced
Hammett parameters of p = +2.7 and p = 2.0 respectively. This
indicates that there is a greater degree of negative charge in the
transition state when chloride is added compared to chloride
free, and is consistent with a chloride ligated anionic palladium
species being involved. The presence of chloride was also found
to accelerate the rate of oxidative addition; two equivalents per
palladium giving the greatest level of acceleration compared to the
absence of chloride.®® A further addition of chloride ion was also
shown to retard the reaction.’”® The acceleration of the oxidative
addition step by increasing the negative charge on palladium
(to a point) is in some ways unsurprising, especially in the
light of the fact that more electron donating phosphines also
increase the rate of oxidative addition®® or the overall reaction”™
in HM reactions. It has also been found that the nature of
the palladium(0) species changes upon the addition of acetate
anions to the solution.' This was again rationalised by the
suggestion of anionic, acetate-ligated palladium species, however,
in this case, a substantial increase in rate of oxidative addition
was not observed.'” Tt was also found that the final product
of the oxidative addition reaction, in the presence of acetate,
was trans-ArPdL,0Ac and not the expected trans-ArPdL,I, and
that the acetate was reactive towards olefins whilst the iodide
was not.'” These results led to the proposal of five-coordinate,
anionic palladium intermediates in the oxidative addition.!?®!°
Hence, the HM process may be formulated as proceeding through
the mechanism outlined in Scheme 4. An anionic complex of
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type 15 can react by oxidative addition in the presence of, for
example, chloride, resulting in the formation of the proposed trans-
ArPdL,I five-coordinate species 16. This structure is consistent
with the observation of two equivalent phosphines by *'P NMR,
and also accounts for the reported release of a second equivalent
of chloride upon formation of the product.'® A similar five-
coordinate intermediate has been proposed involving acetate, 1%
and therefore, in both chloride and acetate cases, a revised
mechanism of oxidative addition can be proposed, in which a
three-coordinate palladium anion adds to the aryl iodide to give a
five-coordinate palladium anion (as outlined in Scheme 4).

In contrast to the preceding discussion, the proposed five-
coordinate intermediates such as 16 might appear to be un-
likely, since the reluctance of palladium to form five-coordinate
complexes is documented,'"'? five-coordinate species only being
isolated when polydentate ligands are used. This reluctance of
palladium to be five-coordinate can also be inferred from the lack
of reactivity of chelated palladium(ir) aryl halide complexes in
the carbometallation step of the HM reaction (vide infra), and
dissociation is necessary for the olefin to bind. Additionally, for
such observed intermediates, such as 16 where X is chloride,
this addition compound appears to be relatively stable, having
a lifetime of over one hour (observed using electrochemical
methods). This is clearly not consistent with a five coordinate
palladium anion, because if such a species were to form, it would
be expected to rapidly dissociate to restore the preferred four-
coordinate geometry.

Curiously, it has also been claimed that an acetate ligated three-
coordinate anion is less reactive than Pd(PPh;), and that this
reduction in the rate of the oxidative addition step is responsible for
the overall acceleration of the reaction by bringing the rates of the
fastest and slowest steps closer together.''* However, the addition
of acetate has been shown to have little or no effect on the rate of
oxidative addition,'” therefore, if its presence does accelerate the
reaction, this is clearly not the reason.

It is interesting that recent DFT studies including solvation
examining the anionic HM reaction mechanism have reached
similar conclusions on the overall mechanism. A previous DFT
study including solvation had suggested that three-coordinate
palladium anions were stable species in solution.'”” These
calculations suggested that the addition of acetate to palladium

114-116

to form a three-coordinate anion should increase the rate of
oxidative addition."* However, it is known that oxidative addition
of aryl iodides is not rate limiting,* indeed, such reactions occur
rapidly at room temperature!® and it has been shown that it is not
rate limiting even for some bromides.!”® More importantly, both
studies showed that oxidative addition of the three-coordinate
anion to an aryl halide did not give the expected five-coordinate
anionic palladium species, rather a four-coordinate anionic species
was produced involving the halide of the aryl halide.'**'s This
species undergoes an oxidative addition reaction with concurrent
loss of halide to form a neutral four-coordinate product,"*!*s
with the dissociated halide electrostatically bound to a phosphine
ligand."¢ This mechanism rationalises some of the experimental
observations such as an intermediate that undergoes slow release
of chloride without resorting to less plausible five-coordinate
palladium species.

Another point of interest is the geometry of the product
obtained in the oxidative addition process. From the proposed
three centre transition state (i.e. 13, Scheme 3), the expected
geometry of the resulting palladium(ir) complex should be cis
with respect to the Ar and X groups on palladium. However,
the product that is invariably isolated when using monodentate
phosphines is the trans-isomer; the cis product only having
been found once.' A clue as to the reason behind this comes
from the observation that the isolated products of oxidative
addition from stoichiometric reactions often react more slowly
in subsequent steps than the apparently identical species under
catalytic conditions.”® It was noted that if the isomerisation of
a cis-oxidative addition product, i.e. 20 (Scheme 5), was slower
than transmetallation (traditional cross-coupling reactions such
as Suzuki and Negishi, for example), then the reaction could
proceed directly via a reductive elimination from 21.*® However,
if isomerism is fast, transmetallation yields the trans-palladium
species 23 and a second isomerism is required before reductive
elimination can occur (Scheme 5). For stoichiometric reactions in
which the product of oxidative addition is isolated, isomerism to
the trans-product 22 is ensured, as this is the thermodynamically
favoured product.®®

The mechanism of the isomerism of the cis-products of oxidative
addition has been investigated.”™ The mechanistic details are
complex, however, after isolating an oxidative addition product, it
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was possible to study the rearrangement process. Four separate
pathways were proposed to be in operation; two dependant
on triphenylphosphine concentration and involving associative
replacement of phosphines with iodide, either THF mediated,
or iodide bridged species; and two independent, with both
dissociative and associative pathways proposed, depending on the
solvent and involving Berry pseudorotation processes.'

The oxidative addition of aryl triflates has also been investigated
and appears to occur by a similar mechanism to that of the
halides. Again, the oxidative addition is accelerated by the presence
of electron withdrawing groups on the aryl group; a Hammett
parameter of p = +2.55 being found in the reaction of aryl triflates
with Pd(PPh;),.* As had been previously established,”™** the
product of oxidative addition is ionic and the palladium triflate
bond is fully dissociated in moderately polar solvents.?® In non-
polar solvents, however, although no covalent bonding is present
(IR spectroscopy), the ions exist in the form of tight ion pairs.?
Again, addition of chloride ion was found to accelerate the
reaction but in this particular case, only when large excesses
(150 fold) were added,?® while other systems show severely inhib-
ited activity."*! It was also observed that the addition of chloride
could enable regeneration of a neutral palladium halide species.*
This has subsequently been verified and applied synthetically.'*

The magnitude of the Hammett parameter found for the
oxidative addition of aryl electrophiles to palladium(0) species can
be related to the reactivity of the aryl species towards oxidative
addition. The experimentally observed order of reactivity is:
1> OTf > Br > Cl, and the Hammett parameters found for iodides,
triflates and chlorides are 2.0,'" 2.55% and 5.6'% respectively.
Although the Hammett parameter for the oxidative addition
of aryl bromides to palladium(0) has not been determined,
the Hammett parameters for the oxidative additions of aryl
iodides, bromides and chlorides to Ni(PEt;), are 2.0, 4.4 and 5.4
respectively.” It therefore appears that the smaller the Hammett
parameter found for the oxidative addition of a group of aryl
electrophiles, the more facile the process is.

So far, only monodentate phosphines have been discussed.
Whilst the majority of phosphines used in HM reactions are
monodentate, bidentate (or chelating) phosphines are important
because of their ability to activate unreactive halides, particularly
chlorides, and for their ability, when chiral, to impart enantios-
electivity in certain HM reactions.”®® The use of bidentate phos-
phines has several implications for the oxidative addition: i.e. that
the product of oxidative addition is necessarily cis; the chelating
ligand not permitting the formation of trans-complexes;*® and
the bite angle of the phosphine having a significant impact on
the reactivity of the palladium(0) species.’***** The first issue sur-
rounding the use of bidentate phosphines arises when the catalyst
is being formed in situ by reduction of a palladium(ir) precursor.
Since the oxidation of the bidentate phosphine effectively yields
a monodentate phosphine, this gives rise to a scenario that is
somewhat more complex than that found for the monodentate
systems. Since it is clearly necessary to use at least two equivalents
of the bidentate phosphine, species such as 25 tend to result'*
with predictable mechanistic complications. This situation can be
avoided in several ways: firstly the use of three equivalents of the
bidentate ligand forces the formation of 26*'3¢ by means of the
chelate effect; secondly, palladium(ir) precursors can be avoided
by the use of palladium(0) sources such as Pd,(dba);, however,

dba can coordinate palladium and impede oxidative addition;"¥”:!*
and thirdly, addition of acetate promotes the formation of three
coordinate species such as 27.1%¢
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When three equivalents of bidentate phosphine are used the rate
determining step is dissociative, involving a dimeric palladium
species such as 28 to give a reactive di-coordinate palladium
species.’ Oxidative addition of the halide to this gives the
expected cis-product; one solvation included theoretical study
finding that this occurred by initial ¥ complexation of the iodo-
arene to palladium.” When the catalyst is generated from a
palladium(0) dba species, dba dissociation is generally required
prior to oxidative addition although the dba coordinated species
show some activity in oxidative addtion.’” Three coordinate
anionic palladium species with bidentate phosphines have been
‘characterised’ in solution by DFT calculations'” and have been
shown to be active catalysts, giving either the cis-aryl acetate
product or cationic species such as 29.
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Another interesting feature of chelated palladium catalysts
is that in some cases they allow the isolation of palladium-
olefin complexes." The complex (dppf)Pd(methylacrylate) 30 has
been isolated and characterised, and the complex was stable to
dissociation of methylacrylate although this process could be
promoted by the addition of Lewis acids.’*® Addition of PhI or
PhOTTf led to oxidative addition with displacement of the alkene.'*
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As alluded to in the last section, the generation of palladium
catalysts from palladium(0) precursors can have effects on the
oxidative addition step. Such palladium(0) species often incorpo-
rate dba and this has been found to impact the reactivity of the
active catalysts. Despite the common assumption that dba is a
weak ligand for palladium, the presence of dba has been found to
inhibit the oxidative addition of PhI to Pd(PPh;),."** Comparison
of the rate constants for oxidative addition of Phl to preformed
Pd(PPh;), and Pd(PPh;), generated from Pd(dba), showed that
the presence of dba decreases the rate of reaction by a factor of
ten,™! and the oxidative addition to chelated palladium catalysts is
similarly inhibited."*” Studies involving substituted dba analogues
have shown that the dissociation of dba can govern the rate of
oxidative addition to aryl iodides'** and in some cases the presence
of dba can completely inhibit reaction by preventing oxidative
addition taking place.'*®

Oxidative addition to amine ligated palladium—phosphine com-
plexes has also been proposed,'*® however, subsequent studies have
shown that amine decomplexation is required before oxidative
addition can take place.'*145
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The coordination number of the active palladium species
has also received recent attention, with two theoretical studies
including solvation suggesting palladium—monophosphine species
are involved.!**! Tt was suggested that whilst oxidative addition of
PhI to Pd(PPh;), occurs with an energy barrier, oxidative addition
to PdPPh; required no activation. Although the dissociation of
PPh; from Pd(PPh;), is endothermic, it was suggested that in
solution, a favourable entropic contribution gives a sufficient
concentration of the active catalytic species.® Further evidence for
this mechanism comes from a recent investigation of the oxidative
addition of aryl iodides, bromides and chlorides to a palla-
dium diphosphine complex with a bulky monodentate phosphine
(Q-phos derivitive 31)."*” The investigation revealed three distinct
mechanisms in operation depending on the identity of the halide.™’
Aryl iodides reacted by oxidative addition with concurrent
dissociation of a ligand, whereas aryl bromides were found to
follow a mechanism involving rate determining ligand dissociation
followed by rapid oxidative addition, and aryl chlorides were found
to react by reversible dissociation of a phosphine followed by
rate limiting oxidative addition."” Although these results are in
agreement with those of DFT studies, it should be noted that
the great steric bulk of the ligands involved is likely to promote
reaction by ligand dissociation, although another experimental
study has implied the participation of monoligated palladium
triphenylphosphine species.'*

31
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Oxidative addition of alkyne ligated palladium complexes in
solution has also been investigated theoretically."® It has been
suggested that acetylene is an excellent ligand for palladium
and that oxidative addition of aryl iodides to such species is
a favourable process. The addition occurs with initial iodide
coordination, followed by concerted iodide dissociation and
metal-carbon bond formation.'*

Finally, the oxidative additions of a number of other species
have been investigated, including benzoic anhydride'®® and acetic
anhydride.”™" Although rare, these species can be used as elec-
trophiles in the HM reaction if a decarbonylation step is added
between the oxidative addition and carbometallation steps.”® The
mechanism of oxidative addition of these species involves insertion
of palladium into one of the carbon—oxygen single bonds of 32 to
generate species 33 from which loss of carbon monoxide generates
a palladium alkyl or aryl acetate or benzoate 34 (Scheme 6).46:15
It has been suggested that the presence of chloride is necessary for
this reaction as palladium benzoates are unreactive.”

19 A o LL oL L
pdL, * 9 R Pd__R -co JL_pa
R O \n/ R” "O" 'R

o}

Scheme 6

6 Carbometallation, p-hydride elimination and HX
elimination

Since these steps follow oxidative addition they are significantly
more difficult to investigate and are best discussed together
rather than as separate steps. Although the products of oxidative
addition are sometimes isolable, it has often been found that
they show different reactivity to those generated under catalytic
conditions.” This has been ascribed to cis—trans-isomerism and
makes experimental studies of carbometallation both difficult and
potentially meaningless. Additionally, palladium alkyl compounds
with B-hydrogens are generally sufficiently unstable to prevent their
isolation,* 15! which has precluded the study of stoichiometric f-
hydride eliminations.

Before investigations of carbometallation, studies on the mech-
anism of insertion of various species into a transition metal carbon
o-bond served as a model for the carbometallation step. Investiga-
tion of the insertion of para-substituted styrenes into a rhodium
hydride bond** showed that the process produced a negative
Hammett parameter, p = —0.9. This shows that electron donating
substituents on the olefin accelerate the migratory insertion. The
same study also demonstrated that the migration is accelerated
by electron donating phosphine ligands.'** Interestingly, a second
study on the kinetics and mechanism of the insertion of a range of
olefins into a niobium hydride bond showed an identical Hammett
parameter (p = —0.90) suggesting that this effect may be more
general as the two hydride bonds involved are very different
electronically.' The postulated mechanism to explain these results
involves cyclic transition state 35 in which there is build up of
positive charge on the olefin being stabilised by electron donating
groups.'s

The bond breaking—forming process was suggested to be
concerted,'™ however, the electronic effects in these reactions
appear to be complex. In another system it was found that
electron withdrawing groups accelerated the migration;'™* this
being ascribed to stabilisation of the ground state with the effect
of increasing the olefin binding constant. The migratory insertion
of olefins into palladium alkyl bonds has also been investigated
and it was found that electron poor olefins underwent a faster
insertion process although electron rich olefins bound to the
metal more strongly.’® It was found that syn insertion occurred
for the insertion of olefins into palladium(ir) acyl bonds; these
reactions being faster for cationic palladium species than for
neutral. The mechanism of insertion was suggested to involve
the dissociation of either solvent (cationic pathway) or phosphine
(neutral pathway), to allow the coordination of the olefin.'*
Also, the investigation of the intramolecular insertion of alkynes
and olefins into palladium acyl bonds showed a dissociative
equilibrium existed between a phosphine ligated species and the
less coordinately saturated active species. The existence of five-
coordinate intermediates in the reaction was disproved.'’

The nature of the product obtained from the oxidative addition
step has a great influence on the rest of the catalytic cycle (see
Scheme 7). Cationic palladium species formed from the oxidative

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 31-44 | 37





' A
A R Iy Ly Z R
3 R—Pd* " Xx- R-X RePd—X 3
L |
L,Pd(0) R
R ioni Neutral
R g Cationic 1 eutra R/L\FQI ]
[ ol
i X HX H-Pd—X
AN L
7R 38 6 R\/\ ,
5 R
5

Scheme 7 Comparison of cationic and neutral HM cycles.

addition of triflates®®® and diazonium salts*® behave differently

to the neutral species generated from halides.’* Additionally,
the nature of the phosphine (monodentate or bidentate) has a
marked effect on subsequent steps, some bidentate phosphines
chelating so strongly that they render the oxidative addition
product unreactive.”

For a long time there has been considerable evidence that
oxidative addition is not rate limiting in HM reactions. The
observation of a reversal of the expected reactivity for aryl
iodides®'® is noteworthy, and the unexpectedly low reactivity of
aryl chlorides in HM reactions, when compared to their rates of
oxidative addition, suggests that even for these species, other steps
may limit the reaction rate.'®

It has been proposed that for the reaction of aryl iodides
with acrylates using triphenylphosphine as a ligand, the rate
determining step depends on the phosphine-palladium ratio,
olefin coordination being rate limiting when the ratio is 2 : 1
or more whilst migratory insertion being rate limiting for ratios
of 1 : 1." Strong effects of the phosphine—palladium ratio have
also been observed in other systems,'*"*%* although mechanistic
reasoning was not given.

6.1 Neutral monodentate intermediates

For monodentate ligands and ligand free systems, various sug-
gestions for the rate determining step have been put forward.
These include B-hydride elimination,'®* coordination/insertion of
the olefin'®* and halide dissociation.'®

An interesting observation came in an investigation of a ligand
free HM reaction. It was found that for certain combinations,
addition of one olefin to a HM reaction accelerated the arylation
of another olefin.'*® This was rationalised by a modification of the
B-hydride elimination step; the elimination of palladium hydride
41 being replaced by the transfer of the palladium hydride species
41 to another olefin 42 furnishing the product and unsubstituted
palladium(1) alkyl species 44 (Scheme 8). This palladium hydride
transfer was suggested to be the rate determining step,'*® although
a traditional B-hydride elimination step, followed by an elimination
of HX, would still be required to generate an active catalyst. The
study also proposed that both revised and traditional mechanisms
could occur at the same time.'*

The olefin insertion has been shown to be irreversible in
the ligand free palladium system in a study which also found

40

Ar 41
Traditional mechanism R LoPdHX
3 4 PdLx
Ar''y 'R
H H
42 =\
R 44
PdL,X
Revised hani 3 Ar R
evised mechanism —/
R
Scheme 8

B-hydride elimination to be rate determining.'®® High pressure
experiments have shown that olefin coordination or insertion is
rate determining when triphenylphosphine is the ligand and also
prove the presence of a polar transition state.'** Gas phase DFT
studies have suggested that for carbene ligands, halide dissociation
is required before the olefin can bind to the resulting cationic
intermediate.'®s

Another interesting suggestion was that the aryl iodide species
45, resulting from the oxidative addition of PhI to Pd(PPh;),, was
unreactive to olefins, whilst the corresponding aryl acetate species
46 (arising from the proposed oxidative addition to palladium
anions, vide supra) was the active species.'” However, the problem
with this suggestion is that HM reactions of aryl iodides can be
performed in the absence of acetate,"'*” showing that aryl acetate
46 is not the only possible reactive intermediate. This appears to be
another case of stoichiometric reactions being unrepresentative of
those taking place under catalytic conditions,' and presumably
can be explained by several factors, including isomerisation.'*!
Hence, it thus appears likely that the increase in reactivity observed
on addition of, for example, acetate anions to aryl iodide 45 is due
to an increased rate of isomerism to the reactive cis-form,! or
that the cis—trans equilibrium for aryl acetate 46 lies more on the
side of cis-form than the equivalent equilibrium for aryl iodide 45.

45
PhsP,
P

46

i PhsP. OAc
d Pd

PK PPhy Ph PPhy
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6.2 Cationic intermediates

Although one study has suggested that the reaction of cationic
palladium aryl species with olefins is slow,'” this does not appear
to be a general phenomenon since it has been shown that
insertion reactions of olefins into palladium carbon c-bonds is
faster for cationic species.”® It has also been found that the
addition of chloride to cationic systems, to form the neutral
chloride species, can completely inhibit the reaction with olefins.**!
Cationic palladium systems have also been used to great success
in the asymmetric HM reaction.'® In these systems, reactions
are accelerated by electron donating groups on the aryl moiety,
which is the reverse order of reactivity observed for oxidative
addition and this behaviour can be ascribed to rate limiting
olefin coordination or carbometallation.'?® The high enantiomeric
excesses observed in the asymmetric HM reactions under cationic
conditions are due to the olefin being able to bind to palladium
without partial dissociation of the bidenatate phosphine.'***” This
observation has led to the proposal of some sort of dissociation
from a four-coordinate palladium(ir) complex, which is necessary
for the olefin to coordinate.’® In cationic systems, the availability
of a free site for an olefin to bind is due to the dissociation
of an anion, whilst in neutral systems phosphine dissociation is
necessary.'?® Because dissociation of many chelated phosphines is
slow,” HM reactions using aryl halides and bidentate phosphines
often do not occur.’** The olefin insertion reaction can be facile
in cationic systems; in the intramolecular HM reaction shown in
Scheme 9, this occurs rapidly at —40 °C.'*

A great deal of work has been done on styrene-related systems,
which has provided information on the olefin insertion step in the
cationic HM reaction of PhOTf with a range of para-substituted
styrenes.'® A negative Hammett parameter (p = —0.74)
was obtained for a-substituted products only, and notably no cor-
relation being found for B-substituted products. This observation
was rationalised by the transition states 50 and 51. For o-sub-
stitution, the build-up of positive charge occurs at the a-carbon
and is stabilised by electron donating groups on the styrene. For
B-substitution, the build-up of positive charge occurs at the
B-carbon and no stabilisation from groups on the styrene is
possible.'®®

50 51
L L
Pd “pd
R, R, >—Ar
6 5
Ar

a-substitution

0S B-substitution
transition state

transition state

Carbene ligated palladium catalysts have also been used with
some success under cationic conditions (AgBF,). These strong
donor ligand systems presumably assist in stabilising the positive
metal centre.>*

a7
Ph, \}
R AgOTf
Fe Pd Q g
P -78C to -40C

The use of cationic catalysts has also been shown to have a
pronounced effect on the regioselectivity of the HM reaction.
Typically, in the neutral manifold, steric effects have a large impact
upon regiocontrol and tend to favour B-substitution, however,
by using a cationic catalyst, electronic effects can be made to
dominate.'®® For electron rich olefins, coordination to the cationic
palladium atom favours migration to the a-carbon.'?® Acrylates,
however, always favour complete B-selectivity.'® Interestingly, it
has been reported that it is possible to achieve highly selective
a-substitution using a neutral catalyst.'® DFT studies including
solvation have been used to generate a selectivity index for o/ -
selectivities of a variety of olefins, in both neutral and cationic
pathways, and the results appear to be quite accurate.'”

6.3 Neutral bidentate intermediates

As previously noted, reactions involving this sort of species tend
to be sluggish due to the reluctance of both chelated phosphines
and halides to dissociate from palladium to give a co-ordinately
unsaturated species.”> However, it appears that under certain
circumstances, the olefin can displace the halide to give a reactive
species. This was suggested as being the mechanism operating in
the neutral asymmetric HM reaction shown in eqn (1)."3*

52 o} o, R
N R Nf
| R-(+)-(BI-NAP)Pd (1)
( j Amine

High e.e.s were obtained in the absence of added halide scav-
engers, indicating that phosphine dissociation was not occurring.
The proposed mechanism involved associative displacement of
halide by the olefin to give a reactive cationic species.’* In this case,
the five-coordinate palladium transition state required contains
two bidentate ligands which makes it less disfavoured than the five-
coordinate palladium intermediates discussed previously. Another
interesting observation to come from this study was the reversal of
enantioselectivity upon the addition of AgOTTf to the reaction,'*?
thus forming a cationic species upon oxidative addition.

More generally, however, small ring chelated palladium species
seem to be poor catalysts of the HM reaction. Although the
oxidative addition can occur, the resulting palladium species is
unreactive towards olefins due to its coordination saturation
and lack of labile groups.*'® For some chelated species, the
poor catalytic activity observed is due to disproportionation of
the catalyst. For the reaction shown in Scheme 10, evolution
of hydrogen occurs and the catalyst is oxidised to palladium(ir)
chloride in two catalytic cycles.**

Whilst the small ring chelates from phosphines such as dippe
and dippp generally give poor catalysts, increasing the size of the
ring tends to increase activity.>'® The use of dippb as a ligand

Ph,
R OTf
pd_°

49
o
Fe

Scheme 9
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allows the coupling of aryl chlorides;* the increased ring size
apparently increasing the lability of the phosphine and causing it
to behave more like a monodentate ligand (Scheme 11).
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Scheme 11

The kinetics of the HM reaction catalysed by chelated neutral
species have been investigated.?” Use of a range of para-substituted

iodides gave a Hammett parameter p = 1.39, and although the
positive sign of this value is consistent with oxidative addition, its
magnitude is not and rate limiting olefin insertion was proposed.®’

Bidentate carbene—phosphine ligands have also been investi-
gated by gas phase DFT studies and a mechanism involving rate
limiting phosphine dissociation (i.e. chelate opening) has been
proposed.’®®

7 Asymmetric HM (AHM) reactions

The Heck reaction discussed hereto is concerned with the gener-
ation of an sp” hybridised centre and consequently no induction
of chirality is possible. However, if the incoming group is added
to a di- or tri-substituted carbon and a f’-proton is present, the
competing ’-hydride elimination can give rise to a chiral centre
(Scheme 12). In this case, the use of chiral ligands for palladium
can give asymmetric induction.

The discovery of this reaction came considerably later than that
of the achiral variant, Shibasaki®*! and Overman® independently
discovering the intramolecular version and Hayashi'**!?" subse-
quently developing an intermolecular variant. The importance of
this variant of the HM reaction is demonstrated by its extensive
application to natural product total synthesis.'"” Although the
mechanism of this variant of the HM reaction is the same, the
greater complexity introduced by the required enantioselective and
regioselective steps merits further discussion.

Good control over both the enantioselectivity of the olefin
insertion and the regioselectivity of the subsequent B-hydride
elimination from 75 are essential to the AHM reaction. Even
if great enantioselectivity can be achieved in the first step, the
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induced chirality will be lost if poor control of the B-hydride
elimination step yields an achiral product. Additionally, the
reinsertion of olefin 77 into the palladium hydride bond can lead
to an equilibrium between the two products with consequent loss
of chirality.'

7.1 Enantioselectivity

This requires a chiral palladium catalyst and hence the use of
a chiral ligand. Bidentate ligands are required to achieve good
asymmetric induction and a huge number of different ligands have
been used. These include homochiral chelating P,P, PN and N,N
ligands.'*

Another important point relating to the enantioselectivity
of the olefin insertion is whether the palladium(ir) species is
neutral or cationic. As a rule, the cationic pathway is found to
give much greater asymmetric induction, this being ascribed to
the requirement for ligand dissociation in the neutral pathway
(vide supra). Whilst in the neutral pathway, partial dissociation of
the bidentate chiral ligand reduces the influence of the ligand and
thus e.e., in the cationic pathway the olefin can bind without ligand
dissociation and thus high e.e. can be achieved.

Important exceptions to this rule have been observed in which
high e.e.s have been found using the neutral pathway.'”® Indeed,
in some cases it has been found that the addition of silver
additives to promote the cationic pathway can be detrimental
to asymmetric induction.' Also, the observed stereochemistry
is generally reversed on moving from a cationic catalyst to a
neutral catalyst.' It has been shown that in these cases, phosphine
dissociation does not occur and although halide dissociation to
yield a cationic intermediate has been postulated, this would
not explain either the change in configuration, the lack of
selectivity for aryl triflates or the lack of solvent effects.’*> Two
other potential mechanisms which have been suggested, involve
associative displacement of halide by the olefin and insertion from
a five-coordinate palladium(ir) intermediate.' As noted earlier,
the reluctance of palladium to form five-coordinate intermediates
is documented, ' however, in this case with both the phosphine
and the halide/olefin being bidentate, and thus having an enforced
bite angle, such intermediates seem more plausible than in the case
where all substituents are monodentate. Both mechanisms have the
potential to explain the reversal in product configuration over the
cationic pathway and thus without further studies it is not possible
to say which occurs although the authors favour the associative
displacement process.'*?

7.2 Regioselectivity

This requires a way to favour §’-hydride elimination over B-hydride
elimination. The most obvious way to achieve this is through
the generation of a quaternary chiral centre, in this way no
B-hydride elimination is possible. Unfortunately, the formation
of asymmetric quaternary centres is rather less well documented
than for tertiary centres although it has been known to be possible
for some time. Presumably, the tri-substituted olefins required for
this tend to be less reactive due to steric hindrance and although
possible, this reaction remains a challenge.

A number of other, more common ways of favouring f’-hydride
elimination include: i) use of intramolecular AMH reactions since
when the product is an endocyclic alkene, the rotation required
around the alkene o-bond for f-hydride elimination to occur is not
possible; ii) use of a themodynamic driving force for ’-elimination
through choice of the group R”. For instance, R” = OH gives an
enol which tautomerises to the corresponding aldehyde or ketone,
R” = OR gives an enol ether or R” = alkenyl gives a conjugated
diene; iii) the use of an allylsilane as the olefin component has also
allowed controlled B’-hydride elimination under AMH reaction
conditions.”” Additionally, it may be expected that f’-hydride
elimination would be favoured kinetically since the rotation
around the alkene o-bond necessary for f-hydride elimination is
not necessary for ’-hydride elimination.

These points explain why the AMH reaction is most often used
in intramolecular reactions to form endocyclic alkenes, another
drive for B’-hydride elimination often also being present.'”

7.3 Product isomerism

In order to prevent the loss of chirality associated with isomerism
by reinsertion of products back into the palladium(ir) hydride
bond, it is often necessary to add chemicals to suppress this, these
typically being thallium or silver salts.””7#17

8 Aryl-aryl exchange

The observation of the formation of unexpected products in
HM reactions using triarylphosphine ligands has been known for
some time.’*'”7 Typically, when triphenylphosphine is used, the
alkenylated benzene product 81 is found as one of the products
(eqn (2)).

78 X 80 81

79 , xR R
R solvent, base R (2)
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In addition, the phosphine resulting from exchange of one of
the aryl groups of the phosphine with one of those from the halide
can be observed.'” This problem tends to occur in systems which
generally show poor reactivity, such as deactivated bromides and
possibly because of the temperatures required to achieve coupling
in such systems.' It has been found that addition of stoichio-
metric Pd(PPh;), to vinyl triflates and aryl halides gives rise to
vinylphosphonium!*'” and tetra-aryl phosphonium salts.'” This
process can also be performed with catalytic palladium as a useful
method to generate mixed aryl triarylphosphines.'®

The mechanism for this scrambling involves the oxidative addi-
tion of the aryl halide to palladium(0) phosphine ligated catalyst
82 and subsequent reductive elimination to generate phosphonium
salt 85 (Scheme 11)."%-'% The eliminated phosphonium salt can
then undergo oxidative addition to the palladium(0) species 84
generated in this process. However, the phosphorus—carbon bond
undergoing the oxidative addition may not be the same as that
which was formed in the reductive elimination, hence, aryl-
aryl exchange can occur.’®-' Tt has been demonstrated that the
selection of the phosphorus—carbon bonds that undergo oxidative
addition is entirely random, allowing the statistical modelling of
product distributions.®!

Various attempts have been made to eliminate these reactions,
mainly by varying the phosphine ligand employed,'**'** however,
the only way to eliminate such side reactions is through the use of
ortho-substituted phosphines, such as tri(o-tolyl)phosphine'® and
tri(mesityl)phosphine,’®® or by using trialkylphosphines.’®®* The
reaction also appears to be promoted by electron donating sub-
stituents, either on the phosphine or the aryl group of the halide.™!
This is presumably due to the promotion of the reductive elimina-
tion reaction by stabilisation of the positive charge on phosphorus.

Summary and conclusions

At best it can be said that the mechanism of the oxidative addition
is strongly dependent on conditions, particularly depending on
whether the reaction is saturated with halide. However, as the
reaction proceeds, assuming aryl or vinyl halides are involved,
the mechanism of the oxidative addition may well change as the
halide generated saturates the reaction mixture. Clearly, not one
proposed mechanism for the oxidative addition explains all the
phenomena observed and it seems likely that several mechanisms
may be in operation, either independently, depending on the
reaction conditions, or in parallel.

For subsequent steps, the mechanism is more poorly understood
due to difficulties of investigations. It seems that even for aryl
chlorides, the rate determining step may be after the oxidative
addition step, since the rates of reaction of such species are lower
than those seen for the oxidative addition reactions. This may
be due to the electron rich, chelating nature of the phosphines
required to activate aryl chlorides, which in turn disfavours
carbometallation or dissociation. For iodides, and some other
activated leaving groups, it seems to be generally accepted that
the rate determining step comes after initial oxidative addition.
However, the nature of this step is unclear and has a strong
dependence on the nature of the species produced in the oxidative
addition step.

Clearly, for a full understanding of the mechanism in operation,
further studies are required, although it may well be the case

that due to the reactive nature of the intermediates involved, a
comprehensive understanding will be challenging to achieve.
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Protein—polymer conjugates are widely employed for applications in medicine, biotechnology and

nanotechnology. Covalent attachment of synthetic polymers to proteins improves protein stability,
solubility, and biocompatibility. Furthermore, synthetic polymers impart new properties such as self
assembly and phase behavior. Polymer attachment at amino acid side-chains and at ligand binding sites
is typically exploited. This Emerging Area focuses on synthetic methods to prepare protein-reactive
polymers and also employing the protein itself as an initiator for polymerization.

1. Introduction

The inherent specificity of proteins in biological systems makes
them ideal molecules for use as therapeutic agents or as molecular
sensors and switches.' Applications of naturally occurring and re-
combinant proteins span the fields of biotechnology, nanotechnol-
ogy and medicine, and covalent attachment of synthetic polymers
to proteins has been shown to significantly improve properties
such as stability, biocompatibility and solubility for performance
in these areas.** Additionally, the attachment of a polymer chain
can be used to modulate protein activity.® The first protein—
polymer conjugates were based on modification of lysine side-
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chains with poly(ethylene glycol) (PEG), termed PEGylation,”®
and several PEGylated proteins are used clinically as therapeutics.?
‘Smart’ polymer bioconjugates have been employed for affinity
separations, microfluidic protein analysis and capture, molecular
sensors, and as switches to control protein activity.**'" The
polymers in these cases respond to an external stimulus such as
light, temperature or pH. The polymers undergo conformational
changes in response to the stimulus and phase-separate from
solution. In the absence of the stimulus the polymers are soluble
in water.

The conventional approach to prepare polymer bioconjugates
is to modify polymers with protein-reactive end-groups, such as
activated esters, that facilitate coupling between the polymer and
the amino acid side-chains. More recently, protein-reactive initia-
tors have been used to synthesize polymers (Fig. 1); these poly-
mers are reactive towards proteins directly after polymerization.
Polymers with ligands for binding sites are also employed.
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Fig. 1 Routes to protein—polymer conjugates.

A method to prepare conjugates that has also recently been
introduced is to synthesize polymers directly from initiation
sites on the protein (Fig. 1). This Emerging Area will focus on
traditional ways to prepare polymers that react with amino acid
side-chains to form heterogeneous and homogeneous conjugates.
Newer approaches such as one-step synthesis of reactive polymers
with bi-functional initiators and polymerization from protein
initiators to form conjugates will also be discussed.

2. Postpolymerization modification strategies
2.1. Amine-reactive polymers

Amine side-chains of lysine have traditionally been targeted to
synthesize protein—polymer conjugates. The excellent reactivity of
amines toward a wide range of electrophiles, and the necessity that
each protein contains at least one amine makes this an attractive
method for bioconjugate formation. Amine-reactive polymers
often contain activated esters such as N-hydroxysuccinimidyl
(NHS) esters, and comprehensive reviews are available on this
subject.”® Polymers with alternative end-groups including mono-
and dichlorotriazines, thioimidoesters, and aldehydes have also
been synthesized for protein modification.

Early reports of protein PEGylation involved transformations
of the terminal hydroxyl group of PEG; these methodologies
can be employed for any polymer with a hydroxyl end-group.
For example, dichlorotriazine end-functionalized monomethoxy
PEG was synthesized for the modification of bovine serum
albumin (BSA)™? and bovine liver catalase.”® One significant
drawback of this reactive end-group is protein cross-linking. To
circumvent this, 2,4-bis(methoxy-poly(ethylene glycol))-6-chloro-
s-triazine was prepared by coupling the w-hydroxyl groups with
cyanuric chloride at 80 °C (Fig. 2a);"* the resulting activated-PEG,
was coupled to asparaginase. Thioimidoester end-groups are
interesting because they form amidinated linkages at physiological
pH, without loss of the positive charge at the conjugation site. This
end-group was synthesized in two steps by reaction of a terminal
alkoxide with 3-bromopropionitrile to form a cyano-terminated
polymer.”® Subsequent addition of ethanethiol in the presence
of dry hydrochloric acid resulted in thioimidoester formation
(Fig. 2b). Modification of the ribosome-inactivating protein,
gelonin, was demonstrated employing this end-group.”® Aldehydes
couple with amine-functionalized residues via reductive amination
and are readily installed by oxidation of a terminal hydroxyl group

(a) Monochlorotriazine )\
. . =
cyanuric chloride N N
2 RoH R, As L g
Na2CO3, benzene , 80 °C [e] N [e]

(b) Thioimidoester
1. Na/naphthalene,
R™OH Br(CH2)CN R%O S/\
2. CH3CH2SH, HCI

Aldehyd
© yde o

.ro\/lk
R H

Fig. 2 Synthesis of amine-reactive end-groups.

o . .
R«r \/\OH acetic anhydride, DMSO

with DMSO-acetic anhydride (Fig. 2c).'* CD4 immunoadhesin—
and human granulocyte colony-stimulating factor-PEG conju-
gates were prepared from aldehyde end-functionalized PEG."'®

Each of these examples demonstrates straightforward routes to
prepare protein-reactive polymer end-groups. However, the dis-
advantage of this approach is that a heterogeneous bioconjugate
frequently results due to non-specific coupling with multiple and
random amine residues. Heterogeneous conjugation often leads
to a significant reduction in bioactivity. Site-specific modification
of amines has been attempted by exploiting the lower pK, of the
N-terminal o-amine;'® however, even when the coupling reaction is
conducted under slightly acidic conditions, heterogeneity is often
still observed.” Therefore, other approaches that result in well-
defined conjugates are also explored.

2.2. Thiol-reactive polymers

In an effort to create well-defined protein—polymer conjugates,
modification of the sulfthydryl group of cysteine is employed.
Targeted cysteines include those present in the native proteins,
as well as those introduced by site-directed mutagenesis. Cysteines
not participating in disulfide bonds occur with low frequency,
and therefore modification of this residue results in site-specific
bioconjugates. Numerous postpolymerization modifications have
been described to install thiol-reactive end-groups into polymers.
Vinyl sulfone, maleimide, and activated disulfide end-groups are
among the most popular and have been demonstrated to be
effective for direct modification of cysteines in proteins.

Hoffmann, Stayton and co-workers have carried out pioneering
work on ‘smart’ polymer bioconjugates and have illustrated
site-specific modification of various genetically engineered pro-
teins by employing vinyl sulfone terminated polymers.”* For
example, free-radical polymerization of N-isopropylacrylamide
(NIPAAm) initiated by 2,2'-azobisisobutyronitrile (AIBN) with
B-mercaptoethanol as the chain-transfer agent resulted in the
thermoresponsive, o-hydroxyl-functionalized polyNIPAAm. The
a-hydroxyl group was then converted to the vinyl sulfone through
coupling with divinyl sulfone in the presence of base (Fig. 3a).
Protein modification with these ‘smart’ polymers resulted in the
ability to control ligand binding events in streptavidin'*2 and
endoglucanase 12A** by attachment of the polymers to an
unnaturally occurring cysteine introduced near the active site of
the proteins.

Maleimides react selectively with the thiols of cysteine residues
in the pH range 6.5-7.5 via Michael addition, and can be added to
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Fig. 3 Synthesis of thiol-reactive end-groups.

polymer end-groups using a variety of approaches. In one example,
Kogan demonstrated conversion of an amine-terminated PEG to
a maleimide by reaction with maleic anhydride. The intermediate
maleamic acid was dehydrated with acetic anhydride/sodium
acetate to facilitate ring-closure.?® Velonia et al. demonstrated the
synthesis of a maleimide end-functionalized polystyrene in two
steps: conversion of the terminal carboxylic acid of the polymer
to the acid chloride followed by coupling with maleimide in the
presence of base (Fig. 3b).*” This polymer was covalently attached
to the free cysteine of lipase B from Candida antarctica (CAL B)

that was generated by reduction of an external disulfide bond on
the enzyme. Modification of CAL B with polystyrene resulted in
a giant amphiphile where the enzyme provided the hydrophilic
headgroup and the polystyrene provided the hydrophobic tail.
In a separate report, Chilkoti et al. synthesized polyNIPAAm
by free-radical polymerization employing 2-aminoethanethiol as
the chain-transfer agent. The o-amine of the resultant polyNI-
PAAm was subsequently coupled with a NHS-activated maleimide
derivative to form an o-maleimide polyNIPAAm for modification
of cytochrome b5.%# A similar approach was demonstrated by
Pennadam et al., where an o-functional maleimide polyNIPAAm-—
EcoR 1241 endonuclease conjugate was prepared.? In this exam-
ple, the thermoresponsive nature of polyNIPAAm was exploited
to allow for control over enzyme activity.

Activated polymers with pyridyl, alkoxycarbonyl and o-
nitrophenyl disulfide end-groups form protein—polymer conju-
gates via disulfide formation. One appeal of this approach is
that the bond is reversible and the protein can be released from
the polymer under reducing conditions. A report by Li et al.
demonstrated the synthesis of an a,®-pyridyl disulfide functional-
ized Pluronic® (PEG-b-poly(propylene oxide)-b-PEG) for protein
immobilization on a surface.** The terminal hydroxyl groups of
Pluronic® were first activated with p-nitrophenyl chloroformate,
followed by coupling with 2-(2-pyridyldithio)ethylamine (Fig. 3c).
The functionalized Pluronic® was adsorbed onto a polystyrene
resin and immobilization of B-galactosidase was demonstrated.
Methoxy- or ethoxycarbonyl disulfide and o-nitrophenyl disulfide
end-functional polymers can be synthesized by activation of
a terminal hydroxyl group with p-nitrophenyl chloroformate,
followed by reaction with 2-tritylthioethylamine, to afford a
thiotrityl ether terminated polymer. Subsequent reaction with
methoxycarbonyl sulfenyl chloride (Fig. 3d) or 2-nitrophenyl
sulfenyl chloride forms polymers terminated with methoxycar-
bonyl or o-nitrophenyl disulfide, respectively.’® These activated
disulfide end-groups showed excellent reactivity with the model
tripeptide, glutathione.

A new approach to site-selectively modify cysteines has recently
been introduced whereby a native disulfide bond was targeted
with an end-functionalized PEG containing a bisalkylating agent
to form a three-carbon bridge between the two sulfur atoms.??
This method employs a thiol-specific, cross-functionalized mono-
sulfone PEG: amino-PEG was modified by reaction with 4-[2,2-
bis[(p-tolylsulfonyl)methyl]acetyl]benzoic acid NHS ester. The
resulting bis-sulfone was dissolved in phosphate buffer and
incubated to eliminate p-toluenesulfinic acid, forming the desired
PEG mono-sulfone. Modification of human interferon o-2b and
a human CD4 receptor-blocking antibody fragment (Fab) was
demonstrated. This approach offers an opportunity to target nat-
ural disulfide bonds while retaining the protein’s three-dimensional
structure.

2.3. Polymers for oxime formation

Oxime formation between a hydroxylamine and a ketone/
aldehyde-functionalized polymer or protein is another method
to form site-specific conjugates. It may not seem obvious to
use this approach due to the absence of either functional group
within the naturally occurring amino acids; however, aminooxy
or ketone moieties can be incorporated into a protein.**3 Due
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to the excellent chemoselectivity of the reacting partners, this is a
desirable approach to obtain well-defined conjugates.

In an elegant report by Kochendoerfer and co-workers, a
synthetic erythropoiesis protein (SEP) was prepared by native
chemical ligation, and N*-levulinyl lysines were incorporated into
the protein.** Coupling of a branched o-functional hydroxylamine
polymer with ketone groups of the N¢-levulinyl residues formed a
site-specific PEG-SEP conjugate. To prepare the polymer, the end-
group with an aminooxy-functionalized amino acid and the linear
PEG moiety were each prepared on solid-phase resin. Subsequent
coupling of the fragments using amidation chemistry afforded
the branched a-aminooxy PEG. The resultant SEP bioconjugate
was homogeneous, and unlike typical PEGylated bioconjugates,
bioactivity was equal to that of native erythropoietin. In the
opposite approach, Kochendoerfer and co-workers demonstrated
site-specific incorporation of a hydroxylamine moiety into the
chemokine CCL-5 (RANTES) analogue at amino acid 45. Em-
ploying native chemical ligation, the protein was synthesized con-
taining a protected aminooxy group. Upon deprotection, the free
hydroxylamine was exposed for conjugation with an aldehyde end-
functionalized linear PEG (Fig. 4).3* Schlick et al. demonstrated
oxime-linked bioconjugates using modified tyrosine residues of to-
bacco mosaic virus (TMV).% In their approach, tyrosine residues
of proteins were selectively modified using ketone-functionalized
diazonium salts. The introduced ketone moieties were then
targeted with an aminooxy end-functionalized PEG. This polymer
was synthesized by displacement of the terminal alcohol of
monomethyl ether PEG with N-hydroxyphthalimide under typical
Mitsunobu reaction conditions, followed by hydrazinolysis to
afford the terminal hydroxylamine.

CCL-5(34-67)

Fig. 4 CCL-5-PEG conjugate via oxime formation. (Reprinted with
permission from Shao et al.,** copyright 2005 American Chemical Society).

2.4. Polymers for “click” conjugate formation

The high yields and mild conditions of azide—alkyne 1,3-dipolar
cycloaddition reactions present an attractive approach to prepare
bioconjugates (Scheme 1). To prepare conjugates in this way, the
protein must be first modified with an azide or alkyne moiety.

R’ cu (1) =N
// "\l 4 R

R = protein, R' = polymer
R = polymer, R' =protein

Scheme 1 Bioconjugate formation via [3 + 2] cycloaddition.

In a recent report, an amphiphilic bioconjugate was synthesized
by the [3 + 2] cycloaddition of an azide-terminal polystyrene with
alkyne-functionalized BSA.** Bromine-terminated polystyrene
was synthesized by atom transfer radical polymerization (ATRP),
and subsequently reacted with azidotrimethylsilane and tetra-
butylammonium fluoride (TBAF) to install a terminal azide. The
free thiol of BSA was modified with a maleimide-functionalized
alkyne, to produce the alkyne-modified protein. Deiters ez al.
employed a site-specific cycloaddition reaction on an azide-
functionalized human superoxide dismutase-1 (SOD) using an
alkyne end-functionalized PEG.?” The protein was prepared by
incorporation of p-azidophenylalanine into SOD via site-directed
mutagenesis. The polymer was synthesized by coupling propargy-
lamine with NHS ester-activated PEG. The resulting PEGylated
SOD had approximately the same bioactivity as the native enzyme.

2.5. Ligand-modified polymers

An alternate route to prepare well-defined protein reactive
polymers involves using polymers containing ligand end-groups.
The near-covalent bond between (strept)avidin and biotin has
generated much interest in the synthesis of polymers with biotin
end-groups for applications in biotechnology. The naturally
occurring carboxylic acid of biotin presents an easy handle for
modification. Biotinylated ‘smart’ polymers have been synthe-
sized for conjugation to both streptavidin and avidin. Kulkarni
et al. synthesized a biotinylated polyNIPAAm via reversible
addition—fragmentation chain transfer (RAFT) polymerization
of NIPAAm.*® Hydrolysis of the dithioester end-group in a
methanol-aqueous sodium hydroxide solution formed a thiol-
terminated polyNIPAAm. Subsequent coupling with a maleimide-
functionalized biotin formed the biotinylated polyNIPAAm.
Aggregation of mesoscale streptavidin—polyNIPAAm particles
prepared from these conjugates was investigated for potential use
in microfluidic devices for capture and release of biomolecules.®®
Giant amphiphiles comprised of a streptavidin—polystyrene con-
jugate were synthesized by Hannink ef al. through use of a
biotinylated polystyrene. The biotin functionality was introduced
via coupling of an amine-functionalized biotin derivative with a
carboxylic acid terminated polystyrene.*

Nolte has also demonstrated cofactor reconstitution of
horseradish peroxidase (HRP) to prepare amphiphilic, bioactive
protein—polymer conjugates.***' A cofactor-terminated polymer
was synthesized via amidation between a carboxylic acid termi-
nated polystyrene and a mono-protected diamine. Subsequent
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deprotection to form the free amine, coupling with one carboxylic
acid group of protoporphyrin IX, and addition of ferrous chloride
tetrahydrate, resulted in a polystyrene-cofactor (Fig. 5a). HRP
was reconstituted with the polymeric cofactor (Fig. 5b), resulting
in vesicular aggregates that displayed enzymatic activity.** This
approach has great potential for producing controlled nanos-
tructures of bioactive enzymes and proteins for biotechnology
applications.

(@)

(b) P

Fig. 5 Giant amphiphile prepared by cofactor reconstitution:
a) polystyrene-cofactor and b) computer-generated model of
HRP-polystyrene giant amphiphile. (Reprinted with permission

from Boerakker et al.,* copyright 2002 Wiley Interscience).

3. New approaches to prepare bioconjugates
3.1 Functionalized initiators

Polymerization directly from protein-reactive initiators circum-
vents postpolymerization modifications and is a straightforward
and less time-consuming approach to synthesize protein-reactive
polymers. It virtually guarantees that each polymer chain contains
one reactive end-group and does not rely on optimization of
postpolymerization modification reactions. Similar to the strate-
gies described above that incorporate end-groups reactive toward
amino acid side-chains or binding sites, initiators with these same
reactive groups have been synthesized for free-radical polymeriza-
tion, as well as controlled/‘living’ radical polymerizations such as
ATRP and RAFT. The latter two provide polymers with narrow
molecular weight distributions.

Amine-reactive polymers have been synthesized with NHS-*>*
and acetal-* functionalized initiators for ATRP in order to target

lysine side-chains in proteins (Fig. 6a and Fig. 6b). The NHS-
functionalized initiator was synthesized in one step by coupling
N-hydroxysuccinimide with 2-bromopropionic acid to form the 2-
bromopropionate NHS ATRP initiator.** Polymerization of PEG
methacrylate (PEGMA) was conducted to form o-NHS-activated
polyPEGMA with narrow polydispersities. The reactivity of the
resultant polymers toward proteins was investigated, and it was
found that 6-7 chains conjugated to the lysozyme. Interestingly,
the analogous polymer prepared from the 2-bromoisobutyrate
initiator was unreactive; the authors attributed the lower reactivity
mainly to steric hindrance due to the extra methyl group. Acetal-
functionalized initiators are also employed because the resulting
polymer can be hydrolyzed, exposing aldehyde groups for reac-
tion with amines via reductive amination.* This functionalized
initiator for ATRP was synthesized by reaction of 2-chloro-1,1-
dimethoxyethane with ethylene glycol, followed by esterification
with 2-bromoisobutyryl bromide.* Copper-mediated ATRP of
PEGMA was conducted. After hydrolysis of the a-acetal, con-
jugation to side-chain lysines was demonstrated.

Pyridyl disulfide®® and maleimide* functionalized initiators
for ATRP have been synthesized to enable conjugation to the
free cysteines of proteins. Unlike targeting amines, this approach
allows for the formation of well-defined conjugates. We have
demonstrated the use of a pyridyl disulfide-functionalized 2-
bromoisobutyrate initiator for ATRP of 2-hydroxyethyl methacry-
late (HEMA) (Fig. 6¢).* This functionalized initiator was syn-
thesized in two steps by the reaction of 2,2'-dithiopyridine with
3-mercapto-1-propanol to form pyridyl disulfide propanol. Subse-
quent esterification yielded the ATRP initiator. Narrow molecular
weight distribution polyHEMA with an activated disulfide group
was synthesized and employed for direct conjugation to the
free cysteine residue of BSA. An advantage of this approach
is that no postpolymerization modification of the chains was
necessary prior to conjugate formation and that the conjugate
formation was reversible. Mantovani et al. prepared a protected
maleimide initiator for ATRP (Fig. 6d), which was synthesized in
three steps beginning with a Diels-Alder reaction between maleic
anhydride and furan to form 3,6-epoxy-1,2,3,6-tetrahydrophthalic
anhydride.* Subsequent reaction with ethanolamine formed the
protected maleimide alcohol, which was then esterified with 2-
bromoisobutyryl bromide to afford the initiator. POlyPEGMA was
synthesized, and although a postpolymerization modification was
required, it was straightforward. Refluxing the polymer in toluene
resulted in a retro-Diels—Alder reaction to afford the a-maleimide
group. Modification of BSA and the tripeptide glutathione was
demonstrated with maleimide-functionalized polyPEGMA.

An azide-functionalized ATRP initiator (Fig. 6e) was employed
for the polymerization of the glycomonomer, methacryloxyethyl
glucoside. The azide-functionalized end-group enabled conjuga-
tion to a fluorescein dialkyne, which was used as a spectroscopic re-
porter molecule in successive manipulations. The resultant alkyne-
fluorescein-glycopolymer was employed in a [3 + 2] cycloaddition
reaction with azide-functionalized cowpea mosaic virus, formed
by coupling of 5-(3-azidopropylamino)-5-oxopentanoic acid NHS
ester to the amine side-chains. The glycopolymer—virus conjugate
was evaluated for its ability to interact with the glucose-binding
protein concanavalin A.*

Biotinylated initiators for a range of polymerization techniques
have been synthesized and employed for direct conjugation to
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(a) NHS-activated 2-bromopropionate ATRP initiator
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Fig. 6 Protein-reactive initiators.

streptavidin. Chaikof and co-workers employed a biotinylated
initiator for cyanoxyl-mediated free-radical polymerization of
glycomonomers.®* The arylamine initiator (Fig. 6f) was syn-
thesized in two steps after coupling a NHS-activated biotin
with p-nitrobenzylamine and reducing the nitro group with
hydrogen/palladium. Formation of the diazonium salt, followed
by addition of sodium cyanate and glycomonomer, generated
the biotinylated polymer. Streptavidin—glycopolymer conjugates
were readily achieved by the interaction of the two species.
In recent reports Wooley® and our group®* have demon-
strated the use of biotinylated ATRP initiators to synthesize
low polydispersity polymers. The biotinylated ATRP initiators
(Fig. 6g) were synthesized by activating the carboxyl group of
biotin with N,N’-disuccinimidyl carbonate, followed by addition
of 2-(2-aminoethoxy)ethanol.®*? Esterification of the resulting
alcohol with 2-chloropropionic acid or 2-bromoisobutyric acid
formed the biotin ATRP initiators. Biotinylated poly(acrylic
acid)-b-poly(methyl acrylate),® polyNIPAAm,* and polyHEMA
functionalized at the side-chains with N-acetylglucosamine
(GleNAc)*? were synthesized from these initiators; facile conjugate
formation with avidin or streptavidin was demonstrated. A
biotinylated RAFT chain-transfer agent (CTA, Fig. 6h) has
recently been reported.*® The biotinylated CTA was synthesized
by esterification of a carboxylic acid terminated trithiocarbonate
CTA with a biotinylated alcohol. AIBN-initiated RAFT polymer-
ization produced homo and block ‘smart’ polymers. In this case,
streptavidin—polymer conjugates were not demonstrated; however,
they are expected to form readily upon interaction of the two
species.

3.2 Grafting from proteins

Generating polymers directly from proteins at defined initiation
sites provides the opportunity to evade all postpolymerization
modification strategies and protein—polymer coupling reactions.
Some additional advantages of polymerizing directly from pro-
teins are that purification of the final bioconjugate from unreacted
monomer or catalyst is simplified. Also, the precise number and
placement of polymer chains is predetermined, thereby facilitating
the synthesis and characterization of well-defined conjugates.
Reports in the literature have described methods of initiating poly-
merization of monomers in the presence of gelatin,** casein,*
and ovalbumin® with peroxides or potassium persulfate. In these
examples however, grafting of the polymers occurs at random
and at multiple sites on the protein, resulting in poorly-defined
materials. A route we have developed in our laboratory is to first
modify the protein with an initiator for ATRP to form the protein
macroinitiator and then polymerize directly from defined sites on
the protein.

In the first report that we employed this methodology, polymer-
ization was conducted directly from a streptavidin-macroinitiator
(Fig. 7). The protein-initiator was formed by coupling a biotiny-
lated ATRP initiator with streptavidin in phosphate buffered saline
(PBS)-methanol, forming a streptavidin macroinitiator.”’ Poly-
merization of NIPAAm and PEGMA in water at ambient temper-
ature with copper bromide and 2,2'-bipyridine (bipy) formed the
streptavidin—polymer conjugates. Polymerization was conducted
in the presence of 2-bromoisobutyrate-functionalized Wang resin
in order to increase the concentration of initiation sites, while
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Fig.7 Synthesis of streptavidin macroinitiator and in situ polymerization.
(Reprinted with permission from Bontempo er al.,*” copyright 2005
American Chemical Society).

utilizing a small amount of protein. Proteins are often unavailable
in large quantities, and thus flexibility in this respect is critical.
Streptavidin—polymer formation was confirmed by size exclusion
chromatography (SEC) and SDS polyacrylamide gel electrophore-
sis (SDS-PAGE). Denaturation of the conjugate by heating in
DMF-water at 90 °C resulted in dissociation of the streptavidin
tetramer and release of the biotinylated polymer. Analysis of the
released polymer by surface plasmon resonance (SPR) verified the
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presence of the biotin end-group, confirming that polymerization
occurred specifically from the biotin initiation sites.®”

In a separate report, we described modification of cysteine
residues of BSA and a mutant T4 lysozyme with initiators
for polymerization.®®* To form the macroinitiators, an ATRP
initiator functionalized with pyridyl disulfide or maleimide was
treated with the proteins in PBS—methanol, forming the disulfide
or thioether bonds, respectively (Fig. 8a). Polymerization of
NIPAAm formed the thermosensitive BSA— and T4 lysozyme—
polyNIPAAm conjugates in situ. Protein—polymer conjugate
formation was confirmed by gel electrophoresis and SEC, as
evident by shifts to higher molecular weights. It was demonstrated
that “sacrificial” resin-bound initiator was not necessary when
large amounts of protein macroinitiator were available. The
polyNIPAAm polymerized from BSA was isolated by reduction
with dithiothreitol, and gel permeation chromatography indicated
a polydispersity index (PDI) as low as 1.34. Bioactivity of the
lysozyme—polyNIPAAm conjugates was evaluated (Fig. 8b) and
found to be completely retained after initiator attachment and
polymerization, indicating that this methodology is amenable
for bioactive protein—polymer conjugate formation. Recently,
Matyjaszewski and Russell demonstrated modification of lysine
residues with 2-bromoisobutyramide groups for the formation of
various chymotrypsin—polymer conjugates.®

T4L-polyNIPAAm

o{ojxsr)

HH

T4L-M- T4L
polyNIPAAmM

Fig. 8 a) Synthesis of VI131C T4-lysozyme macroinitiator and in situ polymerization; b) UV-Vis bioactivity assay. (Reprinted with permission from

Heredia et al.,*® copyright 2005 American Chemical Society).”
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4. Conclusions and outlook

Protein—polymer conjugates undoubtedly are an important bio-
material for a wide range of applications in the areas of medicine
and biotechnology. Perhaps the most critical aspect of preparing
protein—polymer conjugates for applications in these areas is
to synthesize well-defined conjugates. This has generally been
accomplished by targeting free cysteines or ligand binding sites.
Traditionally the reactive polymers were prepared by modification
of pre-formed chains. However, with the advent of new con-
trolled/‘living’ polymerization techniques that are tolerant to
a wide range of functional groups, the use of protein-reactive
initiators to form well-defined polymers is now possible. This latter
strategy is less time-consuming and results in polymers amenable
to coupling to proteins without any further modification. Recently
the use of protein macroinitiators to prepare protein—polymer
conjugates in situ has been described. This route eliminates the
necessity to form a reactive polymer-chain altogether.

Native chemical ligation, tRNA engineering methods, and
other advances in protein engineering allow for the synthesis
of proteins containing non-natural amino acids.” So far, the
incorporation of functional groups that react orthogonally to
natural amino acids has been under-exploited to prepare polymer
bioconjugates. Controlled radical polymerization techniques such
as ATRP and RAFT can be used to produce a number of end-
functionalized polymers for chemoselective reaction with non-
natural proteins. In addition, thus far, protein macroinitiators
have been prepared by modification of cysteines, amines, or
ligand binding sites in proteins. However, it may be possible
to incorporate artificial amino acids containing polymerization
initiators directly into proteins. These proteins could then be
tailor-made to contain initiators and subsequent polymers at
predetermined locations. This route to prepare protein—polymer
conjugates has yet to be explored. Various monomers, proteins and
alternative controlled polymerization techniques such as RAFT
or ROP can be envisioned. The combination of controlled radical
polymerization with non-natural protein engineering could result
in unprecedented control over polymer conjugation, resulting in
precise bioconjugates for a variety of applications.
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DNA damage is a double-edged sword. The modifications produced in the biopolymer are associated
with aging, and give rise to a variety of diseases, including cancer. DNA is also the target of anti-tumor
agents and the most generally used nonsurgical treatment of cancer, ionizing radiation. Agents that
damage DNA produce a variety of radicals. Elucidating the chemistry of individual DNA radicals is
challenging due to the availability of multiple reactive pathways and complexities inherent with
carrying out mechanistic studies on a heterogeneous polymer. The ability to independently generate
radicals and their metastable products at defined sites in DNA has greatly facilitated understanding this

biologically important chemistry.

DNA damage is a fact of life and sometimes a cause of cellular
death, which in the case of a cancer cell is desirable. Exogenous
reagents that alkylate or oxidize it constantly assault the biopoly-
mer. In addition, oxidative damage is a consequence of respiration,
a necessary requirement for life, due to the formation of reactive
oxygen species. The modifications produced in DNA can be
carcinogenic and capable of inducing cell death by triggering
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apoptosis. The latter is exploited by anti-cancer therapies that
target DNA. Some of these agents alkylate the nucleobases,
while others oxidize nucleic acids via radical and/or radical ion
intermediates."* Determining how nucleic acids are oxidatively
damaged is a challenging endeavor. DNA is a heterogeneous
polymer that is typically available in smaller molar quantities than
mechanistic chemists are accustomed to working with. In addition,
mechanistic studies on individual damaging agents can be further
complicated by the generation of multiple intermediates randomly
throughout the biopolymer. On the other hand, questions arise
from observations that different damaging agents can generate
distinct products from common intermediates. For instance, how
and why small molecules, such as Cu(OP), and the enediyne
antibiotics (e.g. esperamicin) produce different products from a
common deoxyribosyl intermediate was unclear until a few years
ago. y-Radiolysis is the most commonly used cancer treatment that
targets DNA, and the most chemically complex. Exposing DNA
to y-radiolysis can be likened to hitting fine crystal with a hammer.
Radiation scientists have significantly increased our understanding
of radiation induced DNA damage by using a variety of methods.
However, there are inherent limitations imposed by the unselective
nature of the process to studying ionizing radiation induced
damage directly. This complex chemistry has been unraveled
over the past decade and a half by using organic chemistry
to independently generate the putative reactive and metastable
intermediates. This approach has provided mechanistic insight,
resolved mechanistic controversies, identified new DNA damage
pathways, and provided explanations for differences in DNA
damage pathways that proceed via common intermediates.***

Independent generation of a C1’-nucleoside radical in
DNA and mechanistic studies of its reactivity

The Cl’-carbon—hydrogen bond is one of the two weakest such
bonds in the deoxyribose backbone.’!* However, it is buried in the
minor groove, making it the least accessible to a diffusible species
(Fig. 1). The inaccessibility of the C1’-hydrogen atom to diffusible
species (e.g. hydroxyl radical) was believed to be reflected in the
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Fig. 1 CPK model of duplex DNA looking into the minor groove. The
C1’-hydrogen atoms of neighboring nucleotides are indicated in black.

low efficiency for formation of 2-deoxyribonolactone (L) following
y-radiolysis. However, the yield of L has been shown to be
considerably higher in irradiated DNA than previously thought,
albeit not necessarily via direct hydrogen atom abstraction by a
diffusible species.'s""

2-Deoxyribonolactone is an example of an alkali-labile lesion
(one which results in a strand break upon subjection to alka-
line conditions), and is a signature product of Cl’-oxidation
(Scheme 1). DNA damaging agents that bind in the minor
groove overcome the hydrogen atom’s inaccessibility by delivering
their reactive component. Molecules that are believed to abstract
the C1’-hydrogen atom include the very useful structural probe,
Cu(OP), and anti-tumor agents, such as the neocarzinostatin
chromophore (NCS).*%¥ With the exception of Cu(OP),, all
of these damaging agents produce 2-deoxyribonolactone. In
contrast, reaction of duplex DNA with Cu(OP), results in
immediate cleavage (direct strand scission) of the DNA backbone.
Although these phenomenological observations were reported in
the literature in the late 1980’ and early 1990’, it was unclear
why Cu(OP), produced direct strand breaks but other damag-
ing agents yielded 2-deoxyribonolactone from the Cl'-radical.
In addition, the mechanism for transformation of the radical
into 2-deoxyribonolactone was not understood. The ability to
independently generate the C1'-radical in DNA and the metastable
2-deoxyribonolactone lesion was instrumental in addressing these
questions.

Own O

Scheme 1

The C1’-radical of 2'-deoxyuridine (1) was generated via Norrish
Type I photocleavage of 2.2 The radical (1) is trapped by
thiols with a high degree of stereoselectivity (Scheme 2). B-2'-
Deoxyuridine is favored more than 6-fold over the a-nucleotide
when 1 is trapped by P-mercaptoethanol (BME) in duplex
DNA. Competition studies between BME and O, indicate that the
thiol traps 1 with a bimolecular rate constant of ~4 x 10° M ' s™!
in single stranded DNA or the monomer.*** The rate constant
is reduced by a factor of 2-3 (1.8 & 0.6 x 10° M™! s7!') in
duplex DNA.* This is consistent with the decreased accessibility
of the radical in the duplex." Moreover, the relative rate constants
(koy/ ke = 1100) indicate that in the presence of physiological
levels of thiol (~5 mM) and O, (63 uM) trapping by the latter will

dominate ( >90%).
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Studies on the reactivity of monomeric 1 and oligonucleotides
revealed that 2-deoxyribonolactone was produced under aer-
obic conditions.?** 2-Deoxyribonolactone (L) formation was
detected via mass spectrometry, and subsequently using a se-
ries of chemical reactions that provided a “fingerprint” for 2-
deoxyribonolactone.?®* Isotopic labeling and kinetic experiments
revealed that the peroxyl radical (3) is transformed into the
lactone via an unusual mechanism (Scheme 3).* The peroxyl
radical undergoes heterolytic fragmentation to release a molecule
of superoxide and the Cl’-carbocation. The latter yields 2-
deoxyribonolactone, following trapping by water. Superoxide for-
mation was detected spectrophotometrically utilizing epinephrine
oxidation to adrenochrome. Kinetic competition studies using *O
incorporation into 2-deoxyribonolactone grossly underestimated
the rate constant for superoxide elimination (kg.,), as shown
by Newcomb and Chatgilialoglu who utilized 2 in laser flash
photolysis experiments to determine that the rate constant for
superoxide elimination from 3 is ~10* s7'.%¢ This is similar to the
rate constant for the comparable reaction of structurally similar
anomeric peroxyl radicals of sugars.” Moreover, superoxide
elimination from 3 is too fast for physiological concentrations
of thiols (5-10 mM) to compete. These experiments revealed an
unrecognized consequence of DNA damage by anti-tumor agents
that produce L via C1’-hydrogen atom abstraction, such as neo-
carzinostatin and the enediynes.* When these agents oxidize DNA,
2-deoxyribonolactone formation is accompanied by superoxide
generation. Superoxide does not directly react with DNA, but is
transformed into species such as hydroxyl radical, which does.

+ For simplicity, all radicals and products are referred to using the same
descriptor whether they are monomeric or part of a biopolymer.
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Independent generation of 2’-deoxyuridin-1’-yl (1). A
tool for investigating the mechanism of action of the
radiosensitizer, tirapazamine (Tpz)

The effectiveness of ionizing radiation at destroying tumors is
compromised by the hypoxic (O, deficient) state that such cells can
exist in. Molecular oxygen is required to trap the DNA radicals
and competes with thiols (e.g. glutathione), which can repair the
reactive intermediates produced by ionizing radiation. Radiosen-
sitizing agents are molecules that increase the effectiveness of
ionizing radiation under hypoxic conditions. Some radiosensi-
tizing agents, such as 5-bromo-2'-deoxyuridine are incorporated
in DNA by polymerases in place of the appropriate nucleotide
(e.g. thymidine). Molecules such as tirapazamine (Tpz), which is
being evaluated in several anti-cancer clinical trials, sensitize DNA
to ionizing radiation even though they are not incorporated in
the biopolymer.”® There is evidence to suggest that tirapazamine
behaves in a bimodal manner. This radiosensitizing agent is be-
lieved to produce hydroxyl radical following reductive activation.?
However, the molecule also contains a nitroxide, and as such
was postulated to react rapidly with radicals. Consequently, the
possibility that tirapazamine acts as a surrogate for O, by trapping
DNA radicals and “fixing” damage by preventing their repair by
thiols was investigated.**3! 2'-Deoxyuridin-1-yl (1) was used as
a model DNA radical. Kinetic studies using -mercaptoethanol
showed that tirapazamine (and other structurally similar 1,2,4-
benzotriazine-1,4-N-oxides, e.g. 4) reacted with 1 in duplex DNA
with rate constants comparable in magnitude to that measured
for the nitroxide, TEMPO (5), but slower than its own reduction
product (4) or the electron affinic sensitizing agent, misonidazole
(6, Table 1). The rate constants are competitive with thiol,
indicating that Tpz and the related molecules could act as a
surrogate for O, and transform the DNA radicals into lesions.
The formation of 2-deoxyribonolactone was additional evidence
for Tpz acting as a surrogate for O,.

5 NO: 6

Table 1 Rate constants for the trapping of 2'-deoxyuridin-1’-yl (1) in
double stranded DNA by tirapazamine and various nitroxide containing
molecules

Compound Krap/ M7 57!

Tirapazamine (Tpz) 4.6+ 1.1 x10°
4 3.1 +£0.1 x 107
TEMPO (5) 9.140.8 x 10°
Misonidazole (6) 2.94+0.7 x 107

Independent generation of 2-deoxyribonolactone (L) in
DNA. A useful mechanistic probe of DNA damage

Its alkaline lability prevents 2-deoxyribonolactone from being in-
corporated directly into chemically synthesized oligonucleotides,
which are deprotected under basic conditions. Formation of L
in high yield upon aerobic photolysis of 2 constituted the first
preparative method for this lesion.**** Subsequently, elegant meth-
ods for photochemically producing 2-deoxyribonolactone were
reported by Kotera and Sheppard.*>=** The ability to independently
generate 2-deoxyribonolactone in DNA has proven to be useful
for discovering how enzymes cope with this lesion and as a means
for resolving a mechanistic question in the field of DNA damage.

With respect to the latter, independent generation of 2-deoxy-
ribonolactone at a defined site in oligonucleotides was a powerful
tool for elucidating why Cl’-oxidation by Cu(OP), results in
direct strand breaks instead of the oxidized abasic site. Sigman,
who discovered and developed the use of Cu(OP), as a DNA
cleaving agent proposed that direct strand scission resulted from
solvolysis of the 3'-allylic phosphate of the 1’,2'-dehydronucleotide
(7) following oxidation of the original C1’-radical (Scheme 4).%
Given the mechanism discussed above for O, dependent 2-deoxy-
ribonolactone formation (reported after Sigman’s proposal was
published), which proceeds through the carbocation, it was unclear
why the 1’,2’-dehydronucleotide (7) would be formed in DNA
by Cu(OP), and not by other damaging agents that abstract the
C1’-hydrogen atom.

Model studies carried out by Chen cast further doubt on
this mechanism and support for an alternative (Scheme 5).%
Chen showed that a 1',2'-dehydronucleotide containing an allylic
phosphate (9) generated by mild periodate oxidation of 8 was
stable in aqueous buffer and was therefore kinetically incompetent
to be on the pathway for direct strand scission induced by
Cu(OP),. An alternative mechanism based upon examination of
the observed rate constant of f-elimination from 10 as a function
of Cu(OP), concentration was proposed (Scheme 6). The observed
rate constant varied linearly with Cu(OP), concentration, but not
phenanthroline or cupric ion. Extrapolation of the observed rate
constant indicated that an effective molarity of Cu(OP), bound to
DNA between 10 and 100 M was sufficient to explain the observed
DNA strand scission using this mechanism. It was proposed that
the noncovalently bound Cu(OP), complex and/or one of its
oxidized intermediates (e.g. a copper bound hydroxyl complex)
deprotonated the lactone’s a-carbon.

The take home message from this study was that 2-deoxy-
ribonolactone is the last common intermediate in DNA oxidation
by anti-tumor agents that abstract the C1’-hydrogen atom and
Cu(OP),. The latter produces direct strand breaks because the
lactone lesion is unstable in the presence of the noncovalently
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bound metal complex. This mechanism, and the widely accepted
notion that the Cl'’-position is the major oxidation site by
Cu(OP), was subsequently questioned in studies on hexanucleo-
tide duplexes.’” However, Bales demonstrated that the conditions
under which the hexanucleotide experiments were carried out did
not test the B-elimination mechanism because the DNA containing
2-deoxyribonolactone dehybridized under the reaction conditions
and Cu(OP), does not bind to single stranded material.*® Bales
provided further evidence in support of the proposal that Cu(OP),
produces direct strand breaks by effecting -elimination from 2-
deoxyribonolactone by taking advantage of independent genera-
tion of the lesion in DNA and copper-phenanthroline conjugates
of the minor groove binding molecule, distamycin.*** A duplex
containing 2-deoxyribonolactone (11b) that was substituted for
a 2'-deoxyadenosine (11a), which is cleaved by 12 underwent
cleavage with a half-life of 20.6 min (Scheme 7). The rate constant
for elimination (kg = 5.6 & 0.7 x 10~* s7!) was 34 times faster
than the overall rate constant for DNA oxidation at A ; (ko, =
1.9 £ 0.6 x 107 s7') that results in a direct strand break or alkali-
labile lesion.

These data indicated that cleavage at 2-deoxyribonolactone was
kinetically competent to explain direct strand scission by copper-
phenanthroline complexes. Support for the hypothesis that this
pathway was a major pathway for DNA cleavage by minor groove
binding conjugate 12 was obtained by measuring the growth (kg =
1.8 £ 0.4 x 107° s7') and decay (kp, = 4.7 £ 0.9 x 10* s7') of
direct strand scission and alkali-labile lesions in total (eqn (1)).*®
The similarity in the rate constants between kg, and k;, means
that either 2-deoxyribonolactone is the major alkali-labile lesion
formed or that other such lesions undergo elimination with the
same rate constant. Finally, the observation that ks and ko,
are within experimental error of one another indicates that the
majority of damage events induced by the Cu(OP), conjugate
proceed through an intermediate alkali-labile lesion resulting from
Cl'-oxidation.

Alkali labil
ali labile _*_, Strand break M

Cu(OP),.-DNA kg

(211 lesion
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Independent generation of 2-deoxyribonolactone
reveals a novel inhibition pathway of DNA repair

Most DNA lesions, including abasic sites (AP), are repaired in
multiple steps by a series of enzymes.“** The first step in AP site
repair in prokaryotes is carried out by two families of base excision
repair (BER) enzymes. These repair pathways are necessarily
very efficient because ~10000 AP sites are produced in a cell
per day.*® One family of enzymes induces B-elimination via Schiff-
base formation involving a lysine side chain or N-terminal proline.
This is a minor pathway in E. coli, where the majority of AP sites
are incised by 5-phosphodiesterases. However, a lyase reaction is
involved in the major pathway for AP site repair in eukaryotes
following incision by a 5'-phosphodiesterase (Scheme 8).*
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2-Deoxyribonolactone is very similar in size and shape to an
AP site, and it was postulated that repair enzymes containing
lyase activity would recognize the lesion.”® However, nucleophilic
attack by a lysine side chain on the lactone would result in a
cross-link between the DNA and protein. Indeed, cross-linking
was observed when a duplex containing L and endonuclease III,
a bifunctional BER enzyme from E. coli that contains a lyase
function, were incubated.** Support for the proposed cross-
linking between L and the lysine side chain involved in Schiff base
formation was obtained using a mutated form of endonuclease
II1. Substituting alanine for lysine 120 eliminated DNA-protein
cross-link formation. This was the first example of a DNA
lesion that formed a cross-link to a repair enzyme. Subsequently,
oxanosine was also shown to form DNA-protein cross-links.*’

Several other base excision repair enzymes from a variety of
species were assayed for cross-linking to 2-deoxyribonolactone,
but none showed significant reactivity.* The absence of cross-
linking by these other enzymes was attributed to their weaker
lyase activity than endonuclease III. Interestingly, mild alkaline
treatment of DNA containing 2-deoxyribonolactone produces
the transiently stable a,-unsaturated butenolide cleavage product,
which is analogous to the product produced upon lyase reaction
between an AP site and a Type IT repair enzyme.*” The butenolide is
cross-linked by formamidopyrimidine DNA glycosylase (Fpg) and
endonuclease VIII (NEIL1), but not endonuclease III. These lyase
containing base excision repair enzymes are distinguished from
others by utilizing an N-terminal proline to effect elimination.
They are also the only enzymes capable of inducing B- and

d-elimination of AP sites. One possible explanation for their cross-
linking to the butenolide is that unlike endonuclease 111, Fpg and
NEILI typically recognize the analogous o,-unsaturated remnant
of an AP site.

The biological relevance of the above cross-linking reactions
could be questioned because although AP sites are intermediates
formed during repair by base excision repair enzymes, most endo-
genously produced AP sites are repaired by 5'-phosphodiesterases.
Exonuclease IIT and endonuclease IV are responsible for this
activity in E. coli, whereas apurinic endonuclease 1 (Apel) is
the primary enzyme responsible for incising AP sites in human
cells.® 2-Deoxyribonolactone is efficiently incised by each of these
enzymes.*** However, incision of 2-deoxyribonolactone by Apel
presents a challenge in mammalian cells during the next step in
DNA repair. Incision by Apel is followed by elimination of the
resulting 5'-deoxyribose phosphate by DNA polymerase 3 (pol B),
which utilizes a lysine side chain (Lys;,) to induce elimination via
Schiff base formation.** As expected, based upon the interaction
with endonuclease III (Scheme 9), DNA polymerase § and 2-
deoxyribonolactone cross-link one another.’! In addition, exper-
iments using mutant protein implicated the requirement for the
Lys;, side chain previously implicated in Schiff base formation.
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Scheme 9

The formation of DNA-protein cross-links between 2-deoxy-
ribonolactone and a repair enzyme provides a possible chemical
basis for the cytotoxic effects of anti-tumor agents that produce
this lesion. For instance, it was reported that DNA damage
produced by the neocarzinostatin chromophore is refractory
to repair.®> Our experiments suggest that 2-deoxyribonolactone
formation could be the source of inhibition. Failure to effect
repair will prevent replication and transcription. Although a recent
report in cell lysates suggests that cells have a “work around”
method for lactone enzyme cross-links, one cannot discount their
biological importance, particularly given the correlation described
above regarding the effect of neocarzinostatin on cells.>

v-Radiolysis produces DNA damage by forming
nucleobase centered reactive intermediates

Natural products (e.g. bleomycin, neocarzinostatin) that oxida-
tively damage DNA typically bind in the minor groove and
abstract one or more hydrogen atoms from the deoxyribose
ring.*** Exposing DNA to y-radiolysis also results in the formation
of sugar radicals. These and other reactive intermediates can
be produced in DNA via direct ionization (the “direct effect”
of y-radiolysis) or via reaction with hydroxyl radical, which is
generated by the ionization of water (the “indirect effect” of y-
radiolysis).> Hydroxyl radical adds to double bonds about an order
of magnitude faster than it abstracts hydrogen atoms from carbon—
hydrogen bonds. The inherent differences in rate constants are
reflected in the distribution of reactive intermediates produced by
hydroxyl radical (OH") reaction with DNA. Nucleobase radicals
are believed to account for as much as 93% of the reactive
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intermediates formed.® Nucleobase radicals are also produced by
the direct ionization of DNA, followed by reaction with water.
However, it is not clear what fraction of this damage pathway
results in nucleobase radical formation.

Nucleobase radical formation is a distinctive chemical pathway
exhibited by y-radiolysis. Radiation chemists have extensively stud-
ied the role of these radicals in nucleic acid strand scission using
biopolymers, monomers, and short oligonucleotides substrates.
The reactivity of these substrates has been examined using an
elaborate battery of analytical and spectroscopic tools, including
pulse radiolysis, EPR spectroscopy, and mass spectrometry.>*>-#
Based on these studies, it has been proposed that ~40% of the
reactions between OH' and nucleic acids result in direct strand
scission.® The predominance of nucleobase radical formation
requires that some of these reactive intermediates lead to strand
cleavage. In order to yield a strand break the radical center must
be transferred to the sugar backbone. Considering the number of
possible nucleobase radicals and their respective peroxyl radicals
produced by OH", as well as the number of potential hydrogen
atom abstraction sites, it is difficult to identify individual pathways
using randomly generated reactive intermediates. Independent
generation of reactive intermediates is well suited for exploring
the feasibility of such molecular rearrangements.

(o)

o Meﬁb{‘\
HO-o NH
A

HO ON 0

18
OH

Photolabile, synthetic nucleosides have been very useful for
studying the reactivity of pyrimidine nucleobase radicals. The
regioisomeric OH" addition products are formed in between 2 :
1 and 4 : 1 ratio, with addition to the C5-position (13) favored by
the electrophilic radical (Scheme 10). For the sake of synthetic ex-
pediency the formal C6-hydrogen atom addition product (15) was
generated from 16 via Norrish Type I photocleavage (Scheme 11).%°
In addition, phenyl selenide 17 was employed for carrying out
studies on monomeric 15 (Scheme 11).* The reactivity of 15
with hydrogen atom donors designed to mimic 2-deoxyribose
suggested that it was highly unlikely that the radical would lead
to direct strand breaks by abstracting hydrogen atom(s) from the
adjacent nucleotides in DNA.* When generated in the presence
of O, a diastereomeric mixture of the respective hydroperoxide
(18) was obtained. The intermediate peroxyl radical (19) formally
eliminates hydroperoxyl radical (OOH"), which deprotonates at
physiological pH (Scheme 12).% Consistent with this, superoxide
(O,"7) is detected spectroscopically in the reaction. Elimination of
OOH-" produces thymidine and efficiently competes with reduction
by hydrogen atom donor (kgpn/krea = 1.3 x 1072 M).
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Scheme 12

Independent generation of 15 from 16 in single stranded
oligonucleotides corroborated the radical’s reluctance to effect
hydrogen atom abstraction from adjacent nucleotides.®"¢* This was
evident by the absence of direct strand scission or alkali-labile
lesions under anaerobic conditions. In contrast, strand damage
was evident at the position of original radical generation and
adjacent nucleotide when the radical was generated under aerobic
conditions. Incorporation of synthetically deuterated thymidines
at the 5'-adjacent position indicated that the peroxyl radical
selectively abstracted the C1'-hydrogen atom from this site.

The dramatic effect of O, on strand scission and alkali-lability
was also observed in studies involving the CS5-radical adduct
(20, Scheme 13).9% Radical 20 was generated via Norrish Type
I photocleavage from 21 and was also designed for synthetic
expediency to model the OH" radical adduct (13, Scheme 10).
Studies on monomeric 13 were also carried out under anaerobic
conditions using 22 (Scheme 14).¢¢” The chemical stability of 22
and mechanism of radical formation (photoinduced single electron
transfer) from it, prohibited producing 13 from it under aerobic
conditions or within oligonucleotides. However, 22 was useful for
determining the proficiency of 13 at inducing intranucleotidyl
hydrogen atom abstraction, as well as its ability to generate the
cation radical (23) via hydroxide elimination. The latter has also
been proposed to be an intermediate in direct strand scission.”’
A combination of isotopic labeling and *H NMR experiments
indicated that neither of these processes occurs at rates fast enough
to compete with reaction with O, or hydrogen atom donors such
as 1,4-cyclohexadiene or thiols.®*

The Norrish Type I precursor (21) to 20 was compatible with
aerobic conditions and solid phase oligonucleotide synthesis.
Competitive kinetic studies between O, and B-mercaptoethanol
(BME) established that monomeric 20 reacts with the thiol with a
rate constant (kgye = 8.8 = 0.5 x 10° M~' s7") typical of an alkyl
radical (Scheme 13).%%® The reaction between 20 and BME was
useful for calibrating its reactivity and establishing the verity of
using O, as a competitor in relative rate studies. Subsequently, O,
was used to approximate the rate constant for reaction of 20 with

Own
Scheme 10
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2,5-dimethyltetrahydrofuran (MTHF, kyrpr = 31.0 £ 2.5 M~ s71)
where MTHF was used as a model of deoxyribose in DNA. The
rate constant for hydrogen atom abstraction from MTHF (kyrur)
is sufficiently slow, that even if one assumes that the effective
molarity of the adjacent deoxyribose ring(s) in DNA is 10 M,
radical transfer from the nucleobase to the sugar will not compete
with trapping by O, or thiol.

Photochemical generation of 20 under aerobic conditions
enabled characterization of the reactivity of the respective peroxyl
radical (24, Scheme 15).% Unlike 19 (Scheme 12) or 3 (Scheme 3)
there was no evidence for O,"~ elimination from 24. However,
the formation of 2-deoxyribonolactone suggested that the peroxyl
radical abstracted the C1'-hydrogen atom. Control experiments
ruled out artifacts such as Cl’-hydrogen atom abstraction by

HN
o)\N tBu O/CH CN
RO (o) 2 RO
0 —»
A
OH

oo
Y

the precursor’s excited state. Quenching of lactone formation
by BME indicated that the rate constant for the product (and
rate) determining abstraction step was on the order for related
reactions.®”

The reactivity of 20 and 24 in polymers largely paralleled the
chemistry described in the monomer. There was no evidence for
radical transfer from the nucleobase in 20 to its sugar or the
deoxyribose of an adjacent nucleotide.®® Initial studies on related
radical 13 when it was generated from 25 (Scheme 16) in di- and
trinucleotides upon 254 nm irradiation led to the proposal that the
nucleobase radical added to the adjacent guanine.” The reaction
with an adjacent nucleotide produces two contiguously damaged
nucleotides, and is referred to as a tandem lesion.”»”® Tandem
lesions are a subset of well-studied clustered lesions, which are
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defined as two damaged nucleotides within ~1.5 turns of duplex
DNA.™7 Although subsequent experiments in duplex DNA did
not corroborate the initial studies, it is possible that such lesions are
formed, but were not detectable under the reported conditions.”
In contrast, tandem lesions were the major types of damage re-
sulting from 5,6-dihydro-2'-deoxyuridin-6-yl radical (20) in duplex
DNA under aerobic conditions via the respective peroxyl radical
(24).%® Tandem lesions involving the 5'-adjacent and 3'-adjacent
nucleotides were detected by gel electrophoresis and account for
at least 65% of the alkali-labile lesions derived from 24. Tandem
lesions involving the 5'-adjacent nucleotide resulted from addition
to the pyrimidine ring and hydrogen atom abstraction. Deuterium
isotope effects indicated that C1'-hydrogen atom abstraction
occurred selectively. Based upon previous studies, the C1'-radical
was expected to result in 2-deoxyribonolactone formation.?? This
hypothesis was confirmed using a series of fingerprint reactions
diagnostic for this oxidized abasic site.”® Further confirmation
for this product was obtained using MALDI-TOF MS analysis
of photolyzed single stranded DNA. Gel electrophoresis analysis
indicates that 2-deoxyribonolactone containing tandem lesions
account for ~15-25% of the tandem lesions derived from 24.
Selective C1’-hydrogen atom abstraction by 24 was consistent with
predicted carbon—hydrogen bond strengths and the proximity of
the peroxyl radical oxygen atom, which is able to reach into the
minor groove from its position in the major groove (Fig. 2).1*™*
The peroxyl radical oxygen of 24 can approach to within 1.5 A
of the C1’-hydrogen atom of the 5'-adjacent nucleotide without
distorting the duplex. Formation of 2-deoxyribonolactone via 24
provides a mechanism to explain formation of this lesion from dif-
fusible species, despite the hydrogen atom’s poor accessibility.'>!®
Molecular modeling reveals that the deoxyribose hydrogen
atoms of the 3'-adjacent nucleotide are considerably further
(=5 A) from the diastereomeric peroxyl radical due to the helical
twist of the duplex. Consistent with this picture, tandem lesions
ascribable to hydrogen atom abstraction from this component are
not observed. However, tandem lesions resulting from peroxyl
radical addition to the pyrimidine double bond of the 5'- and 3'-

o]

0
'HQC
PhS NH hy fLNH
(254 nm)

“Q_'

Fig. 2 Ball and stick model showing proximity of the peroxyl radical
oxygen of 24 (note: white arrow) to the Cl'-hydrogen atom of the
5-adjacent nucleotide.

adjacent nucleotides are detected via gel electrophoresis following
piperidine treatment, and more explicitly using MALDI-TOF MS.

Overall, these studies reveal that tandem lesions are produced
in higher yield than previously recognized. They also suggest that
direct strand breaks may be formed less efficiently than is generally
accepted if nucleobase radicals are the major family of reactive
species produced by ionizing radiation.

Interstrand cross-links via a nucleotide radical

Molecular modeling of the 5-(2'-deoxyuridinyl)methyl radical (26)
also indicated that this radical and its respective peroxyl radical
was well positioned to react with the sugar and nucleobase
moiety of the 5'-adjacent nucleotide, but only the latter of the
3'-nucleotide. Addition of 26 to a 5'-adjacent 2’-deoxyguanosine
(28) upon 254 nm irradiation of 27 was observed in single
stranded oligonucleotides (Scheme 17).7#" Similarly, tandem
lesions involving addition of the respective radical derived from
S5-methyl-2'-deoxycytidine (29) into 2’-deoxyguanosine bonded
to either phosphate (e.g. 31) were also detected when 30 was
photolyzed at 254 nm (Scheme 18).'% Anderson used the Norrish
Type I reaction to generate 26 from the benzyl ketone (32).%
Kinetic competition studies were carried out under anaerobic
conditions using 2,5-dimethyltetrahydrofuran (MTHEF, kyyr) and
2-propanol (Pr, kp,) as deoxyribose models (Scheme 19). The yield
of the recombination product (33) and its assumed formation rate
constant (kg =2 x 10° M~' s7!) were used to determine the rate
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Scheme 17
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constants for hydrogen atom abstraction by 26. The estimated
bimolecular rate constants (kyryr = 46.1 £ 154 M~ s7!, kp, =
13.6 & 3.5 M~' s7') are too slow to compete with O, trapping or
thiol quenching of 26, but suggest that the radical could abstract
hydrogen atoms from an adjacent nucleotide in DNA in the
absence of these reactants.

Although 32 was compatible with solid phase oligonucleotide
synthesis, the requirement that it be photolyzed at 300 nm
encouraged us to search for a photochemical precursor(s) that was
labile to 350 nm irradiation, in order to minimize random DNA
damage. The phenyl selenide (34) and methoxy substituted aryl
sulfides (35, 36) met this criterion (Scheme 20).**%5 Generation
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Scheme 20

of 26 in duplex DNA did not give rise to any direct strand
breaks, or alkali-labile lesions. Instead, photolysis of 34 produced
interstrand cross-links in high yield.*>* Cross-links are produced
in very low yield when DNA is exposed to y-radiolysis, indicating
that 5-(2'-deoxyuridinyl)methyl radical (26) must also be formed
in low yield by this damaging agent. Nonetheless, interstrand
cross-link formation from a DNA radical is chemically novel and
potentially biologically significant, as they are strongly associated
with the cytotoxic effects of anti-tumor agents such as mito-
mycin C.%8

Extensive studies were undertaken to verify that the interstrand
cross-links were due to 26.* Quenching of interstrand cross-
links by the hydrogen atom donor, glutathione (GSH) was
consistent with a radical mediated process. That the cross-
links were produced by all three photochemical precursors (34—
36) was also considered to be strong evidence for a common
intermediate. However, cross-link formation was independent of
O,. This is an unusual attribute for a radical reaction because
rate constants for O, trapping of radicals are typically close
to the diffusion controlled limit (ko, = 2 x 10° M™' s7").
This seemingly anomalous observation was reconciled with a
radical mechanism by experiments utilizing the monomeric radical
precursor (36), which established that O, trapping of 26 was
reversible (Scheme 21). Reversible trapping of 26 was evident from
the nonlinear dependence of the product ratio as a function of
GSH concentration (Fig. 3). The rate constant determined for loss
of O, (k.o, = 3.4 s7") from 37 was consistent with that determined
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Fig. 3 Nonlinear dependence of product ratio derived from
5-(2'-deoxyuridinyl)methyl radical (26) derived from 36 on GSH concen-
tration as evidence for reversible peroxyl radical (37) formation.
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for other peroxyl radicals of similar structure.*?” The verity of this
rate constant was supported by that estimated for GSH trapping
0f 26 (kgsy = 6.9 x 10° M~'s7!), which was what one would expect
for an alkyl radical reacting with a thiol.®®

ESI-MS and the hydroxyl radical cleavage method developed by
Hopkins were initially employed to investigate the structure of the
cross-linked product.®** The former affirmed the O, independent
nature of the reaction. Analysis of hydroxyl radical cleavage
revealed another novel aspect of cross-linking by 26. In contrast to
alkylating agents, which typically react with nucleotides that are 1—
2 base pairs apart, the radical reacted exclusively with the opposing
deoxyadenosine.®®* The atomic level structure of the cross-link
was determined following enzymatic digestion of the duplex and
reverse phase HPLC purification of the remaining dinucleoside.
The product (40) obtained was the result of formal addition
to the N6-amino group of 2’-deoxyadenosine (Scheme 22). The
identical product was isolated when monomeric 26 was generated
in the presence of 2'-deoxyadenosine. It was proposed, and later
confirmed, that 40 was not the primary product.® The initial
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Scheme 22

product (41), which has not been isolated, is believed to result
from addition of syn-26 to the NI-position of the opposing
deoxyadenosine (Fig. 4).

Fig. 4 Molecular modeling illustrates the proximity of syn-26 to
the opposing 2-deoxyadenosine (~2.3 A) in a trinucleotide duplex
(5-d(C26C-GAG)). The white arrow points towards the radical center
in 26.

Potential applications of interstrand cross-link
formation

Interstrand cross-linking by a nucleotide radical under anaerobic
conditions is potentially biologically useful. As mentioned pre-
viously, the efficacy of radiation therapy is often compromised
because tumors are hypoxic.”® We realized that if y-radiolysis
generated 26 from the phenyl selenide (34) this molecule would
be useful as a radiosensitizing agent, provided its nucleotide
triphosphate is accepted as a substrate for DNA polymerase. 5-
(2’-Deoxyuridinyl)methyl radical (26) would have an advantage
over other radiosensitizers, such as 5-bromo- and 5-iodo-2'-
deoxyuridine because cross-links are more deleterious than the
single strand breaks and alkali-labile lesions produced by the
5-halopyrimidines.”** Irradiation ("’Cs) of 42 produced cross-
links in good yield.”* However, their dependence on O, indicated
a change in mechanism from UV-irradiation to one involving
reactive oxygen species (ROS) (Fig. 5). Subsequent experiments
that probed for OH", superoxide, and H,0, revealed that the
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latter, produced from water by ionizing radiation, was necessary
for cross-linking. It was proposed that H,O, oxidized 34 to the
selenoxide, which underwent a [2,3]-sigmatropic rearrangement
to form a highly electrophilic quinone methide like species (43,
Scheme 23). This syn-conformation of this molecule produces
the identical primary product generated from 26 (Scheme 22) by
alkylating N1 of the opposing deoxyadenosine.

5'-d(AGA TGG AC34 CAG GTA C)

3-d(TCT ACC TG A GTC CAT G)
42

0.02 0.17 1
% 0,

264 659 21

Fig.5 Interstrand cross-link (ISC) formation from '¥"Cs irradiation of 42
as a function of O, concentration.
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This mechanism was supported by several independent
experiments.®* The intermediacy of the selenoxide was consis-
tent with the ability to utilize NalO,, a common reagent for
producing this functional group, to induce cross-linking. This
reagent was also used to directly observe the monomeric quinone
methide intermediate (43) by 'H NMR, which was independently
shown to react with azide and slowly with water.”” The [2,3]-
sigmatropic rearrangement mechanism also provided a rationale
for y-radiolysis’ inability to produce cross-links from the aryl
sulfide substituted nucleotides (35, 36), because allylic sulfoxides
face significantly higher rearrangement barriers.”**” Indeed, the
independently synthesized monomeric allylic sulfoxides did not
rearrange even upon heating. Finally, kinetic analysis provided the
mechanistic connection between NalO, induced rearrangement
observed at the monomeric level and DNA interstrand cross-link
formation following y-radiolysis. The rate constants measured for
cross-link formation from the methods were within experimental
error of one another (y-radiolysis: kgpg = 3.6 £0.5 x 107* s~
32.1 min; NalO,: kopeg = 4.1 £0.3 x 107

1 —
’[1/2—

s7!, 1,, = 28.2 min).
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Despite the change in mechanism from photolysis to y-radiolysis
conditions, the viability of 34 as a radiosensitizing agent was
pursued further because some cross-linking was observed when
O, was present at concentrations comparable to those present
in severely hypoxic tumors.””* One requirement was fulfilled by
demonstrating that the nucleotide triphosphate (44) was accepted
as a substrate by the Klenow exo~ fragment of DNA polymerase
I from E. coli. The modified nucleotide was incorporated ~1%
as efficiently as the cognate native nucleotide, thymidine. The
acceptance of 44 by a DNA polymerase was utilized to produce a
DNA substrate that is more similar to what one would expect to
find in a cell. The more promiscuous polymerase, sequenase, was
used to prepare a 7200 nt duplex (45) containing an estimated 10—
12 molecules of 34 randomly incorporated in one of the strands
(Scheme 24). Exposure of the duplex to radiation doses on par
with what a cancer patient would receive resulted in up to 71.8 +
5.4% of interstrand cross-links under normal oxygenated aqueous
solution (Fig. 6). Although the level of cross-linked DNA under
hypoxic conditions (0.17% O,) lagged behind this at lower doses,
almost 60% of the substrate was cross-linked at the highest dose
(10 Gy) administered.

EcoR1 &
5!_32P_
Primer: "———
5-32P.d(CAC TGA ATC ATG GTC ATA GCT GTT)

M13mp7L2
(7,240 nt)
Sequenase
(dATP, dCTP, dGTP, 3
dTTP, 44) 5.32p
45, Duplex (7,200 bp)
Scheme 24
80
70 s B
60 - i A
50 4
Q404 i
D; 30 y i
20 4
10
0 ®
T ¥ T b T L] T ¥ T ¥ T ’
0 2 4 6 8 10
Dose (Gy)
Fig. 6 Interstrand cross-link (ISC) formation in 7200 bp DNA (45)

containing randomly incorporated 34 upon '¥Cs irradiation under aerobic
(@, 21% O,) and hypoxic (A, 0.17% O,) conditions.

The oxidative mechanism for cross-linking through 34 suggested
that 'O, may also initiate this reaction, because this ROS
oxidizes phenyl selenides to selenoxides.' Consistent with these
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precedents, photosensitization by Rose Bengal produced high
yields of cross-links.”” Singlet oxygen is known to selectively
oxidize deoxyguanosine in native DNA to produce alkali-labile
lesions.'”** However, DNA interstrand cross-links are potentially
more deleterious to the DNA. These observations suggest that 34
incorporated in DNA could be a useful adjuvant in photodynamic
therapy.'*!% Ultimately, whether 34 and molecules like it are active
in cells will be determined by their ability to permeate the cell
and its nucleus and their subsequent incorporation in DNA. The
interesting reactivity of these molecules in DNA is an incentive to
investigate this possibility.

Summary and future directions

Significant technological advances in the areas of solid-phase
oligonucleotide synthesis and mass spectrometry facilitated com-
bining synthetic and physical organic chemistry with biochem-
istry and molecular biology to investigate DNA chemistry. The
ability to independently generate reactive intermediates and the
labile products derived from them at defined sites in synthetic
oligonucleotides has contributed to the increased understanding
of a diverse range of problems in DNA damage and repair. Many
fundamental questions remain to be addressed. These studies
will undoubtedly uncover opportunities to apply this science
and technology to systems of increasing biological significance,
with the ultimate goal of understanding the roles of reactive
intermediates in cells.
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Oxidative rearrangement of cyclic enol ethers leads to o-
alkoxyesters. In the presence of a neighboring spiroether,
this approach provides a stereoselective access to spiroketals.
A modified proposal for the biosynthesis of acutumine is
presented.

As part of our research program on the synthesis of highly
oxygenated spiroketal natural products and Trx inhibitors,' we
attempted to model Barton’s proposed biosynthesis of the spiro-
fused vinylogous ester moiety of acutumine (1, Scheme 1). In
this proposal, Barton suggested spirodienone 2 as a possible
biosynthetic branching point. Double epoxidation of 2 followed
by a hydrolytic Favorskii-type rearrangement furnishes acid 4.
Decarboxylation and epoxide opening affords allylic diol 5, which
is only a single oxidation level apart from vinylogous ester 6.
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: Proposed O
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Scheme 1 Barton’s proposal for the biosynthesis of acutumine (1).

Due to the ready access to dienones of type 2,* this ring
contraction provides an attractive, albeit hypothetical entry to
acutumine alkaloid synthesis.® Our first approach to investigate
this proposal began with model dienone 7.° Treatment with
basic hydrogen peroxide provided monoepoxide 8 in 67% yield
(Scheme 2). When 8 was treated with 3 equivalents of mCPBA
buffered with Na,HPO,, we expected that the intermediate bis-
epoxide would undergo Barton’s proposed cascade reaction;
however we isolated only racemic epoxylactone 9 in 80% yield

Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylva-
nia, USA. E-mail: pwipf@pitt.edu; Fax: +1412-624-0787; Tel: +1412-624-
8606

T Electronic supplementary information (ESI) available: Experimental
details and spectral data for new compounds; X-ray data for compounds
9 and 15. See DOI: 10.1039/b612992g

as a single diastereomer, characterized by X-ray crystallography.
We found that the actual diastereoselectivity of this reaction in the
absence of Na,HPO, was only 2 : 1; the crude product then readily
equilibrated to a single diastereomer while washing the organic
layer with aqueous NaHCO;.

O (o] (o]
OMe i o OMe ii o
67% 80%
CO,Me
7 8 10 o

Scheme 2 Reagents and conditions: (i) H,0,, K,CO;, THF, 40 °C, 6 h.
(ii) m-chloroperbenzoic acid (3 eq.), Na,HPO, (3 eq.), CH,Cl,, 18 h.

While not entirely unprecedented,’” the epoxide rearrangement
of 8 to 9 offers new and intriguing opportunities for natural
product and diversity-oriented synthesis.® In order to probe the
mechanism and develop the scope of this transformation, we
examined additional substrates, including five-and six-membered
diosphenol ethers (10,° 12'), and the highly functionalized
hydroxy enol ether 14. An epoxide (as in 8) was clearly not
necessary: enone 10 underwent rearrangement to lactone 11 in
75% yield (Scheme 3). In contrast, the yield for the conversion of
five-membered enone 12 to lactone 13 was only 35%. A carbonyl
functionality was also not needed to facilitate the rearrangement;
the epoxy alcohol 14, prepared by the addition of MeLi to ketone
8, succumbed to the oxidative rearrangement to give hemiacetal
15 in 20% yield as a racemic single diastereomer which was again
characterized by X-ray crystallography.

0 o
OMe i 0 11
10 75% CO,Me
o)
OMe i o) 13
35%
12 CO,Me
., OH
OMe . "
el
o ‘.
M
14 ar1:0 COeMe

Scheme 3 Reagents and conditions: (1) m-chloroperbenzoic acid (3 eq.),
Na,HPO, (3 eq.), CH,Cl,, 18 h.

A proposal for the oxidative rearrangement of 10 is outlined
in Scheme 4. The epoxy ether intermediate 16 opens to the
alkoxycarbenium ion 17 in the presence of a proton donor.
This species is then intercepted by another equivalent of peracid
to give peroxy ketal 18. A methyl ether assisted acyl shift
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Scheme 4 Proposed mechanism for oxidative rearrangement.

generates the seven-membered lactone 19 which can undergo a
ring contraction to generate the product lactone ester 20, which
is epimerizable at the a-position to the ester moiety, resulting in
the thermodynamically more stable equatorial ester after basic
workup and isolation. This sequence constitutes a net addition of
two oxygen atoms concomitant with a skeletal rearrangement.’

Even though the product forms in low yield, we were par-
ticularly interested in the possible use of highly functionalized
substrates such as 14 in the oxidative enol ether rearrangement.
Replacement of the tertiary hydroxy group with a cyclic ether
would establish a novel access to spiroacetals, which are common
features in biologically active natural products.'> A procedure
developed by Paquette et al. provided rapid access to the desired
a-carbonyl functionalized cyclic ethers.”® Addition of 5-lithio-
2,3-dihydrofuran to cyclopentanone furnished an intermediate
tertiary allylic alcohol which underwent an acid catalyzed pinacol
rearrangement to give spirocyclic ketone 21'* in 65% overall yield
(Scheme 5). While hard electrophiles such as Meerwein’s reagent
failed to give satisfactory yields of O-alkylation, generation of
the enolate of 21 with KHMDS, followed by addition of DMF
and dimethyl sulfate furnished the methyl enol ether 22 in 89%
yield. When 22 was submitted to the oxidative rearrangement with
mCPBA, the volatile spiroketal 23 was obtained as the sole product
in 52% yield.

(@]
i, i O |||
o, OMe v, O
65% 89% 52%
20 21 "CO,Me

Scheme 5 Reagents and conditions: (i) 5-lithio-2,3-dihydrofuran, THF,
—78 °C, 12 h. (ii) Dowex 50X, CH,Cl,, 18 h. (iii) KHMDS, Me,SO,,
THF-DMF (4 : 1), =78 °C, 4 h. (iv) m-chloroperbenzoic acid (3 eq.),
Na,HPO, (3 ¢q.), CH,CL, 18 h.

For a further expansion of this methodology, we prepared
methyl enol ethers 24, 26" and androsterone-based 28 in
a fashion analogous to 22." When 24 was submitted to the
rearrangement, the volatile spiroketal 25 was isolated in 48% yield
asamodest 2 : 1 mixture of diastereomers (Scheme 6). The tricyclic
methyl enol ether 26 smoothly underwent the rearrangement in
53% yield, and product 27 was isolated as a single diastereomer.
Additionally, 28 was also converted to pentacyclic spiroketal 29 as
a single diastereomer in 76% yield.'¢

In conclusion, we have demonstrated a new and efficient oxida-
tive rearrangement of alkyl enol ethers to lactone and spiroketal
esters. Our method allows a rapid access to these common
structural subunits of natural products. We are currently exploring
additional applications of this process towards biologically active
molecules. This investigation was inspired by Barton’s proposal
for the biosynthesis of acutumine, but we have not been able
to garner any experimental support for the dienone diepoxide

48%
arz:1

%OMe
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\—/0
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dr1:0
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MeO™
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Scheme 6 Reagents and conditions: (i) m-chloroperbenzoic acid (3 eq.),
Na,HPO, (3 eq.), CH,Cl,, 18 h.

rearrangement shown in Scheme 1. While an enzymatic pathway
could easily take a different course, it appears that, chemically,
a-epoxy ethers of type 3 prefer alternative rearrangements to
a migratory ring contraction. In fact, the recent isolation of
acutudaurin,'” a possible precursor of acutumine-type natural
products, supports a modified biosynthetic pathway (Scheme 7).

MeO MeO 6]
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T " 3 6
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Scheme 7  Alternative proposal for the biosynthesis of acutumine (1).

The tricarbonyl tyrosine dimer 30 can be envisioned as a direct
precursor of 1 after oxidation and benzilic acid rearrangement
(31 — 32), followed by decarboxylation to give the cyclopentanone
subunit 6. This pathway is supported by experimental observations

This journal is © The Royal Society of Chemistry 2007
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in the literature,' and the oxygenation pattern on spirocycle 31 is
in good agreement with the structure of acutudaurin.
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Diastereoselective aza-Michael additions of phenylethylamine to 3-aroylbutenoic acids are reported.
During these processes, efficient control over two new stereogenic centers on the Michael acceptor has
been possible via crystallization-induced asymmetric transformation (CIAT). As an application, a
convenient two-step synthesis of anti-f-methylhomophenylalanines is also described.

Introduction

Crystallization-induced asymmetric transformation (CIAT)
of diastereomers or crystallization-induced diastereomer
transformation’ is an efficient tool for stereoselective synthesis
based on thermodynamic control. Because it is not necessary to
work at low temperature and readily available chiral auxiliaries or
chirality mediators can be used to build a new stereogenic center,
CIAT is an effective means to develop highly diastereoselective
processes especially on an industrial scale.? In spite of the
exceptional effectiveness of CIAT processes the number of
known applications is relatively low. The critical point in the
CIAT development is the compatibility of the epimerization
(racemization) conditions in the solution with the conditions for
the crystal growth and nucleation.** More than half of the papers
on racemization deal with amino acids or their derivatives.®

v-Oxo substituted derivatives of amino acids are derivatives with
high potential for further development, and their synthesis has ac-
cordingly been lately studied in considerable detail. The principal
strategies thereby pursued were as follows: catalytic, enantiose-
lective Mannich-type reactions,*” “chiral pool” syntheses from
available amino acids, mainly of the L-series,*** and alternatively
using the tandem reaction sequence, consisting of aza-Michael
addition of chiral N-nucleophiles to aroylacrylic acids, followed by
crystallization-induced asymmetric transformation (CIAT). The
latter route, owing to its technological robustness and simplicity
of operation, was successfully used for accessing enantiomerically
pure precursors of ACE inhibitors.'

Our research program is focused on applications of CIAT to
the synthesis of y-oxo and y-hydroxy substituted a-amino acids.
The success of such transformations is based on the formation of
amino acids only slightly soluble at their isoelectric point and on
reversible aza-Michael addition, the retro-Michael being catalyzed
by excess of the base.”* Recently we have described a remarkable
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phenomenon, whereby simultaneous epimerization occurred at
two stereogenic centers. This resulted in the formation of only one
of the four possible stereoisomers in high yield, as well as excellent
diastereomeric and enantiomeric purity.”” Such CTAT applications
are very rare in the literature.'®"

Here we would like to present an interesting application of this
concept to the synthesis of anti-B-methyl-o-homophenylalanines
and their y-hydroxy derivatives with high diastereoselectiv-
ity control over two new stercogenic centers. B-Methyl-a-
homophenylalanine forms a vital part of cytotoxic depsipeptide
kulokekahilide-1.° Interestingly, the same constrained amino
acid (4-phenylvaline) can be found in the potential anti-
cancer agent dolastatin-16 and also in the cyclic depsipep-
tide homodolastatin-16.2** The stereochemistry of 2-amino-3-
methyl-4-phenylbutanoic acid in the last two natural species
remains unassigned. In addition, y-hydroxy substituted f-methyl-
a-homophenylalanines can be found in many biologically active
substances like antifungal nikkomycins* and immunosuppresive
cymbimycins.*

Results and discussion

The starting unsaturated acids 2a—c have been prepared by
modified acid catalyzed condensation of the corresponding pro-
piophenones la—c¢ with glyoxylic acid (Scheme 1). The Friedel-
Crafts reaction of aromatics with citraconic anhydride exhibits low
regioselectivity and stereoselectivity and the formation of the (Z)-
stereomer in the form of cyclic tautomeric lactone was observed.?
In our optimized conditions the desired (E)-stereomers 2a—c were
prepared in yields ranging from 51 up to 73% and in £ : Z ratio
more than 81 : 19, which can be increased up to 96 : 4 by one
crystallization. 4-Methoxy substituted propiophenones 2b,c were
prepared by highly regioselective LiClO,-catalyzed acylation.?’

0 (o]

i
AFJH ArJ\K\COOH
CHa
1a-c 2a-c

2a CeHs

96:04 73 %
2 4-CHLOG,H, 85:15 64 %
2c 3.1-4-CH;0CH; 8119 519

Scheme 1 (i) HOOC-CHO-H,0, H,SO,, dioxane, reflux, 1.5 h.
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Two new stereogenic centres are formed by conjugated addition
of amines on Michael acceptors 2a—c. For the design of a successful
CIAT process the conditions for an effective equilibrium between
all the possible stereomers in solution and the phase equilibria in
heterogeneous mixture between the precipitated solid and solution
have to be precisely ascertained.

Firstly, the conditions for the addition of benzylamine to
unsaturated acid 2a were optimized. Stirring the starting 0.21 M
aqueous solution of 2a with benzylamine (1.1 equiv.) at 40 °C
caused slow precipitation of both adducts and an effective
epimerization between them in alkaline solution (Fig. 1). After
several days the filtration of the reaction suspension allows one
to obtain only one of two possible diastereomers in high yield
and with excellent diastereomeric purity (anti-3a; 70%; dr 97 : 3).
As can be gleaned from Fig. 1A), the ratio of the diastereomeric
adducts at the initial stages is the opposite (anti: syn =17 : 83 after
2 h). A similar reaction course (with small alteration of the solvent
concentration) has been observed for the unsaturated acids 2b,¢
(Scheme 2).

Having in hand the optimized process for the benzylamine
addition the reactions of chiral (S)-phenylethylamine ((S)-PEA)
and (R)-phenylglycinol in tandem with an effective CIAT process
have been studied. The best results were obtained with (S)-PEA in
conditions consistent with benzylamine addition (water, 0.26 M
solution, 40 °C, 7 days). Only one of the four possible isomers
has been separated from the reaction mixture by simple filtration
(4a: 70% yield, dr 99 : 0 : 1 : 0; 4b: 60% yield, dr 99 : 0:1:0

Ph
O HN)
Ar COOH
i CHj
le) Rac
3a-c
Ar = “COOH
CHs ii Ph
2a-c
\ 0 HNTR
Ar COOH
4a,b R= CH3 CH3
4a” R=CH,0OH 4a,b;4a’

Scheme 2 aza-Michael addition of amine and CIAT process. (i) 1.1 equiv.
of BnNH,, water, 40 °C, 7 days, filtration; (ii) 4a,b: 1.1 equiv. of (S)-PEA,
water, 40 °C, 7 days, filtration; 4a: 1.1 equiv. of (R)-phenylglycinol, CH,Cl,,
25 °C, 14 days, filtration.
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Fig. 1 Diastereomer distribution (HPLC experiments) A) 0.21 M of 2a
in water with benzylamine (1.1 equiv.) at 40 °C B 3a, [F] syn-diastereomer;
B) 0.26 M of 2b in water with (S)-PEA (1.1 equiv.) at 40 °C l 4b, J other
diastereomers.

in HPLC succession). In the case of (R)-phenylglycinol only
dichloromethane has been found to be a suitable solvent for the
CIAT process with 2a, however, the yield of precipitated product
was low (4a’:18% after 14 days, dr 1:99:0:0).

The course of the CIAT process for the (S)-PEA addition on
acid 2b is outlined on Fig. 1B). Also in this case at the initial
stages of the transformation the kinetically favoured diastereomers
predominated in the reaction mixture. This is in agreement with
the benzylamine addition. However as the CIAT progressed in
time 4b clearly became a major product with concomitant decline
of the content of all other isomers in the reaction suspension.

The prepared y-oxo-o-amino acids 3a—c or 4a,b are stable
as solids, however they decompose slowly especially in alkaline
solution. The reduction of the carbonyl group has been found as a
tool for the stabilization of the newly formed stereogenic centers.”

A stereodivergent route to both diastereomeric y-hydroxy-a-
amino acids 5a,b and 6a,b was developed (Scheme 3) using sodium
borohydride in convenient reaction conditions. The application of

Ph
OH HN"™ OH NH,
Ph Ar COOH i, Ar COOH
NH, : i CHs CHs
- iv 0 H’?‘/\ — 5a,b 7a,b
A" COOH :
CHs Ar COOH Ph
sab o T oHHNT OH NH,
a, = z iii - z
a) Ar= CgHs Ar/Y\COOH — Ar/Y\COOH

b) Ar= 4-CH;0CgH,

CH3 CH3
6a,b 8a,b

Scheme 3  Stereodivergent reduction and catalytic hydrogenation of oxoamino acids 4. (i) NaBH,, MeOH, 0-5 °C, 5: 6 > 92 : 8; (ii)) NaBH,, MnCl,,
MeOH, 0-5°C,5:6 > 5:95; (iii) 1 equiv. HBr, H,/Pd-C, MeOH-H,0, 25 °C; (iv) 3 equiv. HBr, H,/Pd-C, MeOH-H,O0, 40 °C, 24 h.

122 | Org. Biomol. Chem., 2007, 5, 121-124

This journal is © The Royal Society of Chemistry 2007





sodium borohydride in methanol produces the 3,4-syn-isomers
5a,b in high yield and excellent diastereomeric purity via 1,2-
stereoinduction and it is in agreement with the known results
on related systems.? The 3,4-anti-isomers 6a,b were prepared
using our previously reported catalytic reduction with NaBH,—
cat. MnCl,-4H,0 system in methanol by 1,3-asymmetric
induction via Mn?* chelation.”® The chemoselective catalytic N-
debenzylation of Sa,b and 6a,b produces the 2-amino-4-aryl-4-
hydroxy-3-methylbutanoic acids 7a,b and 8a,b, the non-natural
analogues of N-terminal amino acid of nikkomycins.

Elucidation of the relative and absolute configuration

Determination of the relative configuration on the newly formed
stereogenic centres was based on the results obtained from NOE
experiments, which were performed on cyclic derivatives 10a,b and
11a.b.

Acid-catalyzed lactonization of the phenyl substituted hydrox-
yamino acids 5a,6a under simple stirring in diluted HCI led to
the corresponding crystalline lactones 10a,11a in high yield. One
recrystallization seems to be sufficient to obtain these nicely crys-
talline hydrochlorides in excellent stereochemical homogeneity
(dr > 99 : 1). In the case of methoxy substituted derivatives 5b,6b
the lactonization took place smoothly under mild conditions (3 M
HCI, 4 h, rt), however, in both cases the all cis-isomer 10b was
isolated in excellent both yield and purity. Such a result accords
with our recently described CIAT application on closely related
derivatives.'®

Gratifyingly, the employment of DCC in our previously de-
scribed conditions allowed us to prepare the desired lactone
11b under mild conditions (Scheme 4). As expected, the NOE’s
observed between protons at C-2, C-3 and C-4 testified to
the relative all cis-configuration of 10b (Scheme 4). Similarly
the NOE data clearly confirmed the expected 3,4-trans-relative
configuration on the lactone 11b. The relative configurations of
all hydroxyamino acids 5,6 and corresponding lactones 10a,11a
were tentatively assigned on the basis of these results.

Me

0
. o-
5a . A OO0 A NHR*
5b i en HJH\_/
$ H
HsC” AN
or giar ¢ NN 23% 27%
® 1ok W
. 0
106

i 18% e o

6a — 1~ Ar.,O~_0
H _O-
I] HCS_E? ‘:Ph NHR®
6b —_— 3 /\ Ar
11a,b k H

0.6%
? 2.5% 11b

Scheme 4 Lactone formation, establishment of relative configuration. (i)
10a: 3 M HCI, rt, 24 h, filtration, 10 : 11 ratio 98 : 2, 90%; 11a: 8 M HCI,
40 °C, 20 h, filtration, 10 : 11 ratio 3 : 97, 76%; (ii) 10b: 3 M HCI, rt, 4 h,
filtration, 10 : 11 ratio 95 : 5, 89-90%; (iii) 11b: DCC, CH,Cl,, rt, 20 h,
chromatography, 10 : 11 ratio 2 : 98, 50%.

Absolute configuration assignment of the carbons C-2 and C-
3 of the parent adducts 4a,b and 4a’ was made by their trans-
formation to intermediates of biologically important compounds
and at the same time the relative configuration was also tested.
Pd-catalyzed hydrogenation proceeds smoothly in an EtOH-H,O
combination with excess of HBr. No epimerization to the (25,3.)-
2-amino-3-methyl-4-phenylbutanoic acid 9a has been observed.
The NMR spectral data and optical properties are in agreement
with those published by Kimura ef al. in the kulokekahelide
studies.”

Furthermore, the methoxy substituted hydroxyamino acids
7b.8b were transferred to the known Boc-protected lactones
12b,13b** (Scheme 5)—intermediates of the nikkomycin-B
synthesis—and their NMR spectral data as well as their specific
optical rotation confirm the (2S5,3R,4S5)-12b or (2S.3R,4R)-13b
configuration and conclude the absolute and relative structural
assignment of methoxy substituted derivatives given above.

Ara O~ _0

' Ar., O_0
8b '~

HsC HN—Boc HsC'  HN—Boc

12b 13b

Scheme 5 Lactone 12b,13b synthesis, absolute configuration elucidation.
(1) a: 12 M HCI, rt, 1 h, filtration, 100%; b: (Boc),0, NEt;, dioxane, 50%,
12 : 13 ratio 98 : 2; (ii) a: Boc,O, NEt;, CH,Cl,, 30 °C, b: DCC, CH,Cl,,
5 min (dr 81 : 19), chromatography, 28% of 13b, 12 : 13 ratio 2 : 98.

Conclusions

We have successfully broadened the scope of CIAT in the conjugate
addition of N-nucleophiles to substituted aroylacrylic acids. We
have demonstrated an efficient CIAT methodology, enabling an
efficient stereocontrol over two new stereogenic centers. We report
herein a two-step and inexpensive preparation of the 4-aryl
substituted 2-amino-3-methylbutanoic acids and their 4-hydroxy
substituted derivatives, respectively, with high degree of both
diastereomeric and enantiomeric purity.
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The synthesis of three novel racemic phenylpyridine-carbamate analogues of rhazinilam and their
biological evaluation as inhibitors of microtubule assembly and disassembly by interaction with tubulin
are described. The sterically hindered ortho-disubstituted biaryl unit as the challenging key structural
element is first obtained by a sequential regiocontrolled nucleophilic addition of a lithium

ortho-lithiohomobenzylic alkoxide species to 3-bromo-5-oxazolyl pyridine as the electrophile and a

subsequent oxidation step. The incorporation of the amino group by replacement of the bromide has

been achieved using a Buchwald-Hartwig amination coupling. Ultimate deprotection steps furnished
free-amino and free-hydroxyl appendages which were connected by phosgenation to furnish the

nine-membered median carbamate ring.

Introduction

(—)-Rhazinilam 1 is a tetracyclic phenyl-pyrrole alkaloid isolated
from various Apocynaceae.' It was found both to induce in
vitro spiralization of microtubules (vinblastin effect) and to
inhibit the cold-induced disassembly of microtubules® (paclitaxel
effect). As a consequence of these unique antitubulin properties,
(—)-rhazinilam showed significant in vitro cytotoxicity towards
various cancer cell lines but no activity was found in vivo.! Thus
structure—activity relationships on rhazinilam analogues are of
considerable interest.! Recently three-dimensional quantitative
structure—activity relationships (3D-QSAR) from all available
analogues were investigated.” The biphenyl carbamate analogue
(—)-2 mimicking the structure of (—)-rhazinilam developed by
Guéritte et al.? is currently the most active analogue with a 2-fold
activity on microtubule disassembly compared to 1 and a similar
cytotoxicity. The synthesis of several biphenyl analogues allowed
the establishment of the main structural elements for maximum
antitubulin activity which are the presence of the biaryl unit
bridged by a nine-membered carbamate ring (ring B) as well as
a quaternary center mimicking the stereogenic center of 1. Our
laboratory proposed in 2001 the first phenylpyridine analogues
of rhazinilam* and their biological evaluation confirmed that the
replacement of the lactam by a carbamate function enhances the
antitubulin activity. The best biological result was obtained with
rac-3 which is however six times less active on the inhibition of
microtubule disassembly than (—)-rhazinilam. In continuation of
this study, we embarked on a program aimed at the synthesis of new
phenylpyridine analogues derived from biphenyl analogue 2 by
replacing the aniline moiety (ring A) by an aminopyridine system
and keeping the nine-membered carbamate ring and a quaternary
center as essential structural elements for the antitubulin activity.

“Laboratoire de Chimie Organique Fine et Hétérocyclique UMR 6014,
Université et INSA de Rouen, Place E. Blondel, 76131, Mont Saint Aignan,
France. E-mail: francis.marsais@insa-rouen.fi; Fax: +33 0235522962;
Tel: +33 0235522475

'Institut de Chimie des Substances Naturelles, CNRS, Avenue de la Terrasse,
91198, Gif sur Yvette, France

We expected thus to evaluate the effect of the charge distribution
on the aniline moiety of (—)-rhazinilam (ring A) on the antitubulin
activity. Here we wish to report the synthesis of three novel racemic
phenylpyridine-carbamate analogues of rhazinilam 4a, 4b and 4c
(Fig. 1) and their biological evaluation.

(-)-rhazinilam 1 (-)-2

x
NH

\ NH
N 0)=o O/\=o

rac-3 rac-4a R = oxazolinyl
rac-4b R=CO,Et
rac-4c R=COOH
Fig. 1 Analogues of rhazinilam 4a, 4b and 4c.

Results ans discussion

Our planned approach to phenylpyridine-carbamates 4 bearing
the nitrogen atom on the aniline moiety (ring A) is shown in
Scheme 1. The nine-membered carbamate ring could be installed
by ring-closure of the aminoalcohol 5 (route a). The final ring-
closure could also be achieved by an intramolecular palladium
catalyzed Buchwald-Hartwig amidation of bromocarbamate 7
obtained by carbamoylation of the bromoalcohol 6 (route b). The
two ortho-substituted biaryl precursors 5, 6 could be obtained «
priori using cross-coupling protocols but Guéritte and Baudoin
have pointed out the sensitivity of cross-couplings toward steric
hindrance in biphenyl series due in particular to the presence
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of the highly hindered quaternary center.* Thus, in order to
prepare phenylpyridine analogue rac-3,* Rocca et al. opted for
a post-alkylation of the picolinic site to install the quaternary
carbon after formation of the biaryl unit. However this elegant
approach cannot be applied to the preparation of the two biaryl
precursors 5 and 6 due to the much lower acidity of the benzylic
site compared to the picolinic one. In this paper we envisage the
formation of the pivotal ortho-substituted biaryl unit using a key
nucleophilic addition of the lithium ortho-lithioarylalkoxide salt
9 to an adequate activated bromopyridine scaffold 8, followed by
an oxidative step to regenerate the pyridine nucleus.

We initially investigated the unreported ortho-lithiation of the
a,o’-ethylhomobenzylic alcohol 10 ready prepared from methyl 2-
phenyl acetate 12 in 82% yield using a double ethylation and reduc-
tion sequence depicted in Scheme 2. The a,a’-ethylhomobenzylic
alcohol 10 was subjected to a series of strong bases. The lithiation
yield was determined by measuring the ratios of starting material
and deuterated product (10 : 13) after an external D,O quench

Table 1 Lithiation-D,O trapping of 10

< > COMe ) iy iy OH
82%

12 10
Li
Li-g p

) { v) OH
0 — —_—
} 60%
13

Scheme 2 Reagents and conditions: (i) LDA (4 equiv.), THF, —78 °C; (ii)
EtI (5 equiv.); (iii) LiAlH,, THF, r.t., 2 h; (iv) sec-BuLi (3 equiv), hexane,
70 °C, 6 h; (v) D,O (see Table 1) then hydrolysis; (vi) 1,2-dibromotetra-
chloroethane; (vii) B(OMe); then aq. HCL.

0% 46A:

technique (Table 1). We first applied Meyer and Seebach’s
conditions reported for the lithiation of a,a’-methylbenzylic
alcohol,’ similar to homobenzylalcohol 10 (Table 1-entry 1). After
quenching with D,0, a mixture of 10 and 13 was obtained in a
4 : 1 ratio. We turned to stronger bases, sec-BuLi and tert-BuLi.
The lithiation was carried out on a broad range of temperatures
and using different equivalents of base. After several experiments
summarized in Table 1 (entries 2-7), the best result was obtained
with the treatment of 10 with 3 equiv. of sec-BuLi in hexane
at 70 °C for 6 h, which provided a 1 : 9 mixture of 10-13
in 60% yield after chromatography (entry 6). The ortho-bromo
a,0’-ethylhomobenzylic alcohols 14 could be prepared in modest
46% yields using 1,2-dibromo-tetrachloroethane as a halogenating
agent. The borylation of the lithium ortho-lithioarylalkoxide salt
9 could also be performed with trimethylborate as an electrophile
followed by hydrolysis with HCI to give the first prepared six-
membered ring oxaborine 15 in 20% yield over two steps.

The 3-bromo-5-oxazolyl pyridine scaffold 8 was prepared on
a multigram-scale from commercially available 3-bromo-5-cyano
pyridine 16 by treatment with 2-amino-2-methyl propanol 17
in the presence of ZnCl, as a catalyst® (Scheme 3). Although
Ottow and co-workers have previously reported the nucleophilic
addition of 3-anisylmagnesium bromide to 5-bromo-3-pyridine
carboxamide’ similar to our scaffold 8, no previous report has
given sound support to the nucleophilic addition of aryllithium
species to protected 3-bromo-5-carboxypyridine derivatives. Such
a nucleophilic addition was explored by reacting 3-bromo-5-
oxazolyl pyridine 8 with phenyllithium at room temperature in
THF for 1 h as a typical experiment.® Subsequent oxidative

Entry Base Equiv. t/°C Time/h Ratio 10-13 x—y*(%)*
1 n-BuLi- TMEDA 2 70 12 4:1(—)
2 sec-BuLi 2 70 6 7:3(—)
3 sec-BuLi 3 r.t. 24 6:4(—)
4 sec-BuLi 5 rt. 24 7:3(—)
5 sec-BuLi 3 40 32 3:7(50)
6 sec-BuLi 3 70 6 1:9(60)
7 tert-BuLi 3 r.t. 32 3:7(55)

“NMR conversion to deuterated compound. ? Isolated yield obtained using the optimal metallation conditions.
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Scheme 3 Reagents and conditions: (i) 2-amino-2-methylpropan-1-ol 17,
ZnCl, (10%mol), PhCl, A, 2 days; (ii) PhLi (1 equiv.), THF, r.t., 1 h then
NH,CI; (iii) chloranil, toluene, A, 2 h.

16

treatment of the crude reaction mixture with chloranil in refluxing
toluene for 2 h afforded the expected phenylpyridine 18 in good
87% isolated yield (Scheme 3). The latter showed two characteristic
singlets corresponding to the H, and H, protons in the 'H
NMR spectrum indicating that the phenyl group was exclusively
introduced to the C, site of the pyridine nucleus in agreement with
Ottow’s observations.” We next investigated the addition of lithium
ortho-lithioarylalkoxide salt 9 to 3-bromo-5-oxazolyl pyridine 8.
After generation from 10 as previously described, 9 was added to
3-bromo-5-oxazolyl pyridine 8 in THF at room temperature for
1 h.

Treatment of the crude reaction with chloranil in refluxing
toluene for 2 h provided a biaryl compound in 26% overall
yield. Careful analysis surprisingly revealed the introduction of
the phenyl moiety at the C, site of the pyridine nucleus leading to
bromoalcohol 6a (Scheme 4).

Meyers, Hauck, Knaus and Bourguignon et al. previously
demonstrated that the regiochemical outcome of the nucleophilic

N- E
(i), (if)

[

10
(2 equiv.)

N

D)
Bfl\ o ,/(m)

Z

N
6a, 26%

OH
Scheme 4  Reagents and conditions: (i) sec-BuLi (6 equiv.), hexane, 70 °C,

6 h; (i) 8 (1 equiv.), THE, r.t., 1 h then NH,Cl; (iii) chloranil, toluene, A,
2 h.

Table 2 Assays of nine-membered ring-closing of 7a

addition of aryllithium species to 3-oxazolylpyridine may occur
indifferently at C,, C, and C; sites depending mainly on three
factors: polarity of the solvent, addition temperature and steric
hindrance of the nucleophilic reagent.® Unfortunately we were
not able to direct the nucleophilic addition of lithio anion 9 at
another position whatever the solvent (Et,O and toluene were
used), the temperature or the use of TMEDA. Construction
of the nine-membered cyclic carbamate from bromoalcohol 6a
was next investigated. To this purpose carbamate 7a was first
prepared in 70% yield via carbamoylation of 6a in the presence
of trichloroacetylisocyanate’ (Scheme 5) before cyclisation of the
N-metallated derivative of 7a. Thus, 7a was N-metallated by
treatment with sodium hydride in DMF at room temperature'
(Table 2-entry 1). However the expected annelated product 4a
was not formed, but instead the seven-membered-ring biaryl-
ether 19 was exclusively obtained in excellent 90% yield. We
could hypothesize that the competitive elimination of isocyanic
acid" from the N-metallated carbamate produced in situ the
lithium oxanion which then substituted the bromine atom in
an intramolecular way. We then turned to the transition metal-
catalyzed carbamatation. Ring-closure via Buchwald’s amidation
by using Cu(i) and a diamine ligand as catalyst’> (Table 2-
entry 2) led to the cleavage of the carbamoyl function affording
bromoalcohol 6a in 70% yield. The Pd(0)-catalyzed intramolecular
carbamatation was then tested using two specific ligands, P('Bu);*®
and Xantphos'" (Table 2-entries 3 and 4). In both cases no
expected annelated compound rac-4a could be obtained. Similar
to previous observations, decarbamoylation occurred, especially
when using Xantphos as a ligand (Table 2-entry 4), and the

X (0)
P
N
(), (i)
OH 70%

Scheme 5  Reagents and conditions: (1) trichloroacetylisocyanate, CH,Cl,,
r.t., 30 min; (ii) K,CO;, MeOH, r.t., 3 h; (iii) see conditions and results in
Table 2.

Entry Conditions Yo-4a* Yo-6a* Yo-Ta* %-19¢
1 NaH, DMF, r.t., 12 h None 0 0 90°
2 Cul, (MeNHCH,),, K,CO;, toluene, A, 16 h None 70 30 0
3 Pd(dba),, P('Bu); HBF,, NaOPh, toluene, A,16 h None 16 60 24
4 Pd,(dba),, Xantphos, Cs,CO;, dioxane, 16 h None 60 20 20

“NMR conversion except for entry 1. ° Yield of isolated product.
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resulting bromoalcohol 6a was then partially converted in low
yields to the seven membered-ring biaryl-ether 19.

At this stage it appeared necessary to protect the free-
alcohol function of 6a before performing the substitution of
the bromine by an amino group. The TBS-alcohol protection
of 6a was effected using a standard procedure’ to give 21 in
67% yield. As Akiba and co-workers have previously shown that
N-silyldihydropyridine could be readily reoxidized to pyridine
through treatment with chloranil,'® the TBS-alcohol protection
was directly performed after the nucleophilic addition of lithium
ortho-lithioarylalkoxide salt 9 to scaffold 8 via subsequent addition
of tert-butyldimethylsilylchloride (TBSCI). Without isolation,
protected N-silyldihydropyridine intermediate 20 (Scheme 6) was
then subjected to oxidative treatment with chloranil giving rise
to 21 in 21% yield through a one-pot four step synthesis. A
classical palladium-catalyzed Buchwald-Hartwig amination'” of
21 provided then the bis-protected biarylic aminoalcohol 22 in
excellent 83% yield (Scheme 6). Next, both N-PMB and O-TBS
deprotections were carried out with TFA™ and the resulting crude
free-amino ester 23 thus obtained was immediately hydrolyzed
by simple basic treatment with K,CO; in a mixture of MeOH-
H,O to give biarylic aminoalcohol 5a in 78% yield over two steps
(Scheme 6). The final internal carbamatation was first attempted
by treating 5a with triphosgene.* Surprisingly this process failed
due probably to the poor nucleophilicity of the amino group in
the presence of the electron-withdrawing oxazolyl group on the
pyridine nucleus. Nucleophilic activation of both free-amino and
free-alcohol groups remained unsuccessful after metallation of
5a with 2.5 equivalents of n-BuLi and treatment of the resulting
N,O-dilithio anions with diethylcarbonate' at room temperature
for 16 h. Finally, the direct phosgenation of Sa in the presence
of NEt;* was achieved providing the desired phenylpyridine
carbamate rac-4a in an excellent 84% yield (Scheme 6). The

. G, G B~ |
OH N

10 (2 equiv.)

(viii)

84%

OH

corresponding ethyl ester rac-4b and carboxylic acid rac-4¢ were
obtained via H,SO,-induced cleavage* of the oxazolyl group in
EtOH or in H,O respectively but in low 20 and 15% yields due
to the undesired hydrolysis of the carbamate group (Scheme 7).
Milder methods for oxazoline hydrolysis involving the prior
formation of oxazolinium salts** and subsequent treatment with
NaOH couldn’t be applied as the treatment of rac-4a with CH;1
exclusively afforded the N-methylpyridinium salt 24. Treatment of
rac-4a with NaOCl also remained unsuccessful leading only to the
N-chlorocarbamate analogue 25 (Scheme 7).

R = CO,Et rac-4b, 20%
R =CO,H rac-4c, 15%

Scheme 7 Reagents and conditions: (1) H,SO,~EtOH or H,O (1 : 9), A,
5 h; (ii) CH51, CH,CN, r.t., 12 h; (iii) NaOCl, Bu,NHSO,, AcOEt, r.t., 4 h.

The cytotoxicity and the antitubulin activity of the new
phenylpyridine analogues 4a, 4b and 4c¢ were evaluated and
compared to those of (—)-1 (Table 3). The seven-membered-ring

: X
) | °© W
_— ~ —_—
N 83%
oTBS
20
21, 21%

Scheme 6 Reagents and conditions: (i) sec-BuLi (6 equiv.), THF, 70 °C, 6 h; (ii) 8 (1 equiv.), THF, r.t., 1 h; (iii) TBSCI, r.t., 16 h; (iv) chloranil, toluene,
A, 2 h; (v) p-methoxybenzylamine (1.2 equiv.), Pd,dba;, BINAP, ‘BuONa, toluene, A, 16 h; (vi) TFA, r.t., 16 h; (vii) K,CO;, MeOH-H,0, r.t., | h;

(viii) phosgene (1 equiv.), NEt,, THF, 0 °C to 25 °C, 1 h.
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Table 3 Cytotoxicity and antitubulin activity of (—)-rhazinilam, rac-4a—c and 19

Cytotox. KB cell line

Cytotox. MCF7 cell line

Inhibition of microtubule Inhibition of microtubule

Compound 1C5/uM* 1Cs,/uM* disassembly ICy,/uM® assembly ICy,/uM?
1 0.6 4.0 3.7 6.7

4a in in 1% 32%*

4b in in 12%¢ 18%¢

4c in in in in

19 in n 190 110

“1C; is the concentration of compound corresponding to 50% growth inhibition after 72 h incubation. * ICy, is the concentration of compound required
to inhibit 50% of the rate of microtubule assembly or disassembly (in = inactive). ¢ Percentage of inhibition of assembly or disassembly at 10 mg L' (ICs,

could not be measured).

bridged biaryl-ether 19 was also submitted to the same test as
the ring structure analogue of the antimitotic (—)-colchicine.
Phenylpyridine analogues 4a, 4b and 4c¢ were weakly active in
the polymerization and depolymerization of microtubules. In
addition, no cytotoxicity was found on KB cancer cells as well
as on human breast adeno-carcinoma MCF7. It was previously
demonstrated that the addition of sterically hindered substituents
on the aniline moiety (ring A) of (—)-2a lowers the interaction with
tubulin.! This suggests that the inactivity of rac-4a, rac-4b and rac-
4c is imputable to the substitution of the pyridine nucleus rather
than to its electron-deficient character. The biological evaluation
of the unsubstituted pyridine analogue would be necessary to
verify this assumption. The seven-membered-ring biaryl-ether 19
was respectively 15 and 50 times less active than (—)-1 in tubulin
polymerization and depolymerization and no cytotoxicity towards
adeno-carcinoma MCF7 as well as KB cancer cells was observed.

Conclusion

The hindered rhazinilam-like phenylpyridine carbamates were
prepared for the first time by using a one-pot three step sequence
with the generation of the lithium ortho-lithioarylalkoxide salt
9 by ortho-lithiation, subsequent nucleophilic addition to the
3-bromo-5-oxazolyl pyridine scaffold 8 at the C, position and
a final oxidative step. The method was directly applied to the
preparation of three novel phenyl-3-carboxypyridyl-carbamate
analogues 4a, 4b and 4c¢ of rhazinilam as racemic mixtures in
11, 2.2 and 1.6% overall yields respectively. These new analogues
proved to be inactive in the inhibition of the polymerization
and depolymerization of tubulin. Other substituted as well as
unsubstituted phenylpyridine carbamates will be synthesized by
extension of the nucleophilic addition of the lithium ortho-
lithioarylalkoxide salt 9 to other activated pyridine scaffolds.

Experimental
General

Melting points were measured on a Kofler apparatus. NMR
spectra were recorded on a Bruker AM 300 spectrometer with
residual protic solvent as the internal reference. Chemical shifts
are quoted in ppm and coupling constants in Hz. IR spectra
were recorded using KBr cells on a Perkin-Elmer FT IR 205
spectrometer. Elemental analyses were performed on a Carlo
Erba 1106 apparatus. High-resolution mass spectra (HRMS) were
recorded by the department service. THF was distilled from

benzophenone-Na. Silica gel (Geduran Si 60, 0.063-0.200 mm)
was purchased from Merck. The compounds 12 and 17, the
solutions of n-BuLi, sec-BuLi and tert-BuLi and the ligands
P('Bu;)HBF,, Xantphos were used as received.

2-Ethyl-2-phenylbutan-1-o0l (10). A solution of n-BuLi (48 ml
of 2.5 M solution in hexane, 120 mmol) was slowly added,
at —78 °C under N,, to a stirred solution of 2,2'-bipyridyl
(4 mg, 0.02 mmol) and N-diisopropylamine (DIPEA) (16.8 ml,
120 mmol) in THF (120 ml). The mixture was stirred for 15 min
at —78 °C and a solution of methyl 2-phenylacetate 12 (4.31 ml,
30 mmol) in THF (50 ml) was added. After an additional 30 min
stirring period, EtI (12 ml, 150 mmol) was added. The mixture was
allowed to warm to r.t. for 3 h and H,O (100 ml) was added. The
product was extracted with CH,Cl, (3 x 70 ml) and the combined
organic extracts were dried (MgSQO,), filtered and concentrated
under vacuo. The residue was dissolved in THF (50 ml) and
the above deprotonation—ethylation sequence was repeated (LDA
(60 mmol) in THF (60 ml) and EtI (6 ml, 75 mmol)). The residue
was purified by flash chromatography (Cy—EA 98 : 2) to give 2-
methyl-2-ethylphenylbutanoate (5.7 g, 92%) as a pale yellow oil. To
a solution of 2-methyl-2-ethylphenylbutanoate (500 mg, 2.4 mmol)
in THF (10 ml) was slowly added a solution of LiAIH, (91 mg,
2.4 mmol) in THF (5 ml) at 0 °C. The mixture was stirred at 25 °C
for 2 h under N, and cooled at 0 °C before H,O (91 pul), NaOH
(2 M, 91 ul) and H,O (270 pl) were successively added. After
filtration though a short pad of celite, the product was extracted
with AcOEt (3 x 10 ml). The combined organic extract was dried
(MgSO0,), filtered and concentrated under vacuo. The residue was
purified by distillation (112 °C, 2 mbar) to give 10 (384 mg, 90%)
as a colorless oil (Found: C, 80.79; H, 10.23. Calc. for C,,HO:
C, 80.85; H, 10.18%); IR v,,,/cm™" 3307 (OH), 2969; '"H NMR
Jon (300 MHz, CDCl;): 0.75 (6 H, t, J 7.2, 2 x CH,CH,), 1.07
(1 H,s, OH), 1.74 (4 H, m, 2 x CH,CH,), 3.74 (2 H, d, J 6.0,
CH,0H), 7.22 (1 H, m, 4-H), 7.33 (4 H, m, Ph); '"H NMR 44
(300 MHz, DMSO): 0.59 (6 H, t, J 7.1,2 x CH,CH,), 1.64 (4 H,
m, 2 x CH,CH;), 3.61 (2 H, d, J 49, CH,OH), 448 (1 H, t,
J 4.9, OH), 7.12 (1 H, m, 4-H), 7.26 (4 H, m, Ph); *C NMR 4.
(75 MHz, CDCL;): 7.9 (2 x CHs;), 26.0 (2 x CH,), 46.0 (C(Et),),
67.1 (CH,0OH), 125.9 (CH,,), 126.9 (2 x CH,,), 128.3 (2 x CH,,),
144.4 (C,,).

2-(2-Deuteriophenyl)-2-ethyl-butan-1-0l (13). A solution of
sec-BuLi (2.6 ml of 1.3 M solution in cyclohexane-hexane 98 :
2, 3.36 mmol) was slowly added, at r.t. under N,, to a stirred
solution of 2-ethyl-2-phenylbutan-1-ol (10, 200 mg, 1.12 mmol) in
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hexane (2 ml). The mixture was refluxed for 6 h and cooled to 0 °C
before D,O (0.6 ml, 30 mmol) was added. The temperature was
slowly allowed to warm to r.t. and water (2 ml) was added. The
product was extracted with AcOEt (3 x 5 ml) and the combined
organic extract was washed with brine, dried (MgSO,), filtered
and concentrated under vacuo. The residue was purified by flash
chromatography (Cy-EA 8 : 2) to give 13 (125 mg, 60%) as a
colorless oil. "H NMR 4, (300 MHz, DMSO0): 0.59 (6 H, t, J 7.1,
2 x CH,CH,;), 1.64 (4 H, m, 2 x CH,CHj;), 3.61 (2 H, d, J 4.9,
CH,0H), 4.48 (1 H, t, J 4.9, OH), 7.12 (1 H, m, 4-H), 7.26 (3 H,
m, Ph).

2-(2-Bromophenyl)-2-ethyl-butan-1-ol (14). A solution of sec-
BuLi (2.6 ml of 1.3 M solution in cyclohexane—hexane 98 : 2,
3.36 mmol) was slowly added, at r.t. under N,, to a stirred solution
of 2-ethyl-2-phenylbutan-1-ol (10, 200 mg, 1.12 mmol) in hexane
(2 ml). The mixture was refluxed for 6 h and cooled to 0 °C before
a solution of 1,2-dibromotetrachloroethane (1.82 g, 5.6 mmol) in
THF (3 ml) was added. The temperature was allowed to warm
to 25 °C and the mixture was stirred for 16 h. Water (2 ml) was
added and the product was extracted with AcOEt (3 x 5ml). The
combined organic extract was washed with brine, dried (MgSO,),
filtered and concentrated under vacuo. The residue was purified by
flash chromatography (Cy-EA 8§ : 2) to give 14 (134 mg, 46%) as
a colorless oil (Found: C, 56.34; H, 6.65. Calc. for C,H,;BrO: C,
56.04; H, 6.66%); IR v,,.,/cm™" 3380, 2965; '"HNMR o, (300 MHz,
CDCl;):0.71 (6 H,t,J 7.2,2 x CH,CH;), 1.20 (1 H, t, J 6.0, OH),
1.98 (2 H, m, CH,CH;), 2.10 (2 H, m, CH,CH,), 4.08 (2 H, d,
J6.0,CH,0H), 7.05 (1 H, t, J 6.8, 4-H), 7.26 (2 H, m, 5-H, 6-H),
7.60 (1 H, d, J 7.5, 3-H); "C NMR 6. (75 MHz, CDCl,): 8.9 (2 x
CH,;), 25.3 (2 x CH,), 48.5 (C(Et),), 64.7 (CH,OH), 122.8 (C,,),
127.5(CH,,), 128.2 (CH,,), 131.4 (CH,,), 136.4 (CH,,), 142.1 (C,,).

3,4-Dihydro-1-hydroxy-4,4-diethyl-(2,1)-benzoxaborine  (15).
A solution of sec-BuLi (2.6 ml of 1.3 M solution in cyclohexane—
hexane 98 : 2, 3.36 mmol) was slowly added, at r.t. under N,,
to a stirred solution of 2-ethyl-2-phenylbutan-1-ol (10, 200 mg,
1.12 mmol) in hexane (2 ml). The mixture was refluxed for 6 h and
cooled to —78 °C before trimethyl borate (1.35 ml, 12.00 mmol)
was added. The solution was allowed to warm to 25 °C and the
mixture was continued for 16 h. Saturated NH,Cl (15 ml) was
added. The separated aqueous extract was then acidified with
HCI (3 M) to pH = 1, extracted with AcOEt (3 x 10 ml) and
the combined organic extract was washed with NaOH (2 N, 3 x
10 ml). The aqueous extract was acidified with HCI (3 M) to pH =
5 and extracted with AcOEt (3 x 15 ml). The combined organic
extract was dried (MgSO,), filtered and concentrated under
vacuo to give 15 (46 mg, 20%) as a white solid without further
purification; mp 145 °C (Found: C, 70.47; H, 8.52. Calc. for
C,,H;BO,: C, 70.63; H, 8.40%); IR v, /cm™' 3215 (OH), 1459,
805 (B-C); '"H NMR o (300 MHz, DMSO): 0.71 (6 H, t, J 7.5,
2 x CH,CH;), 1.55-1.66 (4 H, m, 2 x CH,CHj;), 3.90 (2 H, s,
CH,0B), 7.22 (2 H, m, Ph), 7.43 (1 H, t, J 7.2, Ph), 7.69 (1 H,
d, J 7.5, Ph), 8.42 (1 H, s, OH); "C NMR 6. (75 MHz, CDCl;):
8.6 (2 x CH;), 29.0 (2 x CH,), 43.0 (C(Et),), 71.5 (CH,0), 125.1
(CH,,), 125.8 (CH,,), 131.2 (CH,,), 133.6 (CH,,), 151.3 (C,)).

3-Bromo-5-(4,5-dihydro-4,4-dimethyloxazol-2-yl)pyridine  (8).
To a suspension of zinc chloride (371 mg, 2.73 mmol)
in chlorobenzene (55 mL) was added, at r.t. under N,

S-bromonicotinonitrile (5 g, 27.3 mmol) and 2-amino-2-
methylpropan-1-ol (17, 2.74 mL, 28.6 mmol). The resulting
mixture was refluxed for 48 h and solvent was removed under
vacuo. The residue was dissolved in CH,Cl, (30 mL) and the
resulting organic phase was washed with H,O (30 mL). The
separated aqueous phase was extracted with CH,Cl, (3 x 10 mL)
and the combined organic extract was dried (MgSO,), filtered
and concentrated under vacuo. The residue was purified by flash
chromatography (EA) to give 8 (6.61 g, 95%) as white powder; mp
91 °C (Found: C, 47.14; H, 4.33; N, 10.83. Calc for C,,H,, BrN,O:
C, 47.08; H, 4.35; N, 10.98%); IR v,,/cm~' 3033, 2870, 1935,
1651; '"H NMR 0y (300 MHz, CDCl;): 1.39 (6 H, s, 2 x CHj),
4.15(2H,s,CH,), 8.38 (1 H,dd, J 1.9and 2.2,4-H), 8.74 (1 H, d,
J22,2-H),9.02 (1 H,d, 1H, J 1.9, 6-H); *C NMR 06 (75 MHz,
CDCl;): 28.7 (2 x CHj), 69.0 (C(Me),), 80.1 (CH,), 120.5 (C,,),
125.8 (C,,), 138.1 (CH,,), 147.5 (CH,,), 152.0 (CH,,), 159.1 (CN).

3-Bromo-5-(4,5-dihydro-4,4-dimethyloxazol-2-yl)-4-phenylpyri-
dine (18). PhLi (0.39 ml of 2 M solution in Bu,O, 0.78 mmol)
was slowly added, at r.t. under N,, to a solution of 3-bromo-5-(4,5-
dihydro-4,4-dimethyloxazol-2-yl)pyridine 8 (200 mg, 0.78 mmol)
in THF (6 ml). The solution was stirred at r.t. for 1 h. Saturated
NH,CI (10 ml) was added and the mixture was extracted with
CH,Cl, (3 x 10 ml). The combined organic layers were dried
(MgS0,), filtered and concentrated in vacuo. The crude residue
was then dissolved in toluene (30 ml) and subsequently treated
with chloranil (193 mg, 0.78 mmol). The mixture was refluxed for
an additional 2 h and washed successively with aqueous NaOH
(12%, 3 x 30 ml) and water (30 ml). The separated organic layer
was dried (MgSO,), filtered and concentrated under vacuo. The
crude residue was purified by flash chromatography (P-EA 3 : 7)
to give 18 (224 mg, 87%) as a yellow oil (Found: C, 58.29; H, 8.07;
N, 4.62. Calc. for C,(H;sBrN,O: C, 58.02; H, 8.46; N, 4.56%);
IR vp,./cm™' 2964, 1651; "H NMR dy (300 MHz, CDCI;): 1.03
(6 H,s,2 x CH;), 3.56 (2 H, s, CH,), 7.13 (2 H, m, Ph), 7.27 (3 H,
m, Ph), 8.64 (1 H, s, Py), 8.72 (1 H, s, Py); *C NMR d. (75 MHz,
CDCl;): 28.3 (2 x CH;), 68.3 (C(Me),), 79.9 (CH,), 122.6 (C,,),
127.1 (Cy,), 128.6 (CH,,), 128.8 (CH,,), 129.0 (Cy,), 137.2 (CH,,),
149.0 (CH,,), 149.7 (Cy,), 153.9 (CH,,), 160.4 (CN).

2-(2-(3-Bromo-5-(4,5-dihydro-4,4-dimethyloxazol-2-yl)pyridin-
2-yl)phenyl)-2-ethylbutan-1-0l (6a). A solution of sec-BuLi
(7.75 ml of 1.3 M solution in cyclohexane-hexane 98 : 2,
10.11 mmol) was added dropwise, at r.t. under N,, to a stirred
solution of 2-ethyl-2-phenylbutan-1-ol (10, 600 mg, 3.37 mmol) in
hexane (6 ml). The mixture was refluxed for 6 h, cooled to 25 °C
and a solution of 3-bromo-5-(4,5-dihydro-4,4-dimethyloxazol-2-
yl)pyridine (8, 430 mg, 1.69 mmol) in THF (6 ml) was added. The
resulting mixture was stirred at 25 °C for 1 h before saturated
NH,CI (10 ml) was added. The product was extracted with AcOEt
(3 x 10 ml) and the combined organic extract was dried (MgSO,),
filtered and concentrated in vacuo. The residue was dissolved in
toluene (34 ml) and chloranil (416 mg, 1.69 mmol) was added. The
mixture was refluxed for an additional 2 h. The cooled solution
was washed with NaOH (12%, 3 x 30 ml) and water (30 ml)
and the separated organic phase was dried (MgSO,), filtered
and concentrated under vacuo. The residue was purified by flash
chromatography (DCM-Ac 9 : 1) to give 6a (190 mg, 26%) as a
brown solid; mp 46 °C (Found: C, 61.27; H, 6.61; N, 6.10. Calc. for
C,,H,;BrN,0,: C, 61.26; H, 6.31; N, 6.49%); IR v, /cm™"' 3364
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(OH), 1651; "H NMR 4, (300 MHz, CDCL): 0.64 (3 H, t, J 7.5,
CH,CH,), 0.88 (3 H, t, J 7.2, CH,CH,), 1.25 (2 H, m, CH,CH,),
142 (6 H, s, 2 x CH,), 1.74 (1 H, m, CH,CH,), 1.83 (1 H, m,
CH,CH,), 3.16 (1 H, d, J 10.9, CH,OH), 3.31 (1 H, s, OH), 3.46
(1 H, d, J 10.9, CH,OH), 4.18 2 H, s, CH,), 6.99 (1 H, d, J 7.5,
6-H),7.28 (1 H,t,J 7.5, 5-H), 7.43 (1 H, t, J 8.3,4-H), 7.55 (1 H, d,
J8.3,3-H),8.57 (1 H,d, J 1.7, 4-H),8.99 (1 H, d, J 1.7, 6-H); *C
NMR 6. (75 MHz, CDCl,): 8.8 (2 x CH,), 27.3 (CH.), 27.6 (CH,),
28.7 (2 x CH,), 48.9 (C(Et),), 67.7 (CH,OH), 68.4 (C(Me),), 79.8
(CH,), 121.9 (C,,), 124.8 (C,,), 126.0 (CH,,), 129.0 (CH,,), 130.2
(CH,,), 131.7 (CH,,), 139.4 (C,.), 140.7 (CH,,), 141.9 (C,,), 146.3
(CH,), 159.1 (CN), 164.6 (C.,).

2-(2-(3-Bromo-5-(4,5-dihydro-4,4-dimethyloxazol-2-yl)pyridin-
2-yl)phenyl)-2-ethylbutyl carbamate (7a). Trichloroacetyl iso-
cyanate (101 ul, 0.85 mmol) was slowly added, at 0 °C under N,, to
a stirred solution of compound 6a (280 mg, 0.65 mmol) in freshly
dry CH,Cl, (6 ml). The mixture was allowed to warm to room
temperature and stirred for an additional 30 min. After removal of
the solvent under vacuo, the crude product obtained was dissolved
in methanol (6 ml) and the resulting solution was treated with
potassium carbonate (196 mg, 1.42 mmol). The mixture was stirred
for 3 h and water (10 ml) was then added. The mixture was
extracted with ethyl acetate (3 x 15 ml) and the combined organic
layers were dried (MgSO,), filtered and concentrated under vacuo.
The crude material was purified by flash chromatography (DCM-—
Ac 9 : 1) to give 7a (216 mg, 70%) as an orange solid; mp 70 °C
(Found: C, 58.16; H, 6.02; N, 8.93. Calc. for C;;HyxBrN;O;: C,
58.23; H, 5.95; N, 8.86%); IR v,,/cm™" 3338 (NH,), 1725; '"H
NMR 6y (300 MHz, CDCl;): 0.72 (6 H, m, 2 x CH,CH;), 1.42
(6H,s,2 x CH;), 1.53(4H, m, 2 x CH,CH;),4.03 (1 H,d, J 10.9,
CH,0CO0), 4.15 (1 H, d, J 10.9, CH,0CO), 4.17 (2 H, s, CH,),
4.56 (2 H, s, NH,), 7.01 (1 H, dd, J 7.5 and 1.5, 6-H), 7.28 (1 H,
t, J 7.5, 5-H), 7.37-7.47 (2 H, m, 3-H, 4-H), 8.52 (1 H, d, J 1.9,
4-H),9.03 (1 H, d, J 1.9, 6-H); "C NMR 6 (75 MHz, CDCl;):
8.9 (CH5;), 9.0 (CH;), 28.0 (CH,), 28.4 (CH,), 28.7 (2 x CH;),47.2
(C(Et),), 68.1 (CH,0CO), 68.4 (C(Me),), 79.8 (CH,), 122.0 (C,,),
124.5(C,,), 126.1 (CH,,), 128.7 (CH,,), 129.3 (CH,,), 131.8 (CH,,),
139.7 (C,,), 140.2 (CH,,), 141.7 (C,,), 146.5 (CH,,), 157.2 (CO),
159.3 (CN), 164.7 (C,,).

7,7-Diethyl-6,7-dihydro-4,5-dihydro-3-(4,4-dimethyloxazol-2-
yl)benzoxepino[1,2,b]pyridine (19). To a stirred solution of com-
pound 7a (70 mg, 0.15 mmol) in DMF (1 ml) were added small
portions of NaH (13 mg of 60% in mineral oil, 0.32 mmol). The
resulting mixture was allowed to warm to 100 °C for 16 h and
saturated NH,Cl (2 ml) was added. The product was extracted
with AcOEt (3 x 5 ml). The combined organic extract was
dried (MgSO,), filtered and concentrated under vacuo. The crude
material was purified by flash chromatography (DCM-Ac9: 1) to
give 19 (46 mg, 90%) as a yellow oil. IR v,,,./cm™' 2968, 1652; 'H
NMR dy (300 MHz, CDCl;): 0.76 (6 H, m, 2 x CH,CH;), 1.40
(6H,s,2 x CH;), 1.67(2H, m, CH,CH;), 1.89 2 H, m, CH,CH,),
4.13(2H,s, CH,), 4.26 (2 H, s, CH,0Ar), 7.38 (3 H, m, Ph), 7.80
(1H,d,J1.9,4-H), 8.59 (1 H, m, Ph), 891 (1 H, d, J 1.9, 6-H);
"C NMR d¢ (75 MHz, CDCl,): 9.0 (2 x CH;), 28.8 (2 x CH,),
31.9 (2 x CH,), 48.3 (C(Et),), 68.2 (C(Me),), 79.6 (CH,0Ar), 79.7
(CH,), 123.7 (C,,), 126.9 (CH,,), 127.2 (CH,,), 128.4 (CH,,), 129.0
(CH,,), 132.4 (CH,,), 136.3 (C,,), 143.2 (CH,,), 145.1 (C,,), 149.0

(C,), 155.1 (C,,), 160.3 (CN); HRMS (IC*, fert-butane) caled. for
C,H;;N,O, [(M + H)*] 351.2072, found 351.2065.

3-Bromo-5-(4,5-dihydro-4,4-dimethyloxazol-2-yl)-2-(2-(3-(((1,1-
dimethylethyl)dimethylsilyloxy)methyl)pentan-3-
yDphenyl)pyridine (21).

Method A (from compound 6a). Tert-butylchlorodimethyl-
silane (82 mg, 0.55 mmol) was added to a stirred solution of
compound 6a (214 mg, 0.50 mmol) and 1H-imidazole (54 mg,
0.80 mmol) in DMF (1 ml). The resulting mixture was stirred at
25 °C under N, for 2 h and water (10 ml) was added. The product
was extracted with CH,Cl, (3 x 15 ml) and the combined organic
extract was dried (MgSQO,), filtered and concentrated under vacuo.
The residue was purified by flash chromatography (DCM-Ac 9.5 :
0.5) to give 21 (183 mg, 67%) as an orange oil. IR v,,./cm™~' 2961,
1653, 1085; '"H NMR J (300 MHz, CDCl;): —0.14 (3 H, s, MeSi),
—0.12(3H, s, MeSi), 0.64-0.70 (6 H,m, 2 x CH,CH;),0.80 (9 H, s,
(CH;);S1),1.42(6 H, 5,2 x CH;), 1.45-1.71 (4H, m, 2 x CH,CH,),
3.36 (1 H,d,J9.2, CH,0Si), 3.44 (1 H, d, J 9.2, CH,0Si), 4.17
(2H,s,CH,),6.99 (1 H,dd,J7.5and 1.3, 3-H), 7.22 (1 H, td, J 8.3
and 1.3, 4-H), 7.35-7.44 2 H, m, 5-H, 6-H), 8.51 (1 H, d, J 1.9,
4-H), 9.03 (1 H, d, J 1.9, 6-H); “C NMR 6 (75 MHz, CDCl,):
—5.4 (MeSi), —5.3 (MeSi), 9.2 (CH;), 9.3 (CH,), 18.5 (CMe;), 26.1
(3 x CH;), 28.7 (2 x CHj;), 29.1 (CH,), 30.1 (CH,), 49.4 (C(Et),),
64.1 (CH,0Si), 68.4 (C(Me),), 79.8 (CH,), 122.0 (C,,), 124.4 (C,,),
125.6 (CH,,), 128.5 (CH,,), 129.6 (CH,,), 131.2 (CH,,), 139.8 (C,,),
139.9 (CH,,), 142.4 (C,,), 146.3 (CH,,), 159.3 (CN), 165.1 (C,,);
HRMS (DIC", tert-butane) caled. for C,sHy, N,O,SiBr [(M + H)*]
545.2199-547.2183, found 545.2206-547.2174.

Method B (one-pot procedure from compound 10). A solution
of sec-BuLi (1.25 ml of 1.3 M solution in cyclohexane-hexane
98 : 2, 1.68 mmol) was slowly added, at r.t. under N,, to a stirred
solution of 2-ethyl-2-phenylbutan-1-ol (10, 200 mg, 0.56 mmol) in
hexane (1 ml). The mixture was refluxed for 6 h, cooled to 25 °C
and a solution of 3-bromo-5-(4,5-dihydro-4,4-dimethyloxazol-2-
yl)pyridine (8, 72 mg, 0.28 mmol) in THF (1 ml) was added. The
resulting mixture was stirred at r.t. for 1 h before a solution of terz-
butylchlorodimethylsilane (253 mg, 1.68 mmol) in THF (1 ml) was
added. The mixture was stirred for 16 h, water (2 ml) was added and
the product was extracted with AcOEt (3 x 5 ml). The combined
organic extract was dried (MgS0O,), filtered and concentrated in
vacuo. The residue was dissolved in toluene (7 ml) and chloranil
(69 mg, 0.28 mmol) was added. The mixture was refluxed for an
additional 2 h and the cooled solution was washed with NaOH
(12%, 3 x 5 ml) and water (5 ml). The separated organic phase
was dried (MgSO,), filtered and concentrated under vacuo. The
residue was purified by flash chromatography (DCM-Ac 9.5 :
0.5) to afford 21 (30 mg, 21%) as an orange oil with the same
characteristic analysis as above.

N-(4-Methoxybenzyl)-5-(4,5-dihydro-4,4-dimethyloxazol-2-yl)-
2-(2-(3-(((1,1-dimethylethyl)dimethylsilyloxy)methyl)pentan-3-yl)-
phenyl)pyridin-3-amine (22). To a stirred solution of compound
21 (300 mg, 0.55 mmol) in dry toluene pre-degassed by argon
bubbling for 30 min (3 ml) were added 4-methoxybenzylamine
(87 ul, 0.66 mmol), sodium tert-butoxide (73 mg, 0.76 mmol),
BINAP (14 mg, 0.02 mmol) and Pd,dba; (8 mg, 0.008 mmol).
The resulting mixture was refluxed for 16 h under N,. After
filtration through a short pad of celite, the solvents were removed
under vacuo and the residue was purified by flash chromatography
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(DCM-Ac 9 : 1) to give 22 (274 mg, 83%) as a yellow oil. IR
Vmax/CmM ™' 3416 (NH), 1651, 1084; "H NMR 6, (300 MHz, CDCl;):
—0.11 (6 H, s, 2 x MeSi), 0.57-0.67 (6 H, m, 2 x CH,CH), 0.80
(9 H, s, (CH;);Si), 1.40 (6 H, s, 2 x CHj;), 1.47-1.61 (2 H, m,
CH,CH,), 1.69-1.74 (2 H, m, CH,CH,), 3.45 (2 H, s, CH,0Si),
3.71(1H,m,NH),3.77(3H,s,OMe),4.12(2H, s, CH,), 4.16-4.32
(2 H, m, CH,N), 6.82 (2 H, d, J 8.6, H-PhOMe), 7.03 (1 H, dd,
J7.3and 1.3,3-H),7.14(2H, d, J 8.6, 2 x H-PhOMe), 7.24 (1 H,
t,J7.1,4-H), 7.34 (1 H, td, J 7.1 and 1.7, 5-H), 7.40-7.45 2 H,
m, 4-H, 6'-H), 8.51 (1 H, d, J 1.7, 6-H); *C NMR 6. (75 MHz,
CDCl;): —5.3 (2 x MeSi), 9.1 (CH;), 9.2 (CH;), 18.5 (CMe;), 26.1
(3 x CH;), 28.7 (2 x CHj;), 29.1 (CH,), 29.6 (CH,), 47.5 (CH,N),
49.4 (C(Et),), 55.5 (OCH,), 63.6 (CH,O0Si), 68.0 (C(Me),), 79.4
(CH,), 114.3 (CH,,), 115.3 (CH,,), 124.0 (C,,), 126.6 (CH,,), 128.6
(CH,,), 129.0 (CH,,), 130.2 (CH,,), 130.4 (C,,), 131.2 (CH,,), 136.6
(CH,,), 137.2(C,,), 142.0 (C,,), 144.0 (C,,), 152.0 (C,,), 159.2 (C,,),
161.2 (CN); HRMS (DIC*, tert-butane) calcd. for C;,Hs,N;O;Si
[(M + H)*] 602.3778, found 602.3780.

2-(2-(3-Amino-5-(4,5-dihydro-4,4-dimethyloxazol-2-yl)pyridin-
2-yl)phenyl)-2-ethylbutyl 2,2,2-trifluoroacetate (23). A solution
of compound 22 (150 mg, 0.25 mmol) in TFA (1.5 ml) was stirred
for 16 h at 25 °C. TFA was removed under vacuo and the residue
was dissolved in CH,Cl, (5 ml). Saturated NaHCO; (5 ml) was
added and the separated aqueous phase was extracted with CH,Cl,
(3 x 15 ml). The combined organic extract was dried (MgSQO,),
filtered and concentrated under vacuo. The residue was purified by
flash chromatography (DCM-Ac 9 : 1) to give 23 (93 mg, 80%) as
a yellow solid; mp-(degradation). "H NMR 4, (300 MHz, CDCl;):
0.72(6 H,t,J 7.4,2 x CH,CH};), 1.41 (6 H, s, 2 x CHj;), 1.58-1.78
(4 H, m, 2 x CH,CH,;), 3.59 (2 H, s, NH,), 4.15 (2 H, s, CH,),
430 (1 H,d, J11.0, CH,0CO), 4.38 (1 H, d, J 11.0, CH,0OCO),
7.08 (1 H, dd, J 7.5 and 1.3, 6-H), 7.33 (1 H, td, J 7.5 and 1.7,
5-H), 7.39-7.46 (2 H, m, 3-H, 4-H), 7.60 (1 H, d, J 1.8, 4-H), 8.55
(1 H,d,J 1.8, 6-H); *C NMR d. (75 MHz, CDCl;): 8.6 (CH,),
8.7 (CH,), 27.6 (CH,), 28.1 (CH,), 28.7 (2 x CHj;), 46.9 (C(Et),),
67.9 (C(Me),), 70.7 (CH,OCO), 79.7 (CH,), 118.0 (q, J » 285,
CF;), 121.4 (CH,,), 124.1 (C,,), 127.5 (CH,,), 129.0 (CH,,), 129.8
(CH,,), 131.7 (CH,,), 137.2 (C,,), 138.4 (CH,,), 140.5 (C,,), 141.5
(Cy), 150.7 (C,p), 159.0 (d, Jc¢ 41, CO), 161.1 (CN); “F NMR
or (138 MHz, CDCl,): —75.5 (CF;); m/z (ESI, acetonitrile) 464.1
(M + H)*].

2-(2-(3-Amino-5-(4,5-dihydro-4,4-dimethyloxazol-2-yl)pyridin-
2-yl)phenyl)-2-ethylbutan-1-0l (5a). To a solution of compound
23 (90 mg, 0.2 mmol) in H,O-CH;O0H (1 : 2, 3.5 ml) was added
K,CO; (124 mg, 0.9 mmol). The mixture was stirred at 25 °C
for 1 h and the solvents were removed under vacuo. The residue
was purified by flash chromatography (DCM-Ac 8 : 2) to give
5a (71 mg, 97%) as a pale yellow solid; mp 65 °C. IR v, /cm™
3316-3202, 1649; '"H NMR 4,, (300 MHz, CDCl;): 0.63 (3 H, t,
J7.3,CH,CH;),0.87 (3H,t,J 7.3, CH,CH;), 1.28-1.38 2 H, m,
CH,CH,), 1.40 (6 H, s, 2 x CHj;), 1.65-1.85 (2 H, m, CH,CHy;),
3.16(1H,d,J12.2,CH,0H), 3.40 (1 H,d, J 12.2, CH,0OH), 3.60
(2 H, s, NH,), 4.14 2 H, s, CH,), 7.04 (1 H, dd, J 7.5 and 1.7,
6-H), 7.29 (1 H, td, J 7.5 and 1.1, 5-H), 7.41 (1 H, td, J 7.5 and
1.7, 4-H), 7.58 (1 H, dd, J 7.5 and 1.1, 3-H), 7.62 (1 H, d, J 1.8,
4-H), 8.50 (1 H, d, J 1.8, 6-H); “C NMR J. (75 MHz, CDCl,):
8.7 (CH,;), 8.8 (CH;), 27.5 (CH,), 27.7 (CH,), 28.7 (2 x CH,), 48.8
(C(Et),), 67.7 (CH,OH), 67.8 (C(Me),), 79.7 (CH,), 121.6 (CH,,),

124.3 (C,,), 126.8 (CH,,), 129.0 (CH,,), 131.0 (CH,,), 131.2 (CH,,),
136.7 (C,,), 138.2(CH,,), 140.4 (C,,), 143.6 (C,,), 151.4 (C,,), 160.9
(CN); HRMS (DIC*, tert-butane) caled. for C,H3N;O, [(M +
H)*] 367.2260, found 367.2256.

9,9-Diethyl-8,9-dihydro-3-(4,5-dihydro-4,4-dimethyloxazol-2-yl)-
benzo|f|pyrido|3,2,d]oxazonin-6(5H)-one (rac-4a). Et;N (162 ul,
1.16 mmol) was added to a stirred solution of compound 5a
(170 mg, 0.46 mmol) in THF (8.5 ml) at r.t. under N,. The
solution was allowed to cool to 0 °C and phosgene (251 pl of a
20% solution in toluene, 0.47 mmol) was added dropwise. The
mixture was stirred at 25 °C for 1 h and saturated NaHCO; (8 ml)
and EtOAc (10 ml) were added. The product was extracted with
EtOAc (3 x 10 ml) and the combined organic extract was dried
(MgSO0,), filtered and concentrated under vacuo. The residue was
purified by flash chromatography (DCM-Ac 8 : 2) to give rac-4a
(152 mg, 84%) as a pale yellow solid; mp-(decomposition). IR
Vma /M~ 3311, 1743, 1651; "H NMR Jy (300 MHz, CDCl,): 0.70
(3H,t,J7.2,CH,CH;),0.92 (3H,t,J 7.4, CH,CH;), 1.39 (6 H, s,
2 x CH,), 1.40 (2 H, m, CH,CH,), 1.76 (1 H, m, CH,CHj;), 1.90
(1 H, m, CH,CH,), 3.80 (1 H, d, J 10.7, CH,0CO), 4.16 (2 H, s,
CH,), 4.21 (1 H, d, J 10.7, CH,0CO), 6.60 (1 H, s, NH), 6.80
(1H,dd,J 7.5and 1.7, 3-H), 7.24 (1 H, t, J 7.4, 4-H), 7.40 (1 H,
td, J 7.4 and 1.7, 5-H), 7.50 (1 H, d, J 8.1, 6'-H), 7.97 (1 H, d,
J 1.9, 4-H), 895 (1 H, d, J 1.9, 6-H); "C NMR J. (75 MHz,
CDCl;): 8.3 (CH,), 8.4 (CH,), 24.7 (CH,), 24.8 (CH,), 28.7 (2 x
CH,), 48.5 (C(Et),), 68.3 (C(Me),), 73.6 (CH,O0CO), 79.8 (CH,),
124.0(C,,), 127.0 (CH,,), 128.4 (CH,,), 129.7 (CH,,), 131.3 (CH,,),
132.4 (CH,,), 133.7 (C,)), 139.1 (C,,), 141.7 (C,,), 145.5 (CH,,),
156.4 (C,,), 160.1 (CN), 165.4 (CO); HRMS (IC*, tert-butane)
caled. for C;sHysN;O; [(M + H)*] 394.2131, found 394.2134.

9,9-Diethyl-8,9-dihydro-3-(ethoxycarboxy)benzo|f|pyrido|3,2,d]-
oxazonin-6(5H)-one (rac-4b). A solution of compound rac-4a
(26 mg, 0.07 mmol) in EtOH-conc. H,SO, (9 : 1, 2 ml) was
refluxed for 5 h. After cooling at 25 °C, saturated NaHCO; was
added to pH = 8-9 and the product was extracted with CH,Cl,
(3 x 5 ml). The combined organic extract was dried (MgSO,),
filtered and concentrated under vacuo. The residue was purified
by flash chromatography (DCM-Ac 9.5 : 0.5) to give rac-4b
(5 mg, 20%) as a pale yellow oil. IR v,,./cm™' 3274, 1727; '"H
NMR dy (300 MHz, CDCl,): 0.71 (3 H, t, J 7.3, CH,CH;), 0.94
(3H,t,J 7.3, CH,CH;), 1.44 (5 H, m, CH,CH;, COOCH,CH),
1.75 (1 H, m, CH,CHj;), 1.90 (1 H, m, CH,CH,), 3.82 (1 H, d,
J 10.9, CH,0CO0),4.25(1 H, d, J 10.9, CH,0CO), 4.45 (2 H, q,
J 7.1, COOCH,CH,), 6.08 (1 H, s, NH), 6.80 (1 H, dd, J 7.5 and
1.5,3-H), 7.26 (1 H, m, 4-H), 7.43 (1 H, td, J 7.0 and 1.5, 5'-H),
7.54 (1 H,d,J 7.7, 6-H), 8.05(1 H,d, J 1.9, 4-H), 9.07 (1 H, d,
J 1.9, 6-H); "C NMR o (75 MHz, CDCl,): 8.4 (CH,), 8.5 (CHs;),
14.7 (CHsg), 249 (2 x CH,), 48.6 (C(Et),), 62.1 (CH,g), 73.8
(CH,0CO0), 126.0 (C,,), 127.1 (CH,,), 128.5 (CH,,), 129.8 (CH,,),
131.1 (CH,,), 133.7 (CH,,), 133.8 (C,,), 139.0 (C,,), 141.6 (C,,),
147.2 (CH,,), 156.1 (C,,), 165.2 (CO), 167.2 (CO); HRMS (IC*,
tert-butane) caled. for C, H,sN,O, [(M + H)*] 369.1814, found
369.1794.

3-Carboxy-9,9-diethyl-8,9-dihydrobenzo|f|pyrido|3,2,d]oxazonin-
6(5H)-one (rac-4c). A stirred solution of compound rac-4a
(15 mg, 0.04 mmol) in H,SO, (1.8 N, 2 ml) was refluxed for 5 h.
The mixture was allowed to cool to r.t. and saturated NaHCO,
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was added to pH = 8-9. The aqueous phase was washed with (1 x
5 ml) and HCI (4 N) was added to pH 4. The separated aqueous
phase was extracted with CH,Cl, (3 x 5 ml) and the combined
organic extract was dried (MgSO,), filtered and concentrated
under vacuo to give rac-4c (2 mg, 15%) as a pale yellow solid;
mp-(decomposition). IR v,,/cm™" 3500-3000, 1722, 1599; 'H
NMR Jy (300 MHz, CDCl;): 0.72 (3 H, t, J 7.3, CH,CH;), 0.95
(3 H,t J 73, CH,CH;), 145 (2 H, m, CH,CH,), 1.77 (1H,
m, CH,CH;), 1.93 (1 H, m, CH,CH,), 3.84 (1 H, d, J 10.9,
CH,0CO0), 4.27 (1 H, d, J 10.8, CH,0CO), 6.80 (2 H, m, NH,
3H), 7.26 (1 H, m, Ph), 7.44 (1 H, t, J 7.3, Ph), 7.54 (1 H, d,
J 8.0, 6-H), 8.08 (1 H, s, 4-H), 9.09 (1 H, s, 6-H); “*C NMR J
(75 MHz, CD,CD,0D): 8.3 (CH,), 8.5 (CH;), 24.9 (CH,), 25.2
(CH,), 49.2 (C(Et),), 73.6 (CH,0CO), 127.2 (CH,,), 128.8 (CH,,),
130.1 (CH,,), 132.2 (CH,,), 134.3 (CH,,), 135.8 (C,,), 140.1 (C,,),
142.7 2 x C,), 146.4 (CH,,), 157.2 (C,,), 165.9 (CN), 169.4
(CO); HRMS (IC, tert-butane) calcd. for C,¢H;oN,O, [(M-H)*]
339.1345, found 339.1355.
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An efficient TiCl,~Et;N or Bu;N-promoted aldol-type addition of phenyl and thiophenyl esters or
thioaryl esters with aldehydes and ketones was performed (total 46 examples). The present method is
advantageous from atom-economical and cost-effective viewpoints; good to excellent yields, moderate
to good syn-selectivity, substrate variations, reagent availability, and simple procedures. Utilizing the
present reaction as the key step, an efficient short synthesis of three lactone [2(5H)-furanone] analogs of
jasmine perfumes was performed. Among them, the lactone analog of cis-jasmone had a unique

perfume property (tabac).

Introduction

The aldol-type addition of simple esters with aldehydes and
ketones (carbonyl acceptor) has attained an important position in
organic syntheses due to its broad utility, that is, a straightforward
method to access useful B-hydroxy esters.! In general, this reaction
is categorized into two types: (i) the direct method of metal enolates
generated by strong basic reagents [e.g., LDA and MHMDS (M =
Li, Na, K) (metal exchanged enolates are also employable)] to
react with the carbonyl acceptor, and (ii) the indirect method of
ketene silyl acetals derived from carboxylic esters to react with the
carbonyl acceptor promoted by Lewis acids or other catalysts (the
Mukaiyama protocol).

R2 o) R4 OH
1,
/L * SJ\ 3 COXAr
R “coxar R R RN,
X=0,8 R

Direct aldol-type addition of simple esters with carbonyl accep-
tors using Lewis acids combined with tertiary amines possesses
several advantages because of its simple and atom-economical
procedure, high regio- and stereoselectivity, and tolerance to basic
labile functionalities. Due to the lower enolization ability of esters
(pK, ~ 25) than that of ketones or aldehydes (pK, ~ 19-21),
however, there have been only three successful methods to this
objective; the use of diazabromoborane (Corey’s group),” dicyclo-
hexyliodoborane (Brown’s group),® and boron triflate (Masamune
and Abiko’s group).* From the recently recognized standpoint
of process chemistry, readily available, atom-economical, and
cost-effective synthetic reagents are increasingly required for the
production of fine chemicals. Consistent with our continued
studies on Ti-Claisen condensation® and relevant Ti-direct aldol-
type additions,® we report herein the full details of direct, powerful,
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and stereoselective aldol-type additions of esters and thioesters
to aldehydes and ketones promoted by a TiCl,-amine reagent.’
This paper also describes an application for the short and efficient
synthesis of three lactone analogs for dihydrojasmone (known),
cis- and trans-jasmone (novel), with an evaluation of their perfume
property.

Results and discussion

The salient features of these Ti-mediated reactions are as follows.
(1) High reaction velocities and yields. (ii) Higher atom-economy
and lower cost than the indirect methods using enol silyl ethers and
ketene silyl acetals. (iii) Use of readily available and low toxic metal
reagents (e.g., TiCl,, ZrCl,), and use of practical amines (Et;N,
Bu;N) and solvents (toluene, CH,Cl,). (iv) Toleration against
basic labile functionalities. (v) Enhanced reactivity using catalytic
TMSCl in rare cases.

(A) Basic investigation of Ti-direct aldol-type addition of methyl
propanoate to aldehydes

The initial attempt was guided by the reaction between methyl
propanoate (CH;CH,CO,CH;) and PhCHO or +-BuCHO uti-
lizing a TiCl,~Bu;N reagent (Scheme 1). The desired B-hydroxy
methyl esters la, 1b were obtained in 75% and 82% yield,
respectively. This result is in clear contrast to the method
using a TiCL(OTf),~Et;N reagent, which resists the aldol-type
addition and promotes a competitive Ti-Claisen condensation of

0 OH
)J\ TiCly - BugN
H _—

/ CH,Cly, 78 °C

/\Cone + R COzMe

1

1a: R=Ph:75% (syn: anti = 65 : 35)
1b:  =t-Bu:82% (syn: anti=81:19)
= j-Pr: trace

Scheme 1 Ti-direct aldol-type addition of methyl propanoate to
aldehydes.
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Table 1 Ti-direct aldol-type addition of phenyl esters 2 to aldehydes and ketones

R2 ) 4 OH

0 TiCl,-EtsN  R%,,

R “COsPh R R g2 g

2 3
Entry R! R? R? R* Product Yield (%) Syn—anti®
1 Me H Ph H 3a 80 82:18
2¢ 3a 75 85:15
3 Me H n-Pr H 3b 84 84:16
4¢ 3b 76 84:16
5 Me H i-Pr H 3c 79 89: 11
6 Me H Ph Et 3d 83 64 :36
7 Me H Et Et 3e 77 —
8 Me H Ph CH,Cl 3f 867 68 :32
9 Bu H Ph H 3g 76 84:16
10 Bu H Ph Et 3h 87 65:35
11 Me Me Ph H 3i 87 —
12 Me Me n-Pr H 3j 80 —
13 Me Me i-Pr H 3k 80 —
14 Me Me Ph Et 31 81 —
15 Me Me Et Et 3m 73 —
16 Me Me Ph CH,Cl 3n 79 —

@ Carried out in CH,Cl, at —78 °C (entries 1-10) and at 05 °C (entries 11-16). Molar ratio 2-ketone or aldehyde-TiCl,~Et;N =1:1.2: 1.2 : 1.4 (entries
1-10) and 2-ketone or aldehyde-TiCl,—Et;N = 1:1.2: 1.5 : 2.0 (entries 11-16). ®* Determined by 'H NMR of the crude product. ¢ Use of Bu;N instead

of Et;N. 9 Yield based on its TMS ether.

CH,;CH,CO,CHj, supported by careful cross-over experiments.*
Unfortunately, the carbonyl acceptor was limited to aldehydes
lacking o-protons, that is, an undesirable side self-aldol addition
predominated between two aldehydes such as i-PrCHO, which has
a-protons.

To overcome the problem, we planned to use slightly acidic
phenyl esters 2, because of the higher acidity of phenyl esters
than that of alkyl esters.® Phenyl esters are readily prepared by
several methods and are easily hydrolyzed under milder conditions
compared with alkyl esters.’

(B) Ti-direct aldol-type addition of phenyl ester to aldehydes and
ketones

The aldol-type reaction of phenyl esters 2 with various aldehydes
or ketones utilizing TiCl,—~Et;N was examined. Table 1 lists the
successful results. The salient features are as follows. (i) Because
of the specific character of titanium enolate,' the present method
is powerful enough to conduct the addition not only to aldehydes
but also to less reactive ketones, giving the desired -hydroxy esters
3. (i) Et;N is somewhat superior to Bu;N with regard to yield
(entries 1-4) in contrast to the Ti-crossed aldol additions® between
two different ketones.! (iii) Moderate to good syn-selectivity was
obtained. (iv) This method is applicable to the reaction of less
reactive phenyl 2-methylpropanoate under practical temperatures
(0-5°C) (entries 11-16).

Encouraged by this result, we next investigated the aldol-
type addition of readily available phenyl 2-chloro and 2-
mesyloxypropanoates (4; CH; XCHCO,Ph, X = CI, OMs) with
aldehydes or ketones. Table 2 lists the successful results. o-
Halogenated esters are labile under basic conditions and generally
undergo further Darzens-type reactions to form o,B-epoxyesters.'?

Table 2 Ti-direct aldol-type addition of 2-chloro and 2-mesyloxy-
propanoates to aldehydes and ketones”

X o) TiCl, - EtsN  R2 o
PN D R1>l><C02Ph
COzPh R3 R4
X
4 X=Cl,OMs 5
Entry X R' R?  Product  Yield (%) Dr?
1 Cl Ph H 5a 88 (70 : 30)
2 Cl i-Pr H 5b 86 (74 : 26)
3 Cl Et Et 5c 69 —
4 Cl Ph Et 5d 75 (74 : 26)
5 OMs  Ph H Se 89 (89:11)
6 OMs Et Et 5f 60 —

“Carried out in CH,Cl, at 0-5 °C (entries 1-4) and at —78 °C (entries
S, 6). Molar ratio 4-ketone or aldehyde-TiCl,-Et;N =1 :12:12:
1.4. ® Determined by 'H NMR of the crude product. ¢ Syn/anti was not
assigned.

Note that the reaction using CH;CICHCO,CH; instead of
the corresponding phenyl esters 4 resulted in oxidative self-
coupling addition at the o-carbon to give dimeric product 6
(Scheme 2), as described by the Kise, Matsumura, and Periasamy
groups.’® Accordingly, from the synthetic view, especially for aldol
chemistry, the use of phenyl esters has an advantage over that of
methyl esters.

OH
al pncHo G\ COMe
B + Ph CO,Me
CO,M iCly - Et3N
oMe TiCla-BtsN o Sco,me cl
6 539 trace

Scheme2 Ti-promoted oxidative coupling of methyl 2-chloropropanoate.
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Table 3 Ti-direct aldol-type addition of phenylthio esters 7 to aldehydes and ketones”

R N TClh-BuN  Ré ]
4T COSPh
R1)\COSPh RBJ\R‘t - R3)§<
R? R
7 8

Entry R' R? R? R* Product Yield (%) Syn—anti®

1 Me H Ph 8a 99 86:14

2¢ 8a 94 86:14

3 Me H n-Pr H 8b 98 82: 18

4 Me H i-Pr H 8c 96 81:19

5 Me H CH,CH,Ph H 8d 99 83:17

6 Me H Et Et 8e 77 —

6 Me H Ph Et 8f 98 77:23

7 Bu H Ph H 8g 98 77:23

8 Bu H Et Et 8h 78 —

9 Me Me Ph H 8i 80 —

10 Me Me n-Pr H 8j 76 —

11 Me Cl Ph H 8k 97 (70 : 30)*
12 Me Cl n-Pr H 81 86 (80 : 20)*

“ Carried out in CH,Cl, at —78 °C (entries 1-8) and at 0-5 °C (entries 9-12). Molar ratio 7-aldehyde (ketone)-TiCL,-Bu;N = 1: 1.2 (1.5): 1.2 : 1.4.
® Determined by 'H NMR of the crude product. ¢ Use of Et;N instead of Bu;N. ¢ Syn/anti was not assigned.

(C) Ti-direct aldol-type addition of phenylthio esters to aldehydes
and ketones

The use of phenylthio esters 7 instead of phenyl esters 2 has a no-
table advantage, because of inherently feasible enolate formation.™
Table 3 lists the successful results. As anticipated, Ti-enolates
of 7 were smoothly generated because of the higher acidity of
the a-proton of 7 than that of 2. The salient features are as
follows. (i) With the exception of only a few cases, these reactions
proceeded smoothly in excellent yields to afford the desired B-
hydroxyl thioesters 8. (ii) In contrast to the case using phenyl
esters 2, Bu;N was slightly superior to Et;N with regard to yield
(entries 1, 2). (iii) a,a-Disubstituted phenylthio esters successfully
underwent the reaction at 0-5 °C (entries 9-12).

The substituent effect was investigated to improve the yield
and stereoselectivity. Table 4 lists the results. Among the aryl
thioesters screened, 4-nitrophenyl propanethioate 9 produced
better results than phenylthio ester 8a with PhCHO regarding
the syn-selectivity (entry 7). The use of n-PrCHO, i-PrCHO, and
PhCOEt as electrophiles, however, did not notably improve the
results (entries 9—12).

(D) Synthesis of lactone [2(5H)-furanone] analogs for three
jasmone perfumes

The present Ti-direct aldol-type addition was successfully applied
to the synthesis of three lactone [2(5H)-furanone] analogs 11—
13 of jasmone, which is a typical jasmine perfume (Fig. 1).
Lactone analog 12 of cis-jasmone is a particularly promising
candidate for the synthetic isoster. The Givordan group reported
the synthesis of lactone analog 11 of dihydrojasmone utilizing the
Reformatsky reaction as the key step.’® This method, however, is
difficult to apply for the synthesis of 12 bearing a double bond in
R. Our interest in the practical short synthesis of useful natural
perfumes such as cis-jasmone and (R)-muscone,* (Z)-civetone,**
(R)-mintlactone and (R)-menthofuran,® utilizing Ti-mediated

Table 4 Ti-direct aldol-type addition of arylthio esters 9 to aldehydes and
ketones using TiCl,~Bu; N*

Q Tich -BuN Ry
1Cl - Bug 12,
' COSAr
< >cosar R1)LR2 — R1/'\r
9 10
Entry Ar R' R?>  Product Yield (%)  Syn-anti®
1 Ph Ph H 8a 99 86: 14
2 (4-OMe)Ph 10a 95 8020
3 (4-t-Bu)Ph 10b 99 82:18
4 (2-ClyPh 10¢ 92 90: 10
5 (3-Cl)Ph 10d 95 86: 14
6 (4-Cl)Ph 10e 96 86: 14
7 (4-NO,)Ph 10f 99 94:6
8 n-Pr  H 10g 97 74:26
9 i-Pr  H 10h 92 67:33
10 Ph Et 10i 90 79:21

“Carried out in CH,Cl, at —78 °C. Molar ratio 9-aldehyde (ketone)—
TiCl,—Bu;N =1 : 1.2 (1.5) : 1.2 : 1.4. ®* Determined by '"H NMR of the
crude product.

o 1M1;R=  _~_"~>~_"
@) / R 1R = N
13;R= A~ A~

Fig. 1 Three lactone analogs 11-13 of jasmone perfume.
C-C bond forming reactions led us to investigate the general
synthesis for lactone analogs 11-13.

The synthesis of dihydrojasmone lactone analog 11 is shown
in Scheme 3. Ti-direct aldol-type addition of phenyl heptanoate
with commercially available 1-acetoxy-2-propanone proceeded
smoothly to give aldol adduct 14 in 72% yield. The final step
was performed through a convenient one-pot deprotection and
intramolecular cyclization with dehydration to give 11 in 70%

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 151-159 | 153





0O

M a) TIC|4 - Eth

oPh — &
b) Q

)bOAc

OH ) o}

OAc : >

U

CO,Ph

2%
14 "

Scheme 3 Synthesis of dihydrojasmone lactone analog 11. Reagents and
conditions: (i) 1.0 M aq KOH, MeOH-THF = 2 : 1, then 1.0 M HC],
20-25 °C (70%).

yield. The total yield was increased compared with the reported
method" utilizing the Reformatsky reaction (34-40% — 50%).

Scheme 4 shows the synthesis of 12 and 13. Readily available
cis- and trans-2-pentenols (Aoba alcohol analog) 15 and 16 were
converted to mesylates 17 and 18, respectively, using either a
conventional method (CH;SO,CI-Et;N) or an alternative safe
and practical sulfonylation for allylic alcohols (CH;SO,Cl-Et;N—
Me;N-HCI)."* Alkylation using dimethyl malonate with 17 and
18 gave 19 and 20, which were subjected to hydrolysis and
decarboxylation to give acids 21 and 22, respectively. Acids 21
and 22 were converted to phenyl esters 23 and 24, by conventional
esterification.'” The key direct Ti-aldol-type addition of 23 and
24 with AcOCH,COCH; gave adducts 25 (83%) and 26 (70%),
respectively. In a similar one-pot procedure, novel cis- and
trans-lactone analogs 12 (67%) and 13 (65%) was successfully
synthesized.

The perfume properties of the lactone analogs 11, 12, and 13
were evaluated by the Takasago International Corporation. The
results are listed in Table 5. Note that the perfume of 12 showed a
unique property for men’s fragrance (tabac).

In conclusion, we achieved a simple and efficient Ti-direct aldol-
type addition of phenyl and thiophenyl esters with aldehydes and
ketones. Application of the present method for synthesizing three
lactone analogs 11, 12, and 13 was performed. Evaluation of these
analogs revealed that cis-jasmone analog 12 has a notable perfume

Table 5 Results of odour evaluations of the synthetic compounds

Compounds Odour description

(0] Floral, green, jasmine,

spicy, fruity

cis-jasmone

Floral, green, fruity, fatty,
lactonic

(@]
Lgo
T~

1"

Floral, green, tuberose,
fruity, tabac, lactonic

Q
/lgi |
~
|

12

Floral, green, fruity,
jasmine, lactonic

Q
— (@]
Lg

13

property. The present method will provide a new avenue for the
aldol-type reaction using esters to obtain a variety of f-hydroxy
esters and lactones [2(5 H)-furanones].

Experimental

Melting points were determined on a hot stage microscope
apparatus (Yanagimoto) and were uncorrected. NMR spectra
were recorded on a JEOL DELTA 300 spectrometer, operating at
300 MHz for "H NMR and 75 MHz for *C NMR. Chemical shifts
(0 ppm) in CDCI; were reported downfield from TMS (=0) for 'H

P _— =" OMs ———
OH CO,Me
15: Z-form 17 (2), 18 (E) 19 (2), 20
16: E-form @ ®
iii, iv v, Vi vii
21(2), 22 (E) 23(2), 24 (B)
OH Q
L OAc Viii o / —
CO,Ph
12: Z-form
25 (Z), 26 (E) 13: E-form

Scheme 4 Synthesis of cis- and trans-jasmone lactone analogs 12 and 13. Reagents and conditions: (i) MsCl, Et;N, Et,0, 0-5 °C or MsCl, Et;N—cat.
Me;N-HClI, toluene, 0-5 °C. (ii) Dimethyl malonate, NaH, DMF, 20-25 °C. (iii) 5 M KOH aq, MeOH-THF = 2 : 1, reflux. (iv) Heat at ca. 150 °C.
(v) SOCl,, cat. DMF, hexane, reflux. (vi) PhOH, Et;N, MeCN, 0-5 °C. (vii) TiCl,, Et;N, CH,Cl,, then AcOCH,COCHj;, —78 °C. (viii) 1.0 M aq KOH,

MeOH-THF =2 : 1, then 1.0 M aq HCl, 20-25 °C.

154 | Org. Biomol. Chem., 2007, 5, 151-159

This journal is © The Royal Society of Chemistry 2007





NMR. For C NMR, chemical shifts were reported on a scale
relative to CDCl; (77.00 ppm) as an internal reference. IR spectra
were recorded on a JASCO FT/IR-5300 spectrophotometer.

Data of known and new compounds 1a,'® 1b,* 3a,% 3b, 3¢,*
3h, 3i,” 3k, 3m, 5d, 8a, 8b,** 8¢,”* 8d,” 8f, 8h, 8i,>* 8l, 10a, 10b,
10c, 10d, 10e, 10f, 10g, 10h, 10i, 11," 20,> 22, 24, 19, 21* and 23
are described in the electronic supporting information.f

Ti-direct aldol-type addition of methyl propanoate to PhCHO or
t-BuCHO (Scheme 1)

Bu;N (475 pL, 2.0 mmol) and TiCl, (165 pL, 1.5 mmol) were
successively added to a stirred solution of methyl propanoate
(88 mg, 1.0 mmol) and an aldehyde (PhCHO; 127 mg or +-BuCHO;
103 mg, 1.2 mmol) in CH,Cl, (2.0 mL) at 0-5 °C under an Ar
atmosphere, followed by being stirred at the same temp. for 2h. The
mixture was poured into ice water, which was extracted twice with
Et,0. The combined organic phase was washed with water, brine,
dried (Na,SO,) and concentrated. The obtained crude product
was purified by SiO,-column chromatography to give the desired
B-hydroxy ester 1a (146 mg, 75%, syn—anti = 65 : 35) or 1b (143 mg,
82%, syn—anti = 81 : 19).

General procedure of Ti-direct aldol-type addition of
a-monoalkylated phenyl esters to aldehydes or ketones (Table 1,
entries 1-10)

TiCl, (132 pL, 1.2 mmol) and Et;N (142 mg, 1.4 mmol) in
CH,Cl, (0.5 mL) were successively added to a stirred solution
of a phenyl ester (1.0 mmol) in CH,Cl, (1.5 mL) at —78 °C under
an Ar atmosphere. After stirring at the same temp. for 30 min,
an aldehyde or a ketone (1.2 mmol) was added to the mixture,
followed by being stirred at the same temp. for 2 h. The mixture
was poured into ice water (reverse quench), which was extracted
twice with Et,0. The combined organic phase was washed with
water, brine, dried (Na,SO,) and concentrated. The obtained crude
product was purified by SiO,-column chromatography to give
desired B-hydroxy phenyl esters 3a—3h.

Phenyl 2-methyl-3-hydroxy-3-phenyl-pentanoate (3d). syn-
Isomer; colorless crystals; mp 77-78 °C; 'H NMR (300 MHz,
CDCly) 6 0.73 (3H, t,J = 7.2 Hz), 1.11 3H, d, J = 7.2 Hz), 1.93
(IH, dq, J = 7.2 Hz, J,., = 13.8 Hz), 2.07 (1H, dq, / = 7.2 Hz,
Jem = 13.8 Hz), 3.12 (1H, q, J = 7.2 Hz), 3.46 (1H, br s), 7.05—
7.13 (2H, m), 7.22-7.30 (2H, m), 7.32-7.48 (6H, m); *C NMR
(75 MHz, CDCl;) 6 7.86, 12.83,34.46,49.12,77.42, 121.40, 125.57,
126.20, 126.60, 128.07, 129.51, 142.26, 150.20, 176.09; IR (KBr)
3555, 1728, 1493, 1190, 1167, 1136, 1111, 1074, 750, 700 cm™".

anti-Isomer; colorless crystals; mp 74-75 °C; 'H NMR
(300 MHz, CDCl;) 6 0.70 (3H, t, J = 7.2 Hz), 1.51 3H, d, J =
7.2 Hz), 1.73 (1H, dq, J = 7.2 Hz, J,, = 13.8 Hz), 2.02 (1H,
dq, J =72 Hz, J,. = 13.8 Hz), 3.32 (1H, q, / = 7.2 Hz), 3.74
(1H, br s), 6.42-6.53 (2H, m), 7.07-7.16 (1H, m), 7.18-7.32 (3H,
m), 7.33-7.42 (2H, m), 7.45-7.53 (2H, m); *C NMR (75 MHz,
CDCly) 0 7.53, 11.99, 31.59, 47.92, 77.19, 121.17, 125.72, 125.99,
126.89, 128.09, 129.28, 145.00, 149.85, 175.74; IR (KBr) 3532,
2973, 1725, 1352, 1192, 1154, 1098, 959, 764, 704 cm™'. Anal.
Calcd for C3H,,0;: C, 76.03; H, 7.09, found: C, 75.8; H, 6.8%.

Phenyl 3-ethyl-3-hydroxy-2-methylpentanoate (3e). Pale yel-
low oil; '"H NMR (300 MHz, CDCl;) 6 0.89 (3H, t, J = 7.6 Hz),

0.96 (3H, t,J =7.6 Hz), 1.35 (3H, d, J = 7.2 Hz), 1.45-1.58 (1H,
m), 1.59-1.75 (3H, m), 2.56 (1H br s), 2.85 (1H, q, J = 7.2 Hz),
7.04-7.12 (2H, m), 7.21-7.29 (1H, m), 7.34-7.44 (2H, m); “C
NMR (75 MHz, CDCl;) 6 7.59, 7.78, 11.91, 26.63, 29.75, 45.20,
74.99,121.42,126.10, 129.49, 150.25, 175.80; IR (neat) 3532, 2973,
1736, 1493, 1458, 1194, 1165 cm™'. Anal. Calcd for C,,H,,0;: C,
71.16; H, 8.53, found: C, 70.9; H, 8.2%.

Phenyl 4-chloro-2-methyl-3-phenyl-3-trimethylsiloxybutanoate
(3f). Because the aldol adduct between phenyl 2-chloropro-
panoate and phenacyl chloride was relatively unstable, the yield
and diastereoselectivity were based on its TMS-ether. This TMS-
ether was obtained by nearly neutral trimethylsilylation using
BSA-PyH*-OTf ' BSA (494 uL, 2.0 mmol) was added to a
stirred solution of the obtained crude aldol adduct (334 mg)
and PyH*-OTf~ (69 mg, 0.3 mmol) in THF (2.0 mL) at 20—
25 °C followed by being stirred at the same temp. for 12 h.
Water was added to the mixture, which was extracted twice with
Et,O. The combined organic phase was washed water, brine,
dried (Na,SO,) and concentrated. The obtained crude product
was purified by SiO,-column chromatography to give the desired
product 3f (323 mg, 86%, syn—anti = 68 : 32).

syn- and anti-Mixture; colorless oil; 'H NMR (300 MHz,
CDCl;) 6 0.18 (anti, 9H x 1/3,s), 0.22 (syn, 9H x 2/3,s), 1.13
(syn,3H x 2/3,d,J =7.2Hz), 1.18 (anti,3H x 1/3,d,J =7.2 Hz),
3.17 (syn, 1H x 2/3,q, J = 7.2 Hz), 3.30 (anti, 1H x 1/3,q,J =
7.2 Hz), 4.10 (syn, 1H x 2/3, d, Jym = 12.0 Hz), 4.13 (anti, 1H x
1/3,d, Jgm = 12.0 Hz), 4.26 (syn, 1H x 2/3, d, Jon = 12.0 Hz),
4.35 (anti, 1H x 1/3, d, J ., = 12.0 Hz), 6.80-6.96 (2H, m), 7.09—
7.53 (8H, m); “C NMR (75 MHz, CDCl;) ¢ 2.33, 12.37, 12.87,
49.92, 50.56, 50.61, 50.92, 81.19, 81.40, 121.34, 125.70, 125.80,
126.16, 126.66, 127.44, 127.65, 127.86, 127.96, 129.28, 129.37,
141.32, 142.15, 150.43, 150.46, 171.77, 171.86; IR (neat) 2957,
1759, 1493, 1252, 1192, 1161, 1084, 845 cm™'. Anal. Calcd for
C;H,,ClO;: C, 67.00; H, 5.62, found: C, 66.7; H, 5.5%.

Phenyl  2-butyl-3-hydroxy-3-phenylpropanoate  (3g). syn-
Isomer; yellow crystals; mp 44-46 °C; '"H NMR (300 MHz,
CDCl;) 0 091 (3H, t, J = 6.9 Hz), 1.22-1.53 (4H, m), 1.86-1.93
(2H, m), 2.49 (1H, br s), 2.98 (1H, q, J = 6.9 Hz), 4.98 (1H, d,
J = 6.9 Hz), 6.69-6.77 (2H, m), 7.13-7.47 (8H, m); *C NMR
(75 MHz, CDCly) ¢ 13.92, 22.60, 27.99, 29.77, 53.56, 74.93,
121.40, 125.89, 126.58, 128.13, 128.51, 129.33, 141.61, 150.27,
173.14; IR (KBr) 3426, 2955, 1748, 1493, 1356, 1190, 1144, 1042,
760, 702 cm™!. Anal. Caled for C,,H»,O5: C, 76.48; H, 7.43, found:
C, 76.5; H, 7.2%.

General procedure of Ti-direct aldol-type addition of
a,0-dimethylated phenyl esters to aldehydes or ketones (Table 1,
entries 11-16)

TiCl, (165 pL, 1.5 mmol) was added to a stirred solution of
a,0-disubstituted phenyl esters (1.0 mmol) and Et;N (202 mg,
2.0 mmol) in CH,Cl, (1.5 mL) at 0-5 °C under an Ar atmosphere.
After stirring at the same temp. for 30 min, an aldehyde or
ketone (1.2 mmol) was added to the mixture, followed by being
stirred at 0-5 °C for 2 h. The mixture was poured into ice
water, which was extracted twice with Et,O. The combined
organic phase was washed with water, brine, dried (Na,SO,)
and concentrated. The obtained crude product was purified by
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Si0,-column chromatography to give desired B-hydroxy phenyl
esters 3i-3n.

Phenyl 3-hydroxy-2,2-dimethylhexanoate (3j). Pale yellow oil;
"HNMR (300 MHz, CDCl;) 6 0.97 3H, t,J = 7.2 Hz), 1.31-1.73
(4H, m), 1.33 (3H, s), 1.35(3H, 5), 3.79 (1H, dd, J = 2.4, 10.0 Hz),
7.02-7.08 (2H, m), 7.20-7.27 (1H, m), 7.34-7.42 (2H, m); *C
NMR (75 MHz, CDCl;) 6 14.01, 19.82,20.34, 22.01, 33.96, 47.59,
76.37,121.46,125.85,129.43,150.71, 176.32; IR (neat) 3526, 2961,
1744, 1595, 1493, 1196, 1109 cm~'. Anal. Calcd for C,,H,,0;: C,
71.16; H, 8.53, found: C, 70.9; H, 8.4%.

Phenyl 3-hydroxy-2,2-dimethyl-3-phenylpentanoate (31). Col-
orless oil; "H NMR (300 MHz, CDCl;) 6 0.78 (3H, t, J = 7.2 Hz),
1.31(3H,s), 1.35(3H,s), 1.87(1H,dq, J = 7.2 Hz, J ., = 14.1 Hz),
2.40 (1H, dq, J = 7.2 Hz, J,., = 14.1 Hz), 4.06 (1H, br s), 6.90—
6.98 (2H, m), 7.18-7.42 (6H, m), 7.44-7.53 (2H, m); "C NMR
(75 MHz, CDCl;) 6 8.01, 21.80, 21.99, 28.24, 51.00, 80.00, 121.38,
126.08, 126.87, 127.40, 128.02, 129.43, 140.20, 150.37, 177.58; IR
(neat) 3501, 2980, 2940, 1719, 1593, 1493, 1186, 1115, 706 cm™".
Anal. Calcd for C,,H»O;: C, 76.48; H, 7.43, found: C, 76.4; H,
7.4%.

Phenyl 4-chloro-3-hydroxy-2,2-dimethyl-3-phenylbutanoate (3n).
Brown oil; '"H NMR (300 MHz, CDCl;) ¢ 1.32 (3H, s), 1.37 (3H,
s), 3.56 (1H, br s), 4.36 (1H, d, J.., = 11.7 Hz), 4.51 (1H, d,
Jem = 11.7 Hz); "C NMR (75 MHz, CDCl,) ¢ 21.38, 22.71,
50.54,51.13,79.29,121.34, 125.99, 127.16, 127.81, 127.88, 129.41,
139.76, 150.58, 175.09; IR (neat) 3549, 2984, 1736, 1593, 1493,
1190, 1121, 706 cm~'. Anal. Calcd for C,sH,,ClO;: C, 67.82; H,
6.01, found: C, 67.6; H, 5.8%.

General procedure of Ti-direct aldol-type addition of a-chloro or
a-mesyloxy phenyl esters to aldehydes or ketones (Table 2)

TiCl, (132 uL, 1.2 mmol) and Et;N (142 mg, 1.4 mmol) in CH,Cl,
(0.5 mL) were successively added to a stirred solution of a-chloro
or a-mesyloxy phenyl esters (1.0 mmol) in CH,Cl, (1.5 mL) at
0-5 °C (entries 1-4) or —78 °C (entries 5 and 6) under an Ar
atmosphere. After stirring at the same temp. for 30 min, an
aldehyde or ketone (1.2 mmol) was added to the mixture, followed
by being stirred at the same temp. for 2 h. The mixture was poured
into ice water, which was extracted twice with Et,O. The combined
organic phase was washed with water, brine, dried (Na,SO,) and
concentrated. The obtained crude product was purified by SiO,-
column chromatography to give desired -hydroxy phenyl esters
S5a-5f.

Phenyl 2-chloro-3-hydroxy-2-methyl-3-phenylpropanoate (Sa).
Diastercomixture; pale yellow oil; "H NMR (300 MHz, CDCl;)
0 1.76 B3H x 3/10, s), 1.78 (3H x 7/10, s), 2.86 (1H, br s), 5.36
(1H x 7/10, ), 5.37 (1H x 3/10, s), 7.04-7.14 (2H, m), 7.22-7.30
(1H, m), 7.34-7.55 (7H, m); *C NMR (75 MHz, CDCl;) § 21.68,
22.50, 65.81, 69.49, 73.56, 77.75, 121.06, 121.11, 126.31, 126.37,
127.88, 127.94, 128.17, 128.30, 128.63, 128.82, 129.55, 136.96,
137.29, 150.56, 169.51; IR (neat) 3517, 3065, 3036, 1759, 1593,
1493, 1233, 1192, 910, 739 cm~'. Anal. Caled for C,(H,sClO;: C,
66.10; H, 5.20, found: C, 65.9; H, 4.9%.

Phenyl 2-chloro-3-hydroxy-2,4-dimethylpentanoate (5b). Ma-
jor product; yellow oil; '"H NMR (300 MHz, CDCl;) ¢ 1.06 (3H,
d,J =6.9 Hz), 1.10 (3H, d, J/ = 6.9 Hz), 1.93 (3H, s), 2.01-2.15

(1H, m), 2.22 (1H, brs), 3.96 (1H, d, J = 4.8 Hz), 7.07-7.16 (2H,
m), 7.22-7.30 (1H, m), 7.35-7.46 (2H, m); *C NMR (75 MHz,
CDCl;) 0 17.74, 21.66, 24.68, 30.82, 71.82, 79.96, 121.04, 126.33,
129.56, 150.44, 169.78; IR (neat) 3532, 2965, 1752, 1593, 1493,
1238, 1194, 750 cm™'.

Minor product; colorless crystals; mp 40-41 °C; 'H NMR
(300 MHz, CDCl;) 6 1.05 3H d, J = 6.9 Hz), 1.10 3H, d, J =
6.9 Hz), 1.87 (3H, s), 1.89-2.01 (1H, m), 2.43 (1H br s), 4.02 (1H,
d, J = 5.9 Hz), 7.09-7.16 (2H, m), 7.23-7.31 (1H, m), 7.37-7.46
(2H, m); "C NMR (75 MHz, CDCl;) ¢ 18.62, 20.88, 21.97, 30.76,
74.13, 79.43, 120.98, 126.33, 129.56, 150.44, 169.32; IR (KBr)
3541, 2971, 1745, 1487, 1250, 1194, 1161, 1098, 1046, 752 cm™".
Anal. Calcd for C;H,,ClO;: C, 60.82; H, 6.67, found: C, 60.6; H,
6.64%.

Phenyl 2-chloro-3-ethyl-3-hydroxy-2-methylpentanoate (Sc).
Pale yellow oil; "H NMR (300 MHz, CDCl,) 6 1.03 3H, t, J =
7.6 Hz), 1.04 3H, t, J = 7.6 Hz), 1.78-1.98 (4H, m), 1.95 (3H,
s), 2.97 (1H, br s), 7.09-7.14 (2H, m), 7.24-7.30 (1H, m), 7.37-
7.45 (2H, m); "C NMR (75 MHz, CDClL;) ¢ 8.76, 8.95, 24.76,
27.92,28.16, 76.75, 77.73, 121.11, 126.45, 129.60, 150.41, 170.62;
IR (neat) 3542, 2975, 2946, 1738, 1593, 1491, 1458, 1231, 1090,
756,727,689 cm™'. Anal. Calcd for C,,H,,ClO;: C, 62.10; H, 7.07,
found: C, 61.9; H, 6.8%.

Phenyl 3-hydroxy-2-mesyloxy-2-methyl-3-phenylpropanoate
(5e). Diastereomixture; brown crystals; mp 78-80 °C; '"H NMR
(300 MHz, CDCl;) 6 1.87 (3H x 1/9,s), 1.90 (3H x 8/9, s), 2.92
(1H br s), 3.13 (3H x 1/9, s), 3.19 3H x 8/9, s), 5.13 (1H x
1/9, s), 5.16 (1H x 8/9, s), 6.92-6.99 (2H, m), 7.20-7.28 (1H,
m), 7.32-7.47 (7TH, m); “C NMR (75 MHz, CDCl,) ¢ 17.76,
40.80, 78.22,91.57, 121.17, 126.43, 127.77, 128.46, 129.09, 129.51,
136.03, 150.08, 168.46; IR (KBr) 3555, 1752, 1348, 1265, 1181,
1113, 1094, 1055, 918, 725 cm™'. Anal. Calcd for C;H,;O,S: C,
58.27; H, 5.18, found: C, 58.1; H, 5.2%.

Phenyl 3-ethyl-3-hydroxy-2-mesyloxy-2-methylpentanoate (5f).
Colorless oil; "N NMR (300 MHz, CDCl;) ¢ 1.01 3H, t, J =
7.6 Hz), 1.02 (3H, t, J = 7.6 Hz), 1.70-1.87 (4H, m), 2.04 (3H,
s), 2.27 (1H brs), 3.15 (3H, s), 7.09-7.18 (2H, m), 7.23-7.31 (1H,
m), 7.36-7.45 (2H, m); *C NMR (75 MHz, CDCl,) 6 8.34, 19.85,
26.86, 26.98, 40.57, 77.75, 93.35, 121.27, 126.47, 129.60, 150.27,
169.26; IR (neat) 3528, 2976, 1757, 1348, 1250, 1192, 1086, 976,
937,914 cm™". Anal. Caled for C,;sH,,O,S: C, 54.53; H, 6.71, found:
C, 54.6; H, 6.8%.

Dimethyl 2,3-dichloro-2,3-dimethylbutanedioate (6). To a
stirred solution of methyl 2-chloropropanoate (123 mg, 1.0 mmol)
in CH,Cl, (1.0 mL), TiCl, (139 pL, 1.2 mmol), Bu;N (259 mg,
1.4 mmol) in CH,Cl, (0.5 mL), and benzaldehyde (122 pL,
1.2 mmol) were successively added at 0-5 °C under an Ar
atmosphere and the mixture was stirred at the same temp. for
2 h. Water was added to the mixture, which was extracted twice
with Et,0. The combined organic phase was washed with water,
brine, dried (Na,SO,) and concentrated. The obtained crude oil
was purified by SiO,-column chromatography to give the desired
product 6 (129 mg, 53%).

Diastereomixture; colorless oil; "H NMR (300 MHz, CDCl,) ¢
1.99 3H x 1/2,5),2.07 3H x 1/2,s), 3.81 (3H x 1/2, ), 3.83
(3H x 1/2,s); ®C NMR (75 MHz, CDCl;) 6 26.11, 26.61, 53.49,
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53.57, 73.31, 73.44, 169.03, 169.12; IR (neat) 3005, 2957, 1744,
1449, 1383, 1258, 1094, 976 cm™".

General procedure of Ti-direct aldol-type addition of phenylthio
esters to aldehydes or ketones (Table 3)

TiCl, (132 pL, 1.2 mmol) and Bu;N (259 mg, 1.4 mmol) in
CH,Cl, (0.5 mL) were successively added to a stirred solution
of phenylthio esters (1.0 mmol) in CH,Cl, (1.5 mL) at —78 °C
(entries 1-8) or 0-5 °C (entries 9-12) under an Ar atmosphere.
After stirring at the same temp. for 30 min, an aldehyde (1.2 mmol)
or ketone (1.5 mmol) was added to the mixture, followed by being
stirred at the same temp. for 2 h. The mixture was poured into
ice water, which was extracted twice with Et,O. The combined
organic phase was washed with water, brine, dried (Na,SO,) and
concentrated. The obtained crude product was purified by SiO,-
column chromatography to give desired B-hydroxy phenylthio
esters 8a—8l.

S-Phenyl 3-ethyl-3-hydroxy-2-methylpentanethioate (8¢). Col-
orless crystals; mp 38-40 °C; 'H NMR (300 MHz, CDCl;) ¢ 0.84
(3H, t,J =7.6 Hz), 093 3H,t, J = 7.6 Hz), 1.31 3H, d, J =
6.9 Hz), 1.36-1.51 (1H, m), 1.54-1.71 (3H, m), 2.88 (1H, q, J =
6.9 Hz), 2.90 (1H, br s), 7.36-7.48 (5H, m); "C NMR (75 MHz,
CDCly) 6 7.59, 7.90, 12.64, 26.46, 29.71, 53.00, 75.99, 127.21,
129.24, 129.62, 134.34, 204.35; IR (KBr) 3532, 2969, 1680, 1445,
1329, 1132, 953, 901, 747, 687 cm'. Anal. Calcd for C,,H,0,S:
C, 66.63; H, 7.99, found: C, 66.8; H, 8.05%.

S-Phenyl 2-butyl-3-hydroxy-3-phenylpropanethioate (8g). syn-
and anti-Mixture; pale yellow oil; "H NMR (300 MHz, CDCl;)
0 0.86 3H, t, J = 6.9 Hz), 1.19-1.47 (4H, m), 1.59-1.93 (2H,
m), 2.72 (syn, 1H x 7/9, br s), 2.81 (anti, IH x 2/9,btd, J =
5.2Hz),2.96 (syn, 1H x 7/9,ddd, J =3.8,5.9, 10.0 Hz), 3.00-3.07
(anti, 1H x 2/9, m), 4.83 (anti, 1H x 2/9,dd, J = 5.2, 6.9 Hz),
494 (syn, IH x 7/9, d, J = 5.9 Hz), 7.19-7.42 (10H, m); “C
NMR (75 MHz, CDCl;) 6 13.73, 13.79, 22.49, 22.66, 27.29, 29.10,
29.58, 29.87, 60.71, 61.32, 74.44, 75.72, 126.31, 127.27, 127.46,
127.73, 127.98, 128.26, 128.44, 129.09, 129.43, 134.25, 134.29,
141.27, 141.86, 201.00, 201.54; IR (neat) 3453, 2957, 2930, 2861,
1698, 1024, 924, 747, 702, 691 cm™~'. Anal. Caled for C,yH,,0,S:
C, 72.57; H, 7.05, found: C, 72.3; H, 7.01%.

S-Phenyl 3-hydroxy-2,2-dimethylhexanethioate (8j). Pale yel-
low oil; '"H NMR (300 MHz, CDCl;) 6 0.94 3H, t, J = 7.2 Hz),
1.25-1.69 (4H, m), 1.32 (3H, s), 1.34 (3H, s), 2.07 (1H, br s), 3.65—
3.77 (1H, m), 7.34-7.46 (5H, m); *C NMR (75 MHz, CDCl;)
0 13.96, 19.81, 20.97, 22.45, 33.92, 54.84, 76.89, 127.46, 129.16,
129.35, 134.92, 205.59; IR (neat) 3472, 2961, 1690, 1466, 1441,
959, 928, 747, 689 cm™'. Anal. Calcd for C,,H,,0,S: C, 66.63; H,
7.99, found: C, 66.5; H, 7.7%.

S-Phenyl 2-chloro-3-hydroxy-2-methyl-3-phenylpropanethioate
(8k). Diastereomixture; colorless crystals; mp 81-82 °C; 'H
NMR (300 MHz, CDCl;) 6 1.63 (3H x 7/10,s), 1.85 (3H x 3/10),
2.93 (IH br s), 5.12 (1H x 3/10, s), 5.17 (1H x 7/10, s), 7.25-
7.47 (10H, m); "C NMR (75 MHz, CDCl;) ¢ 24.49, 25.99, 77.96,
78.34,78.95, 80.88, 127.44, 127.75, 127.88, 128.09, 128.19, 128.51,
128.65, 129.26, 129.72, 134.59, 134.65, 137.44, 137.54, 200.07,
200.37; IR (KBr) 3484, 1676, 1441, 1038, 1024, 970, 951, 747,

702, 687 cm~'. Anal. Calcd for C,;H,;CIO,S: C, 62.64; H, 4.93,
found: C, 62.4; H, 4.8%.

General procedure of Ti-direct aldol-type addition of arylthio
esters with aldehydes or ketones (Table 4)

TiCl, (132 mL, 1.2 mmol) and Bu;N (259 mg, 1.4 mmol) in
CH,Cl, (0.5 mL) were successively added to a stirred solution
of arylthio esters (1.0 mmol) in CH,Cl, (1.5 mL) at —78 °C under
an Ar atmosphere. After stirring at the same temp. for 30 min,
an aldehyde (1.2 mmol) or ketone (1.5 mmol) was added to the
mixture, followed by being stirred at the same temp. for 2 h. The
mixture was poured into ice water, which was extracted twice with
Et,0. The combined organic phase was washed with water, brine,
dried (Na,SO,) and concentrated. The obtained crude product
was purified by Si,O-column chromatography to give desired -
hydroxy arylthio esters 10a—10i.

Phenyl 4-acetoxy-3-hydroxy-3-methylheptanoate (14). TiCl,
(396 pL, 3.6 mmol) and Et;N (425 mg, 4.2 mmol) in CH,Cl,
(1.0 mL) were successively added to a stirred solution of phenyl
heptanoate (619 mg, 3.0 mmol) in CH,Cl, (10.0 mL) at —78 °C
under an Ar atmosphere. After stirring at the same temp. for
30 min, a solution of acetoxy-2-propanone (418 mg, 3.6 mmol)
in CH,Cl, (1.0 mL) was added to the mixture, followed by being
stirred at the same temp. for 2 h. The mixture was poured into ice
water (reverse quench), which was extracted twice with AcOEt.
The combined organic phase was washed with water, brine, dried
(Na,S0O,) and concentrated. Obtained crude product was purified
by SiO,-column chromatography (hexane-AcOEt =10: 1) to give
the desired product 14 (701 mg, 72%).

Diastereomixture; colorless oil; "H NMR (300 MHz, CDCl;)
0 0.84-0.97 (3H, m), 1.25-1.54 (6H, m), 1.33 3H x 7/10, s),
1.37 (3H x 3/10, s), 1.57-1.79 (1H, m), 1.80-1.96 (1H, m), 2.10
(3H x 7/10, s), 2.12 (3H x 3/10, s), 2.38 (1H, brs), 2.82 (1H x
7/10, dd, J = 3.4, 11.7 Hz), 2.83 (1H x 3/10, dd, J = 3.4,
11.7 Hz), 4.09 (1H x 7/10, d, J = 11.4 Hz), 4.10 (1H x 3/10,
d,J =11.4Hz), 413 (1H x 7/10,d, J = 11.4 Hz), 4.20 (1H x
3/10, d, J = 11.4 Hz), 7.05-7.12 (2H, m), 7.21-7.29 (1H, m),
7.35-7.43 (2H, m); *C NMR (75 MHz, CDCl;) ¢ 13.96, 20.84,
21.49,22.43,23.25,27.00, 27.59, 27.67, 31.57, 51.66, 52.62, 68.95,
70.00, 72.39, 72.64, 121.44, 121.48, 126.08, 126.12, 129.49, 150.27,
150.33, 170.81, 173.68; IR (neat) 3495, 2957, 1748, 1493, 1373,
1233, 1196, 1163, 1113, 1044 cm™". Anal. Calcd for C,sH,,Os: C,
67.06; H, 8.13, found: C, 66.8; H, 8.0%.

Phenyl 4-acetoxy-3-hydroxy-3-methyl-2-[(Z)-pent-2-enyl]but-
anoate (25). Following the procedure of aldol-type addition of
phenyl esters to aldehydes or ketones (Table 1, entries 1-10), the
reaction of (Z)-phenyl hept-4-enoate (23; 613 mg, 3.0 mmol) with
acetoxy-2-propanone (418 mg, 3.6 mmol) using TiCl, (396 pL,
3.6 mmol) and Et;N (425 mg, 4.2 mmol) gave the desired product
25 (798 mg, 83%).

Diastereomixture; yellow oil; "H NMR (300 MHz, CDCl;) 6
0.97 3H, t,J =7.6 Hz), 1.35 (3H x 7/10, s), 1.40 (3H x 3/10, s),
2.03-2.15(2H, m), 2.09 (3H x 7/10,s),2.12 (3H x 3/10, s), 2.34—
2.52 (1H, m), 2.63-2.77 (1H, m), 2.82 (1H, brs), 2.87 (1H x 7/10,
dd,J=4.1,11.0Hz),2.89 (1H x 3/10,dd, J = 4.1, 11.4 Hz), 4.09
(IH x 7/10,d, Jyn =11.4Hz),4.11 (1H x 3/10,d, J .., = 1 1.4 Hz),
4.15 (1H x 7/10, d, J e = 11.4 Hz), 4.20 (1H x 3/10, d, J o =
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11.4 Hz), 5.34-5.47 (1H, m), 5.50-5.62 (1H, m), 7.01-7.10 (2H,
m), 7.19-7.28 (1H, m), 7.33-7.42 (2H, m); *C NMR (75 MHz,
CDClL) 0 14.11, 20.55, 20.84, 21.74, 23.27, 24.98, 25.47, 51.51,
52.39, 68.89, 70.04, 72.26, 72.41, 121.51, 124.59, 124.82, 126.08,
129.43, 134.69, 134.78, 150.31, 150.35, 170.73, 173.37; IR (neat)
3491, 2967, 1748, 1493, 1373, 1236, 1194, 1163, 1119, 1046 cm™'.
Anal. Calcd for C3H,,Os5: C, 67.48; H, 7.55, found: C, 67.2; H,
7.5%.

4-Methyl-3-|(Z)-pent-2-enyl]-2(5H)-furanone (12). 1.0 M KOH
aqueous solution (2.5 mL) was added to a stirred so-
lution of phenyl 4-acetoxy-3-hydroxy-3-methyl-2-[(Z)-pent-2-
enyl]butanoate (25; 320 mg, 1.0 mmol) in MeOH-THF (7.8 mL,
v/v = 2/1) at 20-25 °C, and the mixture was stirred at the same
temp. for 10 h. 1.0 M HCl aqueous solution (3.0 mL) was added
to the mixture, followed by being stirred at the same temp. for 2 h.
The mixture was concentrated under reduced pressure, which was
extracted twice with Et,O. The obtained organic phase was washed
with water, brine, dried (Na,SO,), and concentrated. The obtained
crude product was purified by SiO,-column chromatography
(hexane-AcOEt = 8 : 1) to give the desired product 12 (109 mg,
67%).

Pale yellow oil; "H NMR (300 MHz,CDCl;) 6 1.00 3H, t, J =
7.6 Hz), 2.04 (3H, s), 2.16 (2H, dq, J = 6.9, 7.6 Hz), 3.03 (2H, d,
J=72Hz),4.61 (2H,d,J =1.0 Hz), 5.28-5.39 (1H, m), 5.41-5.52
(1H, m); "C NMR (75 MHz, CDCl;) ¢ 12.24, 14.03, 20.54, 21.53,
72.43,123.58,126.08, 133.41, 156.54, 174.71; IR (neat) 2961, 1740,
1437, 1341, 1231, 1155, 1028, 970 cm™'. Anal. Caled for C,,H,,0;:
C, 72.26; H, 8.49; O, 19.25, found: C, 72.1; H, 8.3%.

Phenyl 4-acetoxy-3-hydroxy-3-methyl-2-[( E)-pent-2-enyl|-
butanoate (26). Following the procedure for the preparation
of 24, the reaction of (E)-phenyl hept-4-enoate (24; 613 mg,
3.0 mmol) with acetoxy-2-acetone (418 mg, 3.6 mmol) using TiCl,
(396 uL, 3.6 mmol) and Et;N (425 mg, 4.2 mmol) gave the desired
product 26 (677 mg, 70%).

Diastereomixture; pale yellow oil; "H NMR (300 MHz, CDCl;)
00.99(3H,t,J =7.2Hz),1.34 (3H x 7/10,s), 1.38 (3H x 3/10, s),
2.05(2H, quint., J = 7.2 Hz),2.10 (3H x 7/10,s) 2.13 (3H x 3/10,
s), 2.37-2.61 (2H, m), 2.88 (1H x 7/10, dd, J = 4.5, 11.01 Hz),
2.90 (1H x 3/10,dd, J =4.8,9.6 Hz), 3.11 (1H, brs), 4.08 (1H x
7/10,d, Jm = 11.4 Hz), 4.10 (1H x 3/10,d, J ., = 11.4 Hz), 4.14
(IH x 7/10,d, J oo = 11.4 Hz), 4.19 (1H % 3/10, J o, = 11.4 Hz),
5.39-5.53 (1H, m), 5.65 (1H, dt, J = 6.2, 15.5 Hz), 6.99-7.11 (2H,
m), 7.19-7.28 (1H, m), 7.32-7.43 (2H, m); "C NMR (75 MHz,
CDCl;) 0 13.57, 20.84, 21.74, 23.14, 25.53, 30.32, 30.86, 51.74,
52.62, 68.95, 70.02, 72.20, 72.35, 121.44, 121.48, 124.80, 125.07,
126.07, 129.43, 135.32, 135.45, 150.29, 170.73, 173.20; IR (neat)
3497, 2965, 1734, 1493, 1373, 1238, 1194, 1163, 1047, 970 cm™".

4-Methyl-3-|(E)-pent-2-enyl]-2(SH)-furanone (13). Following
the procedure for the preparation of 12, the reaction of phenyl
4-acetoxy-3-hydroxy-3-methyl-2-[( E)-pent-2-enyl]butanoate (26;
320 mg, 1.0 mmol) gave 4-methyl-3-[(E)-pent-2-enyl]-2(5H)-
furanone (13; 108 mg, 65%).

Yellow oil; 'H NMR (300 MHz, CDCl;) 6 0.96 (3H, t, J =
7.2 Hz), 1.94-2.06 (2H, m), 2.03 (3H, s), 2.97 (2H, d, J = 6.2 Hz),
4.62 (2H, d, J = 1.0 Hz), 5.41 (1H, dtt, J = 1.4, 6.2, 15.1 Hz),
5.55(1H, dtt, J = 1.4, 6.2, 15.1 Hz); “C NMR (75 MHz, CDCl;)
0 12.14, 13.46, 25.26, 26.39, 72.37, 123.60, 125.68, 133.96, 157.04,

174.69; IR (neat) 3418, 2973, 1740, 1676, 1443, 1389, 1343, 1188,
1101, 1038 cm™".
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Three routes have been explored to synthesise the telomere-targeted agent
3,11-difluoro-6,8,13-trimethyl-8 H-quino[4,3,2-k/]acridinium methosulfate 3. Application of a
6-(2-azidophenyl)phenanthridine precursor 11 gave an entry to the indazolo[2,3-f]phenanthridine ring
system 12 not the required quino[4,3,2-k/]acridine. A six step synthesis starting from
2,6-dibromo-4-methylbenzonitrile 13 via a 1-arylacridin-9(10H)-one intermediate, 19 or 21, gave the
required 3 in low overall yield (<10%). The most efficient route entailed the one-pot (five step)
conversion of 1,2-dimethyl-6-fluoroquinolinium methosulfate 23 to 3 in 33% yield employing

triethylamine as base and nitrobenzene as solvent.

Introduction

Prior to initiation of our own work, the tetracyclic pyrido[4,3,2-
kl]acridine skeleton was represented in the literature only by
the natural product necatorone 1, elaborated by the fungus
Lactarius necator and whose structure was deduced by Steglich
and colleagues.? In previous papers in this series we have developed
a range of synthetic approaches to tetra-, penta- and hexa-
cyclic systems based on the necatorone scaffold. These methods
have included thermal extrusion of nitrogen from triazolyl-
substituted acridines,® radical cyclisations of bromo-substituted
9-anilinoacridines* and palladium(0)-mediated derivatisation of
substituted acridin-9(10H)-ones.> From these endeavours we
have identified two series of bioactive pentacyclic systems with
an affinity for DNA: topoisomerase II-inhibitory compounds
such as the indolizino[7,6,5-k/]acridinium chloride 2° which
intercalates into duplex DNA sequences;” and quaternary 8,13-
dimethylquino[4,3,2-k/]acridinium salts exemplified by the metho-
sulfate 3 (RHPS4)? (Fig. 1) which binds to, and stabilises, DNA
G-quadruplex structures, for example the (TTAGGG), sequences®
which characterise the ends (telomeres') of chromosomes.

The enzyme telomerase maintains telomere lengths, is upregu-
lated in most human tumour types and is considered a relevant
molecular target in the search for novel anticancer therapies.!!
The quinoacridinium salt 3 is a potent inhibitor of telomerase
(IC5, 0.33 uM)*? and, in our recent pharmacological investigations,
has been shown to compromise telomeric integrity and rapidly
provoke the emergence of a senescent phenotype in human breast!
and melanoma tumour cells.”® In an effort to enhance the ability of
pentacyclic acridinium salts to stabilise G-quadruplex structures
and increase their potency as telomere-targeted agents, we have
exploited palladium(0) couplings to synthesise and biologically
profile quinoacridinium salts related to 3 but bearing varied and
multiple substituents at the 3-, 6- and 10-(or 11) positions.>*
(See Fig. 1 for numbering system). Of the many novel structures

Centre for Biomolecular Sciences, School of Pharmacy, University of
Nottingham, Nottingham, UK NG7 2RD. E-mail: malcolm.stevens@
nottingham.ac.uk; Fax: (115) 951 3412; Tel: (115) 951 3414

T Part 19 in the series ‘Antitumour Polycyclic Acridines.” See ref. 1 for Part
18.
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Fig. 1 Structures of bioactive polycyclic acridines and numbering of the
quino[4,3,2-k/Jacridine ring system.

prepared compound 3 still retained the most desirable range
of pharmacological™®* and pharmaceutical properties and has
emerged as the clinical candidate from this series. In this paper
we assess different synthetic routes which might be adaptable to a
large-scale synthesis of 3.

Results and discussion
General synthetic considerations

In planning synthetic strategies to an appropriately-substituted
quino[4,3,2-kllacridine 4 or 5 which might be further processed by
methylation to furnish salt 3, we have investigated two potential
disconnections which could be applied generally to synthesise
molecules of this class bearing varied substituents (X,Y,Z) in
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the three homocyclic rings. These involve cyclisations of 6-
arylphenanthridine (Fig. 2; Route A) and 1-arylacridin-9(10H)-
one (Route B) precursors. These routes might provide alternatives
to the unlikely processing of a 1,2-methylquinolinium salt directly
to 3 (Route C, see Scheme 3),? an adaptation of a reaction reported
by Ozczapowicz et al. in 1988."

3
ﬂ Z
N i

Ni 0
\

NH N
2 H

Fig. 2 Synthetic strategies to trisubstituted quino[4,3,2-k/]acridines.

Attempted synthesis of pentacyclic salt 3 from a
2-arylphenanthridine (Route A)

The tolylboronic acid 6 was coupled with 2-bromo-4-fluoroaniline
under Suzuki conditions' to afford biaryl 7 (68%) which reacted
with 5-fluoro-2-nitrobenzoic acid under DCC coupling conditions
to generate the anilide 8. This was cyclised under Bischler—
Napieralski conditions to the nitroaryl-substituted phenanthri-
dine 9 which was further routinely transformed to the corre-
sponding amino- and azido-phenylphenanthridines 10 and 11,
respectively. Thermolysis of 11 in boiling 1,2,4-trichlorobenzene
at 214 °C gave a product with the molecular weight (by mass
spectrometry: m/z 319 [M + 1]) expected for pentacycle 4.
However, its physical properties were inconsistent with this
assignment: significantly, the product was a pale yellow colour
with very poor solubility in methanol, whereas an orange-red
colouration and methanol-soluble character would be expected
for compound 4. Moreover, in earlier work we have shown that
the unsubstituted quino[4,3,2-k/]acridine ring system shows a
long wavelength absorption at A, 443 nm in ethanol with a
bathochromic shift to 488 nm on addition of HCL.* Significantly,
the product of thermolysis of 11 showed a UV absorption (Au.)
at 380 nm with no bathochromic shift on the addition of HCI. We
have assigned the indazolo[2,3-f]phenanthridine structure 12 to
this compound based on analogous cyclisations of o-azidoarenes
bearing suitably disposed heteroaromatic residues.'” In the present
example, nucleophilic displacement of nitrogen from the azido
group by the phenanthridine nitrogen atom to form 12 is favoured
over a nitrene insertion process which might have led to the
required quino[4,3,2-k/Jacridine 4 (Scheme 1).

Synthesis of pentacyclic salt 3 from a 1-arylacridin-9(10H)-one
(Route B)

The starting point to prepare a substituted l-arylacridinone
suitable for cyclisation to the methylated pentacycle 5 was
2,6-dibromo-4-methylbenzonitrile 13, available by a Sandmeyer
reaction on diazotised 2,6-dibromo-4-methylaniline.”® Coupling
between 13 and 4-fluoroaniline was achieved under Buchwald
conditions® mediated by Pd(OAc),—Cs,CO;-BINAP in refluxing
toluene to give a mixture of the diarylamine 14 (65%), together
with the disubstituted product 15 (20%) and unreacted starting
material (15%). Cyclisation of 14 to the l-bromoacridinone 16
was accomplished in 80% H,SO, at 100 °C and methylation to
the 10-methylacridinone 17 involved the use of NaH and dimethyl
sulfate (DMS). On a medium scale it was possible to prepare 25 g
of the methylacridinone 17 from 60 g of benzonitrile 13.

Protected 2-aminobenzeneboronic acids required for Suzuki
coupling to the 1-bromo-10-methylacridinone 17 have been pre-
pared from N-pivaloylanilines via directed ortho-lithiation with
n-BuLi and trimethyl borate followed by an acid quench.**
Yields of the required amino-protected fluorobenzeneboronic
acid 18 from this route were very low (<5%). But encour-
agingly, Suzuki coupling between 17 and 18 with Pd(PPh;),
catalyst and NaHCO;-aqueous DME afforded the coupled
pivaloylamine 19 which could be deprotected and cyclised in
EtOH-5 M HCI to pentacyclic acridine 5 in 65% yield. An
alternative coupling partner to 17, the boronic ester 20, could
be prepared more efficiently from 3-fluoro-6-nitrophenol** and
afforded the 1-(3-fluoro-6-nitroaryl)acridinone 21 (47%) with
dichloro[1,1-bis(diphenylphosphino)ferrocene]palladium(ir) and
Na,CO; in dioxane. Reductive cyclisation of 21 to the pentacycle
5 (65%) was effected with tin(i1) chloride in EtOH, followed
by 5 M HCI. Finally, methylation of 5 to the required §,13-
dimethylquinoacridinium salt 3 was accomplished with DMS in
nitromethane (48%). Thus the required compound 3 is available in
six steps from the benzonitrile 13 (Scheme 2) but in <10% overall
yield.

Synthesis of pentacyclic salt 3 from 6-fluoro-2-methylquinoline
(Route C)

Without the serendipitous discovery by Ozczapowicz and co-
workers of the mechanistically-intriguing first synthesis of a §,13-
diethylquino[4,3,2-k/]acridinium salt from the conversion of an N-
ethylquinaldinium salt with base' it is unlikely that this approach
would have been contemplated. We have earlier (Scheme 3) pro-
posed a tentative reaction pathway for the Ozczapowicz synthesis
initiated by addition of the carbanion 24, generated from 23 and
base, to the iminium bond of the cation of 23 to form adduct 25.%
This could undergo an electrocyclic ring-opening to 26, thereby
generating a conjugated system aligned to undergo cyclisation to
the tetrahydro-quinoacridinium cation 27. Oxidation, presumably
in situ, would give the salt 3.

We have now revisited this synthesis as we have been unable
to replicate the high yields reported by the Polish workers.'>*
Our efforts to secure a short route to 3 started with 6-fluoro-2-
methylquinoline 22 which was methylated with DMS to afford
the 1,2-dimethylquinolinium methosulfate 23. The presence of
the highly-fluorescent maroon salt 3 in reaction mixtures can be
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Scheme 1 Attempted synthesis of quino[4,3,2-k/]acridine 4 from a 2-arylphenanthridine precursor (Route A). Reagents and conditions: (i) 2-bromo-
4-fluoroaniline, tetrakis triphenylphosphine palladium (5 mol%), Na,CO;, DME-EtOH-H,O under nitrogen, reflux; (ii) 2-nitro-5-fluorobenzoic acid,
DCC in CHCl;, 25 °C; (iii) POCl;, 90 °C; (iv) tin(11) chloride dihydrate, EtOH, reflux, then NaOH; (v) NaNO,, 1 M H,SO,, 5 °C, then NaNj; (vi) 214 °C

in 1,2,4-trichlorobenzene.

readily monitored by TLC and the product isolated preferably
by column chromatography on silica gel employing butan-1-
0l-AcOH-H,O (0.65 : 0.15 : 0.25) as eluting solvents, or by
recrystallisation. Salt 3 has unusual physical properties, being
soluble in both water and (to some extent) organic solvents; it
has a disconcerting habit of disappearing into plastic cuvettes and
tubing. We have attributed this amphiphilic nature to the fact
that the delocalised positive charge of the iminopyridinium core is
shielded by a hydrophobic aryl cladding.™

Standardising on the use of ethanol as solvent, it is clear
that the nature of the base is critical to the efficiency of the
Ozczapowicz conversion 23 — 3. Employing the primary aliphatic
amine (n-butylamine), secondary aliphatic amines (pyrrolidine
and morpholine), tertiary amines (triethylamine and Hiinigs
base) and heterocyclic bases pyridine and 4-methylpyridine as
substitutes for piperidine, gave lower yields of the pentacyclic
salt; whereas the use of DBU or the inorganic bases NaHCO;,
K,CO;, Cs,CO; and even basic alumina gave only traces (TLC).
The reaction is apparently sensitive to concentration effects and
the stoichiometry of the base: the optimum conditions, determined
after much experimentation, involved reacting 23 (5 g) and
piperidine (3 mol. eq.) in boiling ethanol (150 mL) for 2 days which
gave 0.6 g (15%) of product 3 when crystallised from acetone—
and this on a good day! Increasing reaction time to 7 days did not
increase the yield. Exploring a range of refluxing protic solvents
gave yields of 3 in the order: ethanol > methanol > propan-2-ol >

butan-2-ol > trifluoroethanol; no product was detected (TLC)
employing dioxane as solvent.

The proposed mechanism (Scheme 3) requires a final oxidation
step to remove, formally, 4 atoms of hydrogen from cation 27.
If the reaction is conducted in degassed or air-gassed ethanol,
or under argon, formation of compound 3 is still observed.
Evidently molecular oxygen is not the oxidant in this case, implying
that reaction intermediates must be consumed as oxidants, thus
accounting for the poor yield. Again, standardising on ethanol
as solvent, incorporation of external oxidants MnO,, SeO,, p-
chloroanil, benzoquinone or iodine gave no improvement in
yields. In order to avoid potential premature oxidation of reaction
intermediates by oxidants, aliquots of DDQ (0.1-0.2 mol. eq.)
were titrated into the reaction mixture every 45, 90 or 120 min.
Yields of the required salt 3 remained stubbornly in the 5-15%
range. Mindful of the role of nitrobenzene as solvent and oxidant
in the Scraup reaction, its use as external oxidant was explored.
Application of nitrobenzene as solvent at 120 °C with either
piperidine, pyridine, K,CO; or Cs,CO; as bases either gave no
reaction (pyridine), or led to the formation of black mixtures
where only traces of 3 could be detected (TLC). Finally, on the
point of conceding defeat we discovered that reaction of 23 with
triethylamine as a base in nitrobenzene at 120 °C for 15 h gave
the required salt in 33% yield making this adaptation a feasible
process for large-scale synthesis. Microwave irradiation (100 W) at
180 °C for 13 min gave a reduced yield.
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Scheme 2 Synthesis of quino[4,3,2-k/]acridine 3 from a l-arylacridin-9(10H)-one precursor (Route B). Reagents and conditions: (i) 4-fluoroaniline,
Pd(OAc),, BINAP, Cs,CO;, toluene, 100 °C; (ii) 80% H,SO,, 100 °C; (iii) NaH in DMF, Me,SO,; (iv) 17 and 20 in dioxan, PdCl,(dppf) (10 mol%),
Na,CO;, 80 °C; (v) tin(11) chloride dihydrate, EtOH, reflux; (vi) Me,SO, in MeNO,, reflux.

Experimental
General details

Melting points were measured on a Galenkamp apparatus and
are uncorrected. IR spectra were recorded on a Perkin Elmer
Spectrum One FT-IR spectrometer as KBr discs and UV spectra
on a Pharmacia Biotech Ultraspec 2000 UV/Visible spectropho-
tometer. Mass spectra were recorded on a Micromass LCT
spectrometer. NMR spectra were recorded on a Bruker Avance
400 instrument at 400.13 MHz (‘H) and 100.62 MHz ("*C) in
[*'Hs]DMSO or CDCl;; coupling constants are in Hz. Merck silica
gel 60 (40-60 um) was used for column chromatography.

2-Amino-5-fluoro-3'-methylbiphenyl 7

2-Bromo-4-fluoroaniline (14 g, 0.073 mol) and m-tolylboronic
acid (10 g, 0.073 mol) were dissolved in a solution of 1,2-
dimethoxyethane (400 mL), ethanol (40 mL) and water (20 mL).
Nitrogen gas was bubbled through the resulting solution for
10 min, after which, sodium carbonate (17 g, 0.16 mol) and

tetrakis triphenylphosphine palladium (4.2 g, 5 mol%) were added.
The resulting mixture was heated under reflux for 15 h, cooled,
and solvent removed under vacuum. The residue was dissolved in
chloroform (500 mL), washed with water (250 mL), dried (sodium
sulfate) and evaporated to leave a yellow oil. The product was
purified by vacuum distillation to leave 7 as a colourless oil (14.6 g,
98%), bp 130-132 °C (1.4 mbar) (Found: C, 77.3; H, 6.0; N, 6.9%.
C;H,FN requires C, 77.6; H, 6.0; N, 7.0%); v /cm™" 3356, 3370
(NH), 1606, 1500, 1272, 1201, 1163, 812; '"H NMR ¢, (CDCl;)
7.37(1H,t,J 7.6, ArH),7.27-7.19 (3 H, m, ArH), 6.92-6.86 (2 H,
m, ArH), 6.71 (1 H, dd, J 4.8, 9.2, ArH), 3.66 (2 H, br s, NH,),
2.43 (3 H, s, CH;); m/z (ES) 202 (M + 1).

5-Fluoro-N-(5-fluoro-3'-methylbiphenyl-2-yl)-2-nitrobenzamide 8

Dicyclohexylcarbodiimide (12.25 g, 0.054 mol) was added to
a solution of biphenyl 7 (10.86 g, 0.054 mol) and 2-nitro-5-
fluorobenzoic acid (10 g, 0.054 mol) in chloroform (200 mL) at
room temperature. After stirring for 15 h, the precipitate was
filtered from solution and the filtrate evaporated under vacuum.
The residue was recrystallised from ethyl acetate—heptane to give 8
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Scheme 3  Synthesis of quino[4,3,2-k/]acridine 3 from 6-fluoro-2-methylquinoline (Route C). Reagents and conditions: (i) Me,SO, at 100 °C; (ii) NEt; in

nitrobenzene, 120 °C, 24 h.

as a white crystalline solid (18.4 g, 93%), mp 151-153 °C (Found:
C,64.8; H,3.8; N, 7.5%. C,)H,F,N, O; requires C, 65.2; H, 3.8; N,
7.6%); Vi /cm~' 3310 (NH), 1654 (CO), 1587, 1530, 1354 (NO,),
1209, 812; '"H NMR 6, ([’Hs]DMSO) 10.15 (1 H, br s, NH), 8.25
(1H,dd,J4.8,9.2, ArH),7.63 (1 H,dd, J 5.6, 8.8, ArH), 7.57 (1 H,
ddd, J 2.8, 6.4,9.2, ArH), 7.38-7.20 (7 H, m, ArH), 2.35 (3 H, s,
CHs;); m/z (ES-HRMS) 369.1040 (M + 1). Calcd for C,H,sF,N,
O; (M + 1) 369.1050.

2-Fluoro-6-(5-fluoro-2-nitrophenyl)-9-methylphenanthridine 9

2-Nitrobenzamide 8 (18 g, 0.048 mol) was dissolved in phospho-
rous oxychloride (100 mL) and heated at 90 °C for 2 h. After
cooling, the reaction mixture was quenched with ice (500 g), the
precipitate filtered from solution and washed with water (200 mL).
The white solid was recrystallised from ethanol to give 9 as a
white powder (16.1 g, 94%), mp 198-201 °C (Found: C, 68.6; H,
3.4; N, 7.9%. C,H,,F,N, O, requires C, 68.6; H, 3.4; N, 8.0%);
Vmae /M~ 1619 (C=N), 1583, 1352 (NO,), 1210, 815; '"H NMR
ou (PHe]DMSO) 8.77 (1 H, s, ArH), 8.67 (1 H, dd, J 5.6, 8.0,
ArH), 8.08 (1 H, dd, J 6.0, 9.2, ArH), 7.75-7.57 (5§ H, m, ArH),
2.62 (3 H, s, CH;); m/z (ES-HRMS) 351.0822 (M + 1). Calcd for
CyH;;F,N, O, (M + 1) 351.0945.

6-(2-Amino-5-fluorophenyl)-2-fluoro-9-methylphenanthridine 10

Tin(11) chloride dihydrate (22.5 g, 0.1 mol) was added to a solution
of phenanthridine 9 (14 g, 0.04 mol) in ethanol (250 mL). The
resulting mixture was heated under reflux for 2 h, cooled and
the solvent removed under vacuum. The residue was dissolved
in ethyl acetate (400 mL), washed with 5 M sodium hydroxide

solution (2 x 200 mL), followed by water (100 mL), and dried
(sodium sulfate). The concentrated solution gave a yellow solid
which was recrystallised from ethanol to give 10 as a white powder
(10.5 g, 82%), mp 155-157 °C (Found: C, 74.7; H, 4.3; N, 8.7%.
C,H,F,N, requires C, 75.0; H, 4.4; N, 8.7%); Vo /cm™' 3423,
3316, 3226 (NH), 1643, 1619, 1570, 1497, 1442, 1234, 829; 'H
NMR 6y ([PH(]DMSO) 8.72 (1 H, s, ArH), 8.63 (1 H, dd, J 2.8,
10.8, ArH), 8.12 (1 H, dd, J 5.6, 8.8, ArH), 7.75 (1 H, d, J 8.4,
ArH), 7.65 (1 H, ddd, J 2.6, 8.8, 11.6, ArH), 7.58 (1 H, dd, J 1.2,
8.8, ArH), 7.10 (1 H, ddd, J 3.2, 8.8, 12.0, ArH), 7.00 (1 H, dd,
J 3.2,9.6, ArH), 6.87 (1 H, dd, J 4.8, 8.8, ArH), 4.86 (2 H, br s,
NH,), 2.61 (3 H, s, CH,); m/z (ES) 321 (M + 1).

6-(2-Azido-5-fluorophenyl)-2-fluoro-9-methylphenanthridine 11

The aminophenylphenanthridine 10 (5 g, 0.016 mol) was stirred
in 1 M sulfuric acid (200 mL) at room temperature for 3 h, then
cooled to 5 °C in an ice bath. A solution of sodium nitrite (1.3 g,
0.019 mol) in water (10 mL) was added dropwise, and stirring
continued for a further 60 min. A solution of sodium azide (1.22 g,
0.019 mol) in water (10 mL) was then added over a 15 min period.
After stirring at 5 °C for a further 1 h, the resulting precipitate was
filtered from solution and washed with water (100 mL) to leave 11
as an off-white solid (4.95 g, 92%), mp 189 °C (decomp.) (Found:
C, 69.1; H, 3.5; N, 15.9%. C, H,F,N, requires C, 69.4; H, 3.5; N,
16.29%); vaux/cm™" 2126 (N;), 1620 (C = N), 1489, 1204, 815; 'H
NMR Jy ([’H,]DMSO) 8.76 (1 H, s, ArH), 8.67 (1 H, dd, J 2.8,
10.4, ArH), 8.14 (1 H, dd, J 6.0, 9.2, ArH), 7.69 (1 H, ddd, J 2.8,
8.4, 11.2, ArH), 7.62-7.52 (4 H, m, ArH), 7.42 (1 H, dd, J 2.4,
8.8, ArH), 2.63 (3 H, s, CH;); m/z (ES-HRMS) 347.1118 (M + 1).
Calcd for C,)H 3 F,N, (M + 1) 347.1108.
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6,13-Difluoro-3-methylindazolo|2,3-f |phenanthridine 12

6-(2-Azido-5-fluorophenyl)-2-fluoro-9-methylphenanthridine 11
(4.0 g, 0.011 mol) was suspended in 1,2.4-trichlorobenzene
(100 mL) and heated at 214 °C for 3 h. The solvent was removed
by vacuum distillation and the residue triturated with diethyl
ether to precipitate the product, which was filtered from solution
and recrystallised from chloroform to give 12 as a pale yellow
solid (3.2 g, 87%), mp 247-249 °C (Found: C, 75.1; H, 3.8; N,
8.7%. C,H,F,N, requires C, 75.2; H, 4.1; N, 8.8%); '"H NMR 4,
(CDCl) 8.89 (1 H, dd, J 5.6,9.2, ArH), 8.33 (1 H, d, J 8.0, ArH),
8.15 (1 H, s, ArH), 8.11 (1 H, dd, J 2.4, 10.0, ArH), 7.94-7.91
(2 H, m, ArH), 7.56 (1 H, dd, J 1.2, 8.0, ArH), 7.47 (1 H, dt, J
2.8,7.6, ArH), 7.34 (1 H, dt, J 2.8, 8.8, ArH), 2.62 (3 H, s, CH,);
BC NMR 6. (CDCl,) 161.2 (CF, J 244), 158.7 (CF, J 239), 146.4
(C), 137.9 (C), 130.7 (CH), 130.2 (CH), 129.1 (C, J 8), 125.5 (C,
J 3), 124.5 (C, J 8), 123.3 (CH), 123.2 (CH), 120.2 (CH, J 9),
119.3 (CH, J 9), 118.5 (CH, J 28), 117.2 (CH, J 24), 116.4 (C,
J 11), 109.1 (CH, J 24), 104.5 (CH, J 25), 30.0 (C), 22.0 (CH,);
m/z (ES-HRMS) 319.1006 (M + 1). Caled for C,yH;F,N, (M +
1) 319.1047.

2-Bromo-6-(4-fluoroanilino)-4-methylbenzonitrile 14

2,6-Dibromo-4-methylbenzonitrile 13 (60 g, 0.22 mol), 4-
fluoroaniline (27.2 g, 0.24 mol), cesium carbonate (100 g,
0.28 mol), BINAP (2.7 g, 4.3 mmol) and palladium acetate (0.47 g,
2.1 mmol) were dissolved in toluene (800 mL) under nitrogen and
heated at 100 °C for 12 h. The solvent was then removed under
vacuum and the residue purified by column chromatography,
initially eluting with 20% chloroform-hexane to remove unreacted
13, increasing to 50% chloroform-hexane to elute 14, and finally
neat chloroform to elute 15. Benzonitrile 14 was obtained as white
needles (43 g, 65%), mp 175-176 °C (Found: C, 54.9; H, 3.3; N,
9.1%. C,;H,BrFN, requires C, 55.1; H, 3.3; N, 9.2%); V. /cm™!
3315 (NH), 2223 (C=N), 1608, 1568, 1506, 1210, 820; '"H NMR
oy (CDCl;) 7.21-7.10 (4 H, m, ArH), 6.89 (1 H, d, J 0.4, H-3), 6.67
(1 H,d, J 0.4, H-5),6.28 (1 H, brs, NH), 2.25 (3 H, s, CH;); m/z
(APCI) 305.0/307.0 (M + 1). The di(4-fluoroanilino)benzonitrile
15 was obtained as a white solid (14.6 g, 20%), mp 170-171 °C
(Found: C, 71.5; H, 4.5; N, 12.5%. C,H,sF,Nj; requires C, 71.6;
H, 4.5; N, 12.5%); vmar/cm~' 3321 (NH), 2201 (C=N), 1607, 1578,
1511, 1463, 1219, 819; '"H NMR J,, (CDCl;) 7.17 (4 H, dd, J 2.4,
6.8, ArH), 7.06 (4 H, dd, J 2.4, 6.8, ArH), 6.18 (2 H, d, J 0.2,
ArH), 6.08 (1 H, brs, NH), 2.11 (3 H, s, CH;); m/z (ES-HRMS)
336.1298 (M + 1). Caled for C,)H (F,N; (M + 1) 336.1312.

1-Bromo-7-fluoro-3-methylacridin-9(10 H)-one 16

Benzonitrile 14 (40 g, 0.13 mol) was suspended in 80% sulfuric acid
(200 mL) and heated at 100 °C for 15 h. After cooling, the reaction
mixture was quenched on ice (800 g). The resulting precipitate
was collected, washed with water (200 mL) and allowed to dry.
The yellow solid 16 (34 g, 85%) was used in the next step without
further purification. Physical characteristics of 16: v,,,,/cm™ 3394
(NH), 1629 (CO), 1517, 1205, 838; 'H NMR 4y (["H,]DMSO)
11.81 (1 H, brs, NH), 7.81 (1 H, dd, J 4.0, 12.0, ArH), 7.64 (1 H,
ddd, J 4.0, 8.0, 12.0, ArH), 7.55 (1 H, dd, J 4.0, 8.0, ArH), 7.33
(1H,d,J, ArH), 7.28 (1 H, d, J, ArH), 2.41 (3 H, s, CH;); m/z
(ES) 305.0/307.0 (M + 1).

1-Bromo-7-fluoro-3,10-dimethylacridin-9(10H )-one 17

1-Bromo-7-fluoro-3-methylacridin-9(10H)-one 16 (30 g, 0.1 mol)
was dissolved in DMF (300 mL) and added dropwise over 30 min
to a suspension of sodium hydride (2.6 g, 0.11 mol) in DMF
(150 mL). After stirring at room temperature for 60 min, dimethyl
sulfate (18.5 g, 0.147 mol) was added and stirring continued for a
further 1 h. The reaction mixture was poured carefully into water
(1 L) and the precipitate collected and dried. The resulting yellow
solid was purified by column chromatography (chloroform) to give
17 as a bright yellow powder (25 g, 80%), mp 262-265 °C (Found:
C, 56.3; H, 3.4; N, 4.4%. C;sH,,BrFNO requires C, 56.3; H, 3.5;
N, 4.4%); v /cm™ 1637, 1604, 1501, 1271, 815; '"H NMR oy
[’H{]DMSO 7.83-7.88 (2 H, m, H-5, H-8), 7.69 (1 H, dt, J 9.6,
3.2, H-6),7.62(1 H,d, J 0.8, H-2), 7.40 (1 H, d, J 0.8, H-4), 3.87
(3H, s, NCH,;), 2.45(3H, s, CH;); m/z (ES) 319.7/321.7 (M + 1).

2-(5-Fluoro-2-nitrophenyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane 20

Potassium acetate (6 g, 0.06 mol), bis(pinacolato)diborane
(5.8 g, 0.022 mol) and dichloro[l,1'-bis(diphenylphosphino)-
ferrocene]palladium(ir) (0.9 g, 3 mol%) were added to a solu-
tion of 5-fluoro-2-nitrophenyltrifluoromethane sulfonate® (5.9 g,
0.02 mol) in dioxane (60 mL) under a nitrogen atmosphere. The
resulting solution was stirred at 80 °C for 20 h. After cooling,
the solvent was removed under reduced pressure and the residue
purified by column chromatography (dichloromethane) to give 20
as a pale cream solid (3.8 g, 70%), mp 79-80 °C (from MeOH)
(Found: C, 53.9; H, 5.6; N, 5.1%. C,,H;sBFNO, requires C, 53.9;
H, 5.6; N, 5.29%); v /cm™' 1578, 1526, 1411, 1346; '"H NMR oy
(CDCly) 8.21 (1 H, dd, J 4.8, 10.0, H-3), 7.17-7.28 (2 H, m, H-4,
H-6), 1.43 (12 H, s, 4 x CH,).

7-Fluoro-1-(5-fluoro-2-nitrophenyl)-3,10-dimethylacridin-
9(10H)-one 21

Dichloro[ 1, 1’ - bis (diphenylphosphino ) ferrocene ] palladium (11)
(90 mg, 10 mol%) was added to a solution of 1-bromo-7-
fluoro-3,10-dimethylacridin-9(10H)-one 17 (0.36 g, 1.1 mmol)
and dioxaborolane 20 (0.45 g, 1.7 mmol) in dioxane (10 mL)
under nitrogen. 2 N sodium carbonate (2 mL) was added and
the resulting solution heated at 80 °C for 24 h. The solvent
was removed under vacuum and the residue purified by column
chromatography (chloroform followed by dichloromethane) to
give 21 as a yellow solid (0.2 g, 47%), mp 238-241 °C (Found:
C, 66.0; H, 3.7; N, 7.1%. C, H,,F,N, O; requires C, 66.3; H, 3.7;
N, 7.4%); v /cm~" 1607, 1582, 1507, 1358, 1262, 1209; '"H NMR
on (CDCLL) 8.29 (1 H, dd, J 4.8, 8.8, ArH), 7.99 (1 H, dd, J 3.2,
9.2, ArH), 7.52-7.55 (3 H, m, ArH), 7.21 (1 H, dt, J 2.8, 7.2, 9.2,
ArH), 7.00 (1 H, dd, J 2.8, 8.4, ArH), 6.84 (1 H, d, J 1.2, ArH),
3.98 (3 H, s, NCHj;), 2.58 (3 H, s, CH;); m/z (ES) 380.9 (M + 1).

3,11-Difluoro-6,8-dimethyl-8 H-quino|4,3,2-k/]acridine 5

Tin(1) chloride dihydrate (1.6 g, 7.1 mmol) was added to a solution
of acridinone 21 (0.92 g, 2.3 mmol) in ethanol (10 mL), and
the resulting solution heated under reflux for 2 h. 5 M HCl
(10 mL) was then added, and refluxing continued for a further
15 h. After cooling, the ethanol was removed under vacuum, and
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the aqueous phase basified with 5 M sodium hydroxide (to pH 12).
The resulting precipitate was collected from solution and purified
by column chromatography (1% methanol-chloroform) to leave
5 as an orange solid (0.59 g, 75%), mp 256-258 °C (Found: C,
76.2; H, 4.2; N, 8.1%. C,;H,,F,N, requires C, 75.9; H, 4.3; N,
8.4%); v /cm™! 1619, 1511, 1473, 1236, 1184, 796; '"H NMR dy
[*H,]DMSO 8.35 (1 H, dd, J 3.2, 10.0, ArH), 8.30 (1 H, dd, J 2.8,
10.8, ArH), 7.93 (1 H, s, ArH), 7.90 (1 H, dd, J 6.0, 9.2, ArH), 7.58
(1H,dd, J4.4,9.2, ArH), 7.54-7.44 (2 H, m, ArH), 7.21 (1 H, s,
ArH), 3.66 (3 H, s, NCH,), 2.67 (3 H, s, CH;); m/z (ES-HRMYS)
333.1189 (M + 1). Calcd for C,,H,,F,N, (M + 1) 333.1203.

3,11-Difluoro-6,8,13-trimethyl-8 H-quino|4,3,2-k/]acridinium
methosulfate 3 by methylation of 5

Dimethyl sulfate (0.28 g, 2.26 mmol) was added to a solution of
3,11-difluoro-6,8-dimethyl-8 /-quino[4,3,2-k/]acridine 5 (0.15 g,
0.45 mmol) in nitromethane (5 mL) and heated under reflux for
15 h. After cooling, the solvent was removed under vacuum and
the residue triturated with ice cold acetone. The precipitated solid
was filtered from solution and washed with a small amount of ice
cold acetone to leave 3 as a dark red solid (0.1 g, 48%), identical
(TLC, "H NMR and MS spectrum) to an authentic sample.?

One-pot synthesis of 3,11-difluoro-6,8,13-trimethyl-8 H-
quino[4,3,2-k/]-acridinium methosulfate 3 (Route C) from
1,2-dimethyl-6-fluoroquinolinium methosulfate 23

Triethylamine (10 g, 0.1 mol) was added to a solution of 23 (10 g,
0.035 mol) in nitrobenzene (100 mL) and heated at 120 °C for 24 h.
After cooling, the solvent was removed by vacuum distillation and
the residue purified by column chromatography (1-butanol-acetic
acid-water: 0.6 : 0.15 : 0.25) to leave a dark red solid (2.63 g,
33%), identical (TLC, "H NMR and MS spectrum) to an authentic
sample.®
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The first enantioselective synthesis of C; fluoro-MEP is herein reported. The synthetic pathway
developed takes advantage of a selective hydrofluorination of a 2,3-epoxy-1-alcohol to introduce

the required tertiary fluoride unit.

Introduction

Many biological functions including electron transport in respira-
tion and photosynthesis, hormone-based signalling, the regulation
of transcription and post-translational processes that control lipid
biosynthesis, meiosis, apoptosis, protein cleavage and degradation
are dependent on isoprenoids.

Nature utilises two distinct biosynthetic routes for the synthesis
of isoprenoids. Initially, the mevalonate-dependent pathway was
originally considered the sole source of isopentenyl diphosphate
(IPP) and dimethylallyl diphosphate (DM APP). However, recently
it was determined that in chloroplasts, algae, cyanobacteria,
many species of eubacteria, and apicomplexa, isoprenoids are
synthesised by the 2C-methyl-D-erythritol 4-phosphate (MEP)
pathway, which uses seven enzymes (Fig. 1).!

The MEP pathway starts with the condensation of pyru-
vate and glyceraldehyde 3-phosphate to produce 1-deoxy-D-
xylulose S-phosphate (DOXP) which is then converted to 2C-
methyl-D-erythritol 4-phosphate (MEP) in reactions catalysed by
DOXP synthase and DOXP reductoisomerase respectively. MEP
reacts with CTP to produce 4-diphosphocytidyl-2C-methyl-D-
erythritol (CDP-ME) and pyrophosphate in a reaction catalysed
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Fig. 1

by 2C-methyl-D-erythritol 4-phosphate cytidylyltransferase (MEP
cytidylyltransferase or IspD).?

An ATP-dependent 4-(cytidine 5'-diphospho)-2C-methyl-
erythritol kinase phosphorylates CDP-ME, producing 4-diphos-
phocytidyl-2C-methyl-D-erythritol 2-phosphate (CDP-ME2P).
Next, the CDP-ME2P is converted to 2C-methyl-D-erythritol-2,4-
cyclodiphosphate (MECP) and CMP by MECP synthase (IspF).
The cyclic diphosphate product, MECP, is reduced to 1-hydroxy-
2-methyl-2(E)-butenyl 4-diphosphate by a reductase encoded by
the ispG (formally gep E) gene, then the isp H (or Iyt B) gene product
converts the butenyl diphosphate to both isopentenyl diphosphate
(IPP) and dimethylallyl diphosphate (DMAPP) (Fig. 1).

The diseases caused by organisms dependent on the MEP
pathway include tuberculosis, infections of the upper respiratory
tract, a range of sexually transmitted infections, toxoplasmosis,
coccidiosis in poultry, and malaria.®* Furthermore, since the MEP
pathway is not present in animal cells, its selective inhibition could
provide the opportunity to develop selective anti-parasitic and
herbicidal agents.*

Thus, it is not surprising that intermediates of the MEP pathway
and their labelled forms have been considered as a starting
point for the development of biological chemistry tools and
potential therapeutic leads through both synthetic and biological
methods.>*

However, despite a significant amount of synthetic interest,
the numbers of MEP analogues available are fairly limited.
This is perhaps not surprising considering the densely packed
functionality within a small carbon framework. This is further
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The non-mevalonate pathway.
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complicated by the presence of the tertiary C; hydroxyl-bearing
stereocentre in MEP 1 (Fig. 2).

WOH 9 WX o
O-P-OH 0-P-OH
OH OH O~ OH OH O~
1 2

Fig.2 MEP 1 and putative MEP analogue 2.

In the first instance, we have decided to focus on the replacement
of the MEP C; tertiary hydroxyl unit for a fluorine moiety.”
A readily available fluoro-MEP 3 analogue might be able to
inhibit the cytidyltransferase step (IspD) of the pathway through
competitive inhibition. However, since the C; fluorine is at a
non-reactive position at this stage, there is the possibility that
it could undergo a conversion with cytidylyltransferase (IspD)
and be incorporated into the pathway to generate fluoro-CDP-
ME 4. Fluoro-CDP-ME would then become an inhibitor of the
kinase step of the pathway (IspE), as phosphorylation would not
be possible, thus preventing the pathway from proceeding any
further. This would open the possibility of selectively probing two
steps of the MEP pathway with a single chemical probe (Scheme 1).

oF 9 IspD
0-P-OH ——
OH OH OH
F-MEP 3 NH,
'
F O O
\ I ] O~ N IspE
0--0-F—0 S/
OH OH OH OH 0
F-CDP-ME 4 H H
OH OH
Scheme 1 Potential fluoro-MEP incorporation.

We originally envisioned the highly functionalised fluoro-
MEP unit 3 originating from the suitably protected fluoro-
erythrol unit 5. The erythrol unit 5 could then be anticipated from
the regio- and stereoselective ring opening of epoxide 6 by fluoride
ion (Scheme 2).

oF 9 wF
O-P-OH — OR
OH OH o~ OR" OR'

3 5
— HOV£>/\OR — HO\)\AOR
6 7
Scheme 2 Retrosynthetic analysis.

Results and discussion

Our synthesis began with readily available p-methoxybenzyl
alcohol 8, which was allylated and the resulting allyl ether
ozonolysed to afford the PMB-protected acetaldehyde 9. Wittig
olefination of acetaldehyde 9 then proceeded cleanly to generate
the E conjugated ester as a single diastereomer, which upon

OH ap A~ cd
Meo©/\ 83% PMBO CHO 7%

8 9
HOJ\A _e . HOJ%
OPMB —g15; T>"opus
10 1

Scheme 3 Reagents and conditions: a) allyl bromide, NaH, TBAI, THF,
0 °C; b) O;, DMS, CH,Cl,, —78 °C; ¢) Ph;PC(Me)CO,Et, PhH, 80 °C;
d) Dibal-H, Et,0, 0 °C; ¢) b-(—)-DIPT, Ti(OiPr),, tBuOOH, —20 °C.

reduction provided us with the desired allylic alcohol precursor
10 in excellent overall yield (Scheme 3).

Finally, an asymmetric epoxidation controlled by a Sharpless
reagent proceeded in excellent yield and high enantioselectivity to
provide us with the key epoxide intermediate 11.%

At this point, we were faced with the most crucial step of the
synthesis in which we would attempt to regio- and stereoselectively
hydrofluorinate the 2,3-epoxy-alcohol ring at the C, position.
Whilst there have been some reports for enhanced C; epoxide
openings with fluorine to generate the 3-fluoro-1,2-diols, the
conditions for the generation of the 2-fluoro-1,3-diols have not
been developed to the same extent.”® As far as we are aware,
the only work in the area of C, fluorination was reported by
Mikami, in which mixtures of C, and C; fluorination products
were obtained using various mixtures of Lewis acids and fluorine
sources. Furthermore, to the best of our knowledge Mikami’s
study did not extend to the synthesis of tertiary fluorides, which
were required as part of our synthesis."

Unfortunately, treatment of epoxy-alcohol 11 under Mikami
and Yoneda’s conditions failed to generate any of the desired
tertiary fluoride adduct, causing instead material decomposition.
However, treatment of our epoxy-alcohol intermediate 11 with tri-
ethylamine trihydrofluoride cleanly generated the desired fluoro-
erythrol compound 12 in high yield and with complete regio- and
stereocontrol (Scheme 4).2 To the best of our knowledge, this is
the first time that trisubstituted epoxy-alcohols have been used to
generate the corresponding tertiary 2-fluoro-1,3-diols.

HO\/BA a HOQ{(\ b K((
—_— OPMB ———
o OPMB 74%

OH [ONge]
11 12 PO
Me

o)
O F
\f OPMB

13 \_/H Significant nOes

Scheme 4 Reagents and conditions: a) TEA-3HF, 100 °C; b) 2-
methoxypropene, CSA, CH,Cl,, RT.

Protection of the newly generated 1,3-diol afforded the dimethyl
ketal 13, which proved invaluable in corroborating the relative
stereochemistry through 2-dimensional NOE studies (Scheme 4).

Having obtained the differentially protected fluoro-triol 13,
we switched our attention to the selective removal of the PMB
protecting group. Unfortunately, despite a significant amount
of experimentation, the highest yielding deprotection conditions
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involving DDQ afforded the desired primary alcohol 14 in 12%
yield (Scheme 5).

HO oPMB —2~ ‘/<|AOPMB b .
12%

OH 0.0

12 PO >C
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AcO OAc AcO OH
15 16

Scheme 5 Reagents and conditions: a) 2-methoxypropene, CSA, CH,Cl,,
RT; b) DDQ, CH,Cl,, 0 °C to RT; ¢) Ac,0, Py, RT.

Faced with this disheartening low yield for the PMB removal
step, a different protecting group strategy had to be devised. Thus,
acetylation of the diol intermediate 12 proceeded to generate
the expected bis-acetate 15 in excellent yield. Unfortunately,
PMB removal under the previously developed conditions cleanly
produced the secondary alcohol 16 in good yield, which can be
easily explained through a simple 1,2-acetate migration of the
primary alcohol intermediate (Scheme 5). However, protection of
the diol intermediate 12 as the bis-TBS ether 17 proceeded in
good yield despite the amount of steric hindrance being built into
the system. Gratifyingly, PMB removal under carefully monitored
conditions cleanly provided us with the desired primary alcohol
18 with an improved yield (Scheme 6)."

F, F,
HO\Alﬁ a K(l/\ b
OPMB m» OPMB 83%

OH TBSO OTBS
12 17
E E '5
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F o] E, o o
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OH OH OH OH
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Scheme 6 Reagents and conditions: a) TBSOTT, 2,6-lutidine, 0 °C;
b) SnCl,, PhSH, 0 °C; ¢) (EtO),P(O)I, Py; d) 90% TFA, 0 °C; ¢) TMSBEr,
CH,Cl,, 0 °C.

The newly obtained primary alcohol 18 was then treated with
diethyl iodophosphate to sucessfully generate the desired phos-
phate unit 19 in high yield.** Finally, carefully controlled removal
of both TBS groups generated the diol 20, which upon phosphate
hydrolysis then provided us with the desired enantiomerically pure
fluoro-MEP analogue 3 in excellent yield.

Conclusions

In conclusion, we have now reported the synthesis of the first C,
MEP analogue reported to date, taking advantage of a regio- and
stereoselective C,-epoxide hydrofluorination reaction.

Efforts in our group are currently underway to explore the
biological effects of the fluoro-MEP unit on the non-mevalonate
pathway and on co-crystallisation studies. We are also currently
developing the synthesis of other MEP analogues, as well as ex-
ploring the scope and limitations of the epoxide hydrofluorination
reaction for the generation of tertiary 2-fluoro-1,3-diol units.

Experimental
General methods

All reactions were performed in oven-dried glassware under an
inert argon atmosphere. Anhydrous DMF was purchased from
Aldrich Chemical Co. Tetrahydrofuran (THF), diethyl ether, and
dichloromethane (DCM) were distilled before use. Anhydrous
dichloromethane (DCM) was obtained by refluxing over calcium
hydride for one hour, followed by distillation under argon.
Anhydrous THF and diethyl ether were obtained by refluxing
over sodium-benzophenone for one hour, followed by distillation
under argon. All reagents were used as received, unless otherwise
stated. Solvents were evaporated under reduced pressure at 40 °C
using a Buchi Rotavapor.

IR spectra were recorded either as thin films on NaCl plates
using a Perkin—Elmer Spectrum BX Fourier Transform spectrom-
eter. Only significant absorptions (v,,,) are reported in wavenum-
bers (cm™'), with the following abbreviations used to describe
absorption intensity: w, weak; m, medium; s, strong and br, broad.

'"H NMR spectra were recorded at 500 MHz using a Bruker
Avance500 instrument. Chemical shifts (dy) are reported in parts
per million (ppm), and are referenced to the residual solvent peak.
The order of citation in parentheses is (1) number of equivalent
nuclei (by integration), (2) multiplicity (s = singlet, d = doublet,
t = triplet, q = quartet, qn = quintet, m = multiplet, br =
broad), (3) coupling constant (J) quoted in Hertz to the nearest
0.5 Hz, and (4) assignment. *C NMR spectra were recorded at
75.1 or 125.7 MHz using Bruker DPX300 or Bruker Avance500
instruments. "F NMR spectra were recorded at 376 MHz using
Bruker DPX400 instruments and are referenced to CFCl,. The
YF NMR data was acquired both in coupled and decoupled
mode, with the single decoupled signal being reported. Phosphorus
magnetic resonance spectra (*'P) were recorded at 121 MHz using
a Bruker Avance500 instrument. Chemical shifts () are quoted
in parts per million (ppm) and are referenced to the appropriate
solvent peak. The assignment is quoted in parentheses.

High resolution mass spectra were recorded on a Bruker Mi-
croTOF spectrometer by electrospray ionisation mass spectrome-
ter operating at a resolution of 15000 full widths at half height.

Flash chromatography was performed using silica gel (Apollo
Scientific Silica Gel 60, 40—63 micron) as the stationary phase. TLC
was performed on aluminium sheets pre-coated with silica (Merck
Silica Gel 60 F,s,). The plates were visualised by the quenching
of UV fluorescence (A, 254 nm) and/or by staining with either
anisaldehyde or potassium permanganate followed by heating.

(4-Methoxybenzyloxy)acetaldehyde, 9. A solution of 4-
methoxybenzyl alcohol 8 (33 g, 0.24 mol) in THF (50 mL) was
added to a suspension of previously washed sodium hydride (60%
oil dispersion, 8.59 g, 0.36 mol) in dry THF (550 mL) at 0 °C,
and the mixture was stirred for 30 min. Allyl bromide (60 mL,
0.70 mol) and tetrabutylammonium iodide (4.22 g, 11.42 mmol)
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were then added at 0 °C. The reaction was allowed to warm up
to room temperature and was then stirred overnight. The reaction
mixture was then extracted with dichloromethane (500 mL) and
water (300 mL). The organic layer was dried over magnesium
sulfate and the filtrate was evaporated to give 1-allyloxymethyl-
4-methoxybenzene (41 g, 96%); Ry [light petroleum—ether (7 : 3)]
0.65; vy (film) 1613 (C=C); J,; (300 MHz, CDCl;) 7.14 (2 H, d,
J 8.6, 3,5-H; Ar), 6.74 (2 H, d, J 8.6, 2,6-H; Ar), 5.82-5.77 (1 H,
m, CH), 5.20-5.13 (1 H, dd, J 10.5 and 1.5, CH,Hy), 5.08-5.04
(1 H,dd, J 10.5 and 1.4, CH, Hy), 4.31 (2 H, s, Ar-CH,), 3.86 (2
H, d, J 5.6, OCH,) and 3.64 (3 H, s, OCH,); d. (75 MHz, CDCl;)
159.6, 135.3,130.9, 129.8, 117.4,114.3,72.2,71.3 and 55.6 (Found
MNa*, 201.0886. C,,H,NaO, requires 201.0994).

A solution of freshly prepared I-allyloxymethyl-4-methoxy-
benzene (17.43 g, 0.10 mol) in dichloromethane (800 mL), was
treated with ozone at —78 °C until the blue colour of ozone
endured. At this point, argon was bubbled through until the blue
colour disappeared. Methyl sulfide (120 mL, 1.63 mol) was then
added to the solution and the resulting mixture stirred until TLC
analysis indicated reaction completion (ca. 3 h). The solvents were
evaporated under vacuum, and the crude residue purified by flash
column chromatography (silica gel, light petroleum—ether (4 : 6))
to generate the desired glycoaldehyde 9 asa clear oil (15.12 g, 86%);
R [light petroleum—ether (4 : 6)] 0.27; vy, (film) 1732 (C=0); oy
(500 MHz, CDCl;) 10.2 (1 H, s, CH), 7.23 (2 H, s, 3,5-H; Ar), 6.79
(2H,s, 2,6-H; Ar), 4.78 (2 H, s, CH,), 4.23 (2 H, s, CH,) and 3.65
(3 H, s, CH;); o (125 MHz, CDCl;) 200.7, 163.1, 129.6, 128.8,
114.0, 75.0, 73.4 and 55.6 (Found MNa*, 203.0679. C,,H,,NaO,
requires 203.0786).

4-(4-Methoxybenzyloxy)-2-methylbut-2-en-1-0l, 10. A solu-
tion of (4-methoxybenzyloxy)acetaldehyde 9 (20 g, 0.11 mol)
in benzene (700 mL) was treated with (carbethoxyethyli-
dene)triphenylphosphorane (58.5 g, 0.16 mol) and was refluxed
overnight. The solvent was evaporated under vacuum, and the
crude residue triturated with diethyl ether. The mixture was then
filtered to remove the solid triphenylphosphine oxide, and the
filtrate was then evaporated under vacuum to give the desired
(2E)-4-(4-methoxybenzyloxy)-2-methylbut-2-enoic acid ethyl es-
ter (23.6 g, 81%); R [DCM] 0.33; v, (film) 1625 (C=C) and 1715
(C=0); 4 (300 MHz, CDCl,) 7.3 (2 H, d, J 8.4, 3,5-H; Ar), 6.93—
6.87 (3 H, m, CH and 2,6-H; Ar), 4.50 (2 H, s, Ar-CH,), 4.26-4.12
(4 H, m, 2 x CH,), 3.83 (3 H, s, OCHj;), 1.85 (3 H, s, CH;) and
1.32(3H,t,J 7.2, CH,); 6 (75 MHz, CDCl;) 167.9, 159.7, 138.4,
130.2, 129.9, 129.8, 114.2, 72.8, 66.9, 61.1, 55.7, 14.6 and 13.2
(Found MNa*, 287.1254. C,sH,NaO, requires 287.1362).

Diisobutylaluminium hydride (155 mL, 1 M in hexane) was
added to a solution of 4-(4-methoxybenzyloxy)-2-methylbut-2-
enoic acid ethyl ester (15.4 g, 58.3 mmol) in dry ether (300 mL)
at 0 °C, and the resulting reaction mixture was stirred at 0 °C for
1 h. Water (3 mL) was added, and the resulting white precipitate
stirred for 1 h at room temperature. The crude mixture was then
filtered through Celite and the filtrate evaporated under vacuum
to afford 4-(4-methoxybenzyloxy)-2-methylbut-2-en-1-ol 10 as a
clear oil (12.35 g, 95%); Re [DCM] 0.21; vy, (film) 1612 (C=C)
and 3390 (O-H); oy (300 MHz, CDCl;) 7.17 (2 H, d, J 8.7, 3,5-H;
Ar), 6.78 (2 H, d, J 8.7, 2,6-H; Ar), 5.75-5.51 (1 H, m, CH), 4.34
(2 H, s, Ar-CH,), 3.95 (2 H, d, J 7.3, CH,), 3.88 (2 H, s, CH,),
3.70 (3 H, s, OCHs;), 2.47 (1 H, s, OH) and 1.55 (3 H, s, CH,);

dc (75 MHz, CDCl;) 159.6, 139.7, 130.8, 129.8 (2 x CH), 121.6,
114.5 (2 x CH), 72.4, 68.2, 66.6, 55.7 and 14.3 (Found MNa*,
245.1148. C;H yNaO; requires 245.1256).

[3-(4-Methoxybenzyloxymethyl)-2-methyloxiranyljmethanol, 11.
Diethyl L-tartrate (3.60 mL, 21.1 mmol) and titanium(1v) iso-
propoxide (5.14 mL, 17.4 mmol) were added to a flask charged
with activated powdered 4 A molecular sieves (3 g) in dry
dichloromethane (180 mL) at —23 °C. The mixture was stirred
while zert-butyl hydroperoxide (23.6 mL, 5-6 M in decanes) in dry
dichloromethane (60 mL) was added dropwise, and the resulting
solution was stirred for 30 min at —23 °C. A solution of 4-(4-
methoxybenzyloxy)-2-methylbut-2-en-1-o0l 10 (10 g, 45.1 mol) in
dry dichloromethane (50 mL) was then added slowly, and the
resulting reaction mixture was stirred for 6 h at —23 °C. The
reaction was then quenched with water (98.1 g; 20 times the
weight of the titanium(1v) isopropoxide used) and was stirred for
a further 40 min, while allowing the suspension to warm to room
temperature. To hydrolyse the tartrate, a 30% aqueous solution
of sodium hydroxide saturated with sodium chloride was added
and the biphasic mixture was stirred vigorously for 30 min. The
mixture was filtered through a pad of silica and Celite to break
up the emulsion, and the phases were separated. The aqueous
phase was extracted with dichloromethane (2 x 100 mL), the
combined organic extracts were dried over magnesium sulfate
and the filtrate was evaporated under vacuum. The residue was
purified by flash chromatography on silica gel eluting with light
petroleum—ether (3 : 7) to give [3-(4-methoxybenzyloxymethyl)-2-
methyloxiranyllmethanol 11 (9.72 g, 91%, >90% ee); R [DCM]
0.13;[a]lp —4 (¢=0.1, DCM); v, (film) 3390 (O-H); dy; (300 MHz,
CDCl;) 7.20 (2 H, d, J 8.6, 3,5-H; Ar), 6.81 (2 H, d, J 8.6, 2,6-H;
Ar),4.51 (1 H,d,J11.5,CH,)4.40 (1 H,d, J 11.5,CH,), 3.73 (3
H, s, OCH;), 3.64-3.46 (4 H, m, CH, CH, and CH ,Hj), 3.23-3.20
(1 H, dd, J 6.1 and 4.5, CH,H3)), 2.10 (1 H, bs, OH) and 1.19
(3 H, s, CH;); d¢ (75 MHz, CDCl;) 159.7, 130.2, 130.0 (2 x CH),
114.2 (2 x CH), 73.3, 68.5, 65.5, 60.6, 58.6, 55.7 and 14.7 (Found
MNa*, 261.1097. C;;H ;NaO, requires 261.1205).

2-Fluoro-4-(4-methoxybenzyloxy)-2-methylbutane-1,3-diol,  12.
Triethylamine trihydrofluoride (35 mL, 220 mmol) and [3-
(4-methoxybenzyloxymethyl)-2-methyloxiranyljmethanol 11
(12.72 g, 53.5 mmol) were refluxed at 100 °C for 20 h. The
mixture was then cooled down to room temperature, poured
into chloroform (190 mL) and neutralised with sat. sodium
hydrogen carbonate. The organic layer was separated, dried over
magnesium sulfate and the solvent was evaporated under vacuum.
The crude residue was then purified by flash chromatography on
silica gel eluting with 100% diethyl ether to afford the desired
2-fluoro-4-(4-methoxybenzyloxy)-2-methylbutane-1,3-diol 12 as
a yellow oil (10.15 g, 74%); R [DCM] 0.11; [a]p, —14 (¢ = 0.1,
DCM); vy (film) 3408 (O-H); 64 (300 MHz, CDCl;) 7.28 (2 H,
d, J 8.4, 3,5-H; Ar), 6.91 (2 H, d, J 8.5, 2,6-H; Ar), 4.53 (2 H, s,
CH,), 4.09-4.03 (1 H, m, CH), 3.83 (3 H, s, OCH,), 3.78-3.55
(4H, m, 2 x CH,), 2.69 (2 H, bs,2 x OH) and 1.32 (3 H, d, Jur
22.6, CFCH;); o (75 MHz, CDCl;) 164.1, 130.0, 129.9 (2 x CH),
114.3 (2 x CH), 97.3 (d, Jer 171.2), 73.7, 71.9 (d, J 5 26.8), 70.1,
66.5 (d, Jer 24.1), 55.7 and 17.7 (d, J¢r 22.5); 0r (376.4 MHz,
CDCl;, CFCl;) —162.8 (Found MNa*, 281.1148. C;;H;,;FNaO,
requires 281.1267).

100 | Org. Biomol. Chem., 2007, 5, 97-102

This journal is © The Royal Society of Chemistry 2007





1-]2,4-Bis(zert-butyldimethylsilanyloxy)-3-fluoro-3-methylbut-
oxymethyl]-4-methoxybenzene, 17.  fert-Butyldimethylsilyl triflu-
oromethanesulfonate (2.7 mL, 11.76 mmol) and 2,6-lutidine
(1.82 mL, 15.6 mmol) were added to a solution of 2-fluoro-4-(4-
methoxybenzyloxy)-2-methylbutane-1,3-diol 12 (1.0 g, 3.87 mmol)
in dry dichloromethane (76 mL) at —78 °C. The solution was
stirred for 1 h at —78 °C and was then quenched with a (1 : 1) mix-
ture of concentrated pH 7 buffer and water at —78 °C. The mixture
was then allowed to warm to room temperature over 30 min, the
organic layer was separated and the aqueous layer was extracted
with dichloromethane (3 x 40 mL). The combined organic layers
were then dried over sodium sulfate, and the solvent removed
under vacuum. The crude residue was then purified by flash col-
umn chromatography on silica gel eluting with 10% ether in light
petroleum ether to give 1-[2,4-bis-(tert-butyldimethylsilanyloxy)-
3-fluoro-3-methylbutoxymethyl]-4-methoxybenzene 17 as a clear
oil (1.85 g, 98%); Ry [light petroleum—ether (9 : 1)] 0.83; [a], —4.2
(¢ =1, DCM); vy (film) 2954 (Ar—H); 6y (500 MHz, CDCl;) 7.24
(2 H, d, J 8.7, 3,5-H; Ar), 6.85 (2 H, d, J 8.7, 2,6-H; Ar), 4.41
(2 H, s, CH,), 4.07-4.04 (1 H, m, CH), 3.78 (3 H, s, OCHj;), 3.68—
3.63 (1 H, m, CH, H}), 3.62-3.60 (2 H, m, CH,), 3.42-3.38 (1 H,
m,CH,Hj), 1.19(3H, d, Jur 22.0, CFCH;), 0.88 (9 H, s, 3 x CHj;),
0.85(9 H, s, 3 x CH;), 0.07 (3 H, s, CH;), 0.06 (3 H, s, CH;), 0.05
(3 H, s, CH;) and 0.00 (3 H, s, CH;); d. (125 MHz, CDCl;) 159.0,
130.4, 129.2 (2 x CH), 113.7 (2 x CH), 97.3 (d, J¢r 172.7), 72.9,
72.7 (d, Jor 27.2), 72.0 (d, Jcr 4.5), 65.7 (d, Jcr 24.7), 25.7 (3 x
CH;), 25.6 (3 x CH;), 18.2, 18.1, 17.3 (d, Jr 22.7), —2.9, —4.1,
—5.0 and —5.2; 0§ (376.4 MHz, CDCl;, CFCl;) —158.96 (Found
MNa*, 509.2880. C,;H,,FNaO,Si, requires 509.2889).

2,4-Bis(tert-butyldimethylsilanyloxy)-3-fluoro-3-methylbutan-1-
ol, 18. A —78 °C solution of 1-[2,4-bis(zert-butyldimethylsilan-
yloxy)-3-fluoro-3-methylbutoxymethyl]-4-methoxybenzene 17
(1.37 g, 2.82 mmol) and thiophenol (0.36 mL, 3.51 mmol) in
dry dichloromethane (18 mL) was treated with tin(1v) chloride
(2.91 mL, 1 M solution in dichloromethane). The reaction mixture
was stirred at —78 °C for 20 min and was then quenched with
saturated sodium hydrogen carbonate (15 mL). The aqueous layer
was extracted with DCM (2 x 30 mL), the combined organic
layers were dried over sodium sulfate, and the solvent removed
under vacuum. The crude residue was purified by flash column
chromatography on silica gel eluting with DCM to give the desired
2,4-bis(tert-butyldimethylsilanyloxy)-3-fluoro-3-methylbutan-1-
ol 18 as a clear oil (0.86 g, 83%); Ry [light petroleum—ether (9 : 1)];
[alp —2.4 (¢ = 1, DCM); vy, (film) 3300 (O-H); dy (500 MHz,
CDCl;) 3.92-3.88 (1 H, m, CH), 3.67-3.53 (4 H, m, 2 x CH,),
2.22 (1 H, bs, OH), 1.21 (3 H, d, Jyu 22.3, CFCH;), 0.84 (9 H, s,
3 x CH;),0.83 (9 H, s, 3 x CH;), 0.06 (3 H, s, CH;), 0.05 (3 H, s,
CHs;), 0.01 (3 H, s, CH;) and 0.00 (3 H, s, CH;); 6 (125 MHz,
CDCly) 97.8 (d, Jer 171.5), 73.8 (d, Jer 26.2), 65.3 (d, Jr 26.2),
63.1 (d, Jer 5.5), 25.9 (6 x CHj;), 18.3, 18.2, 17.9 (d, J¢r 22.9),
—4.6, —4.9, —5.4 and —-5.6; Jr (376.4 MHz, CDCl;, CFCl,)
—160.0 (Found MH*, 367.2494. C,;H, FO;Si, requires 367.2495).

Phosphoric acid 2,4-bis(tert-butyldimethylsilanyloxy)-3-fluoro-
3-methylbutyl ester diethyl ester, 19. Todine (0.20 g, 0.79 mmol)
was added to a solution of triethyl phosphite (0.15 mL, 0.88 mmol)
in dry DCM (2 mL) at 0 °C, and the solution was stirred for
20 min at 0 °C and then for 1 h at room temperature. The freshly
made phosphorylation agent was then added slowly to a round-

bottomed flask containing 2,4-bis(zerz-butyldimethylsilanyloxy)-
3-fluoro-3-methylbutan-1-ol 18 (0.28 g, 0.77 mmol) and pyridine
(0.25 mL, 3.09 mmol) in dry DCM (10 mL) at —40 °C. The
reaction was allowed to warm up to room temperature and stirred
for 2 h. The mixture was then washed with a solution of 3%
KHSO, (10 mL), saturated NaHCO; (10 mL), and brine (10 mL).
The organic layer was then dried over magnesium sulfate and
the solvent was removed under vacuum. The crude residue was
then purified by flash chromatography on silica gel eluting with
diethyl ether—petroleum ether (40-60) (7 : 3) to give the expected
phosphoric acid 2,4-bis(fert-butyldimethylsilanyloxy)-3-fluoro-3-
methylbutyl ester diethyl ester 19 as a yellow oil (0.3 g, 78%); Rr
[DCM] 0.12; [a]l, —=7.7 (¢ = 1, DCM); vy (film) 1265 (P=0); oy
(500 MHz, CDCl;) 4.19-4.16 (1 H, m, CH), 4.09-4.04 (5 H, m,
2 x CH, and CH ,\Hy), 3.90-3.84 (1 H, m, CH, H3), 3.61-3.54 (2
H, m, CH,), 1.29-1.26 (6 H, m, 2 x CHj;), 1.17 3 H, d, Jur 5.7,
CFCH;), 0.85 (9 H, s, 3 x CHj;), 0.82 (9 H, s, 3 x CHj;), 0.07 (3
H, s, CH;), 0.04 (3 H, s, CH,), 0.01 (3 H, s, CH;), 0.00 (3 H, s,
CH.); d¢ (125 MHz, CDCl;) 96.7 (d, Jor 173.3), 72.5 (d, J¢r 9.0),
68.8(d, Jcr 11),65.4 (d, Jer 25.2), 63.8,63.7,25.8 (6 x CH,), 18.3,
18.1, 17.3 (d, Jer 22.4), 16.2, 16.1, —4.4, —5.1, —5.3 and —-5.5;
or (376.4 MHz, CDCl;, CFCl;) —162.3; J; (200.2 MHz, CDCl,)
—0.96 (Found MH", 503.2782. C,,H,yFO4PSi, requires 503.2784).

Phosphoric acid diethyl ester 3-fluoro-2,4-dihydroxy-3-methyl-
butyl ester, 20. A solution of phosphoric acid 2.4-bis(zert-
butyldimethylsilanyloxy)-3-fluoro-3-methylbutyl ester diethyl es-
ter 19 (0.27 g, 0.54 mmol) in dichloromethane (4 mL) was
treated with 90% TFA (2.5 mL) at room temperature, and the
resulting mixture stirred for 30 min. The volatile solvents were
then evaporated and the crude residue was co-evaporated with
toluene and finally purified by flash chromatography on silica gel
eluting with 10% methanol in DCM to give phosphoric acid diethyl
ester 3-fluoro-2,4-dihydroxy-3-methylbutyl ester 20 as a clear oil
(0.11 g, 75%); Rz [DCM-MeOH (9 : 1)] 0.63; [a]lp —5.4 (¢ =1,
DCM); vy (film) 3412 (O-H) and 1266 (P=0); d, (500 MHz,
CDCl;) 4.24-4.19 (1 H, m, CH), 4.13-4.01 (6 H, m, 3 x CH,),
3.76-3.57 (2 H, m, CH,), 1.29 (6 H, t, J 7.1, 2 x CH;) and 1.20 (3
H, d, Jur 22.3, CFCH;); d¢ (75 MHz, CDCl;) 96.1 (d, Jcr 170.7),
70.9 (d, Jer 29.1), 68.7 (d, Jcr 5.9), 66.3 (d, Jeor 23.1), 64.4, 64.3,
16.6 (d, Jcr 22.6), 16.1 and 16.0; d¢ (376.4 MHz, CDCl;, CFCl,)
—163.4; 9, (200.2 MHz, CDCl;) —0.10 (Found MH*, 275.1063.
CyH, FO(P requires 275.1054).

Phosphoric acid 3-fluoro-2,4-dihydroxy-3-methylbutyl ester, 3.
Trimethylsilyl bromide (0.69 mL, 5.31 mmol) was added to a
solution of phosphoric acid diethyl ester 3-fluoro-2,4-dihydroxy-
3-methylbutyl ester 20 (0.22 g, 0.80 mmol) in dichloromethane
(3 mL), and the resulting mixture stirred at room temperature for
24 h. The volatile solvents were then evaporated and a 1 : 1 solution
of ethanol and water (4 mL) was added to the residue. After 30 min,
the solvents were evaporated under vacuum, and this procedure
was repeated three times. Finally, the crude residue was purified
by flash chromatography on silica gel Cs-reversed phase eluting
with 10% methanol in DCM to generate the phosphoric acid 3-
fluoro-2,4-dihydroxy-3-methylbutyl ester 3 as a clear oil (94 mg,
54%); Rr [DCM-MeOH (3:7)] 0.39; [a]p —7 (¢ = 0.1, DCM); Vpux
(film) 3300 (O-H); 6y (300 MHz, DMSO) 7.90-5.77 (4 H, bs, 4 x
OH), 4.01-3.91 (1 H, m, CH), 3.92-3.71 (2 H, m, CH,), 3.52-2.28
(2H,m,CH,)and .14 (3H, d, J 22.7, CH;); 0 (75 MHz, DMSO)
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99.6 (d, Jer 171.2), 70.7 (d, Jer 25.8), 66.6, 64.4 (d, Jer 23.1)
and 17.2 (d, Jer 23.1); d¢ (376.4 MHz, CDCl;, CFCl;) —160.9;
Jp (200.2 MHz, CDCl;) 0.91 (Found MH~ 217.0272. C;H,;FO.P
requires 217.0277).
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A highly effective one-pot Friedlander quinoline synthesis
using inexpensive reagents has been developed. o-Nitroaryl-
carbaldehydes were reduced to o-aminoarylcarbaldehydes
with iron in the presence of catalytic HCI (aq.) and subse-
quently condensed in situ with aldehydes or ketones to form
mono- or di-substituted quinolines in high yields (66—-100%).

The quinoline moiety is present as a substructure in a broad range
of both natural and unnatural biologically active compounds,
most notably within antimalarial agents.! Due to such biological
importance, quinoline derivatives have become the synthetic
targets of many organic and medicinal chemistry groups,® and
new methods for constructing the quinoline ring appear regularly
in the literature.* Among these are new methodologies, modifi-
cations or improvements to the traditional Friedldnder quino-
line synthesis.* The traditional Friedlinder synthesis consists of
two separate steps: the reduction of an o-nitroarylcarbaldehyde
to an o-aminoarylcarbaldehyde and then condensation of the
isolated o-aminoarylcarbaldehyde with a carbonyl compound
under either basic or acidic conditions. A complicating factor
for this stepwise procedure is the relative instability of the
intermediate o-aminoarylcarbaldehyde, which can readily undergo
self-condensation. This potential issue has prompted many labo-
ratories to attempt to make improvements to this reaction,* in
particular through the use of one-pot reactions,*?** which negate
the need for isolation of the intermediate aniline, are also less time-
and labor-intensive than stepwise reactions, and usually afford
higher yields.

A recent one-pot method, developed by Miller and Mc-
Naughton, uses SnCl, as the reducing agent and ZnCl, as
the condensation promoter.* Under these conditions a variety
of substituted o-nitrobenzaldehydes were reacted with aliphatic
ketones and reported to afford alkyl-derived quinoline products
in high yields. As part of our ongoing drug discovery efforts, we
required an efficient and practical method to access a variety of
diverse 2-arylquinoline building blocks. We began by applying
Miller’s method to acetophenone but found it to be limited
in application, affording only a trace amount of the desired
aryl-derived quinoline product. Consequently, we embarked on
establishing a new, one-pot procedure, which would be applicable

Department of Cancer Chemistry, OSI Pharmaceuticals, Inc., 1 Bio-
science Park Drive, Farmingdale, NY, 11735, USA E-mail: ali@osip.com,
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T Electronic supplementary information (ESI) available: Experimental
details. See DOI: 10.1039/b613775j

for such aromatic substrates. Herein, we report a simple, efficient
and practical one-pot quinoline synthesis using inexpensive and
readily available reagents.

It is well-known that a nitro group can be reduced to an
amino group using iron under acidic conditions. We found that
o-nitrobenzaldehyde (1) was successfully and cleanly converted
into o-aminobenzaldehyde (2) using 10 equivalents of iron in the
presence of aq. HCI (20 mol%) in refluxing EtOH in just 30 min.
The solids were removed by filtration and the filtrate was treated
with ketone 3 and powdered KOH (3 eq.). After stirring at reflux
for 40 min, 2-(4-pyridyl)quinoline (4) was obtained in quantitative
yield (Scheme 1).

©iCHO Fe, HCl(ag, cat) @CHO — B
N A
NO, EtOH, reflux NH, | KOH(s), reflux L\
1 2 4 (yield: 100%)

Scheme 1

This result encouraged us to explore the possibility of one-pot
operations where intermediate 2 was not isolated. After several
attempts, we developed a successful one-pot synthesis described
hereafter. o-Nitrobenzaldehyde was reduced with 4.5 equivalents
of iron powder in the presence of 5 mol% of HCI (aq.) in EtOH
under reflux. The reduction was usually complete in 30-40 min
(monitored by TLC), after which 1.0 equivalent of a ketone or
aldehyde and 1.2 equivalents of KOH powder were added. After
stirring under reflux for an additional 40-60 min, the condensation
reaction was complete. A typical aqueous workup followed by
chromatography over silica gel or recrystallization afforded the
desired quinoline products in high yields.* The procedure was
successfully applied to a broad variety of ketones and aldehydes,
the results from which are summarized in Table 1.

A broad range of o-nitroarylcarbaldehydes and carbonyl com-
pounds was examined in our new one-pot procedure (Table 1).
In comparison with Miller’s acidic conditions,* our procedure
worked not only with aliphatic ketones but also with a wide variety
of other ketones, including aromatic (entries 1-3, 11-14), het-
eroaromatic (entries 4 and 5), and o,B-unsaturated (entry 6) ones.
As a result, 2-alkyl, 2-(het)aryl-, 2-phenylethenyl-, 2-carboxyl-,
2,3-dialkyl-, and 2-phenyl-3-methoxyquinolines can be prepared
in good to excellent yields. It is especially noteworthy that even
an aldehyde containing an active methylene can be successfully
used for condensation (entry 15). This result further demonstrates
the versatility of the reaction and allows for the preparation of
3-substituted quinolines, in contrast to the typical 2-substituted
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Table 1 One-pot Friedldnder quinoline synthesis

1) Fe (4 eq), HCI (aq, 5 mol%),

)
R(\:(CHO EtOH, reflux RmR
( 0 N
NO N R
NG § 2 KOH (5, 1.2 eq), reflux
Entry Nitroaldehyde Carbonyl compound Product Yield (%)
1 1 [o] Q A 99
¢ >—< W
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"
10 21
3 1 C o N OMe 66°
OMe O NZ
i ®
22
4 1 o] 0
B D '
s N //
12 23 s
o]
5 1 7\ N 92
=N N/ ]\
13 N
u
6 1 o O N 77
/ 7
)K/\© N F O
14 25
7 1 o A 904
)]\K N?
15 26
16 v
27a
W 47
N/
27b
é N/
28
17
10 1 o X 95¢
oM P
I owe Ao
o ‘HCI O
18 29
9 91¢

11 /(:[CHO
MeO,C NO,

5

I
o

N

(@]

52\/
W,

w
=

62 | Org. Biomol. Chem., 2007, 5, 61-64

This journal is © The Royal Society of Chemistry 2007





Table 1 (Contd.)

Entry Nitroaldehyde Carbonyl compound Product Yield (%)
12 /@iCHO 9 67
Me,N NO,
6
13 NO, 9 95¢
7
14 \N CHO 9 82
N
\Y
NO,
8
15 1 87"

19

“ All reactions were carried out on a 1.0 mmol scale. The reaction times for the reduction and condensation stages were 40 min and 30 min, respectively,
unless otherwise noted. All yields are isolated yields. See ref. 5 for a representative experimental procedure. ® 60 min for reduction. <2 h and 3 h for
reduction and condensation, respectively. 2 h for condensation. ¢ Product was isolated as the HCI salt. /5 and 48 h for reduction and condensation,
respectively. ¢ 8 eq. of iron and 16 mol% 0.1 N HCI (aq.) were used. 5 h and 15 h for reduction and condensation, respectively. ” 1 h and 5 h for reduction

and condensation, respectively.

quinolines (entry 15 vs. entry 1). In this case, it appears that
under these conditions the condensation stage is a rapid process
and is able to effectively out-compete the self-condensation of
phenylacetaldehyde.

The method described can also be used to prepare 2,3-
disubstituted quinolines (entries 2, 3, 8 and 9). When an unsym-
metrical ketone was used, a mixture of isomers was generated,
which proved to be easily separable by silica gel column chro-
matography (entry 8). Use of a cyclic ketone afforded the respective
tricyclic product (entry 9). Reaction of ketoester 18 afforded
quinaldic acid in 95% yield (entry 10). 1-Nitronaphthalene-2-
carboxaldehyde (7) resulted in a tricyclic heteroaromatic ring,
such as benzo[h]quinoline (entry 13). From the heterocyclic o-
nitroaldehyde 8, a substituted 1H-pyrazolo[4,3-b]pyridine was
prepared (entry 14). o-Nitrobenzaldehydes with both electron-
withdrawing and electron-donating substituents proceeded cleanly
(entries 11 and 12) with the only exception being that a longer
reaction time was necessary for the electron-rich dimethylamino
case (entry 12). This one-pot procedure is also mild enough to
allow a phenyl-substituted a,B-unsaturated ketone to be used as a
reactant under basic conditions (KOH) in refluxing ethanol with-
out significant competition from 1,4-Michael addition (entry 6).

In conclusion, we have developed a rapid, simple, and highly
effective one-pot synthesis of both 2- or 3-mono-substituted
and 2,3-disubstituted quinolines and also other bi- or tricyclic
quinoline-derived heterocycles. The reaction proceeds with a
wide variety of ketones and aldehydes, using inexpensive, readily
available reagents and solvents that do not require oxygen- or
moisture-free operations. The basic conditions are mild enough to
tolerate substrates such as o,f-unsaturated Michael acceptors, as
well as aldehydes and ketones prone to self-condensation. As such,

this protocol adds to the Friedldnder quinoline synthesis arsenal,
providing another efficient means to synthesize many biologically
active natural and unnatural quinoline-derived compounds.
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Self-assembly of polystyrene sulfonate and modified cowpea
chlorotic mottle virus protein yields monodisperse icosahe-
dral nanoparticles of 16 nm size.

Organic and inorganic nanoparticles are currently receiving great
interest because of their interesting physical and chemical proper-
ties, which are often different from those of microscopic systems.!
These have been synthesized by a wide variety of methods, one
being the self-assembly of amphiphilic block-copolymers, which
yields vesicles, micelles and other structures. The use of biological
materials to create nanoparticles is increasing.> Many efforts
have been directed toward the encapsulation of drugs and other
molecules in these particles.* Major disadvantages, however, are
their low biocompatibility, their low solubility in water and in
general their broad polydispersity, although small polydispersity
indices have been attained.*

The well-characterized virus cowpea chlorotic mottle virus
(CCMV) consists of 90 identical dimeric coat proteins (CP)
enveloping a central RNA strand, yielding a highly defined 28 nm
virion.> The icosahedral shape of the virus can be described
according to the Caspar-Klug 7 (triangulation) number.® A larger
T number describes a larger particle, with a set number of protein
subunits. In CCMYV, the 90 dimeric coat protein subunits give rise
to a T = 3 particle, consisting of 12 pentameric arrangements
and 20 hexameric faces. The monomeric 20 kDa CP consists of
189 amino acids with nine basic residues at the N-terminus. In
its free form, the CP is dimeric. Ionic interactions between the
RNA and these residues enhance the structural integrity of the
virus, so that capsid assembly at neutral pH is only possible in
the presence of RNA.¢ Removal of the RNA by precipitation
yields pure CP which can be assembled by lowering the pH to
~5, yielding empty 7' = 3 capsids. Very little or no empty capsid
will form in neutral conditions (see below). It is believed that
subtle electrostatic interactions between the RNA and the protein
subunits assist in particle formation. Experiments to determine
if a synthetic polymer gives rise to similar effects have been
undertaken: It has been reported in literature that negatively
charged sodium—polyanethole sulfonate and CP mixed at high pH
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T Electronic supplementary information (ESI) available: Synthesis, ex-
perimental procedures and detailed inclusion experiments. See DOI:
10.1039/b613890j

(7.5) and dialyzed to pH 4.5 give rise to particles corresponding
to the dimensions of the virus (7" = 3).” No well-defined particles
are observed at high pH. Incubation of the CP at pH 7.5 with ds-
DNA of different sizes has been shown to yield 16-17 nm diameter
tubular structures of various lengths.® This implies that at low pH
(i.e. 5), interactions between protein subunits predominate capsid
formation, while at higher pH (>7) other interactions (such as
between CP and polyelectrolyte) become increasingly important.

We have investigated the interaction of polystyrene sulfonate
(average mass: 9900 Da) with CP at neutral pH in different stoi-
chiometric conditions and report here the formation of monodis-
perse 16 nm icosahedral 7' = 1 nanoparticles, characterized using
fast performance liquid chromatography (FPLC), transmission
electron microscopy (TEM) and dynamic light scattering (DLS).

CP was prepared according to a literature procedure.’
Polystyrene sulfonate was synthesised using the atom transfer
radical polymerization (ATRP) technique.' In order to facilitate
detection by UV, the polymer was equipped with a dansyl group.
To achieve this, dansyl chloride (Dns-Cl) was first reacted with
1,3-diaminopropane (Scheme 1) to yield 1, which was coupled
to 1-bromoethyl benzoic acid to provide the ATRP initiator 2.
Monomer 3 was prepared using a modified literature procedure.!
Subsequent polymerization of 3 in the presence of 2, CuBr and
2,2'-bipyridine yielded the desired polymer, DNs-PSS (4) after
deprotection of the ethyl ester functions.

A fixed amount of CP (4.5 mg ml™") in a pH 7.5 Tris buffer
(50 mM, 0.3 M NaCl) was incubated with varying amounts of
DNs-PSS and the assembly of the particles was monitored by
FPLC and TEM." Fig. 1 shows the FPLC elution curves for CP,
incubated with different amounts of DNs-PSS.

The incubation time appeared not to be a crucial parameter
since no difference was detected between a sample injected 1 hour
after incubation and one that had stood at 4 °C for several days.
The presence of polymer was verified by UV (adsorptionat 312 nm,
see the ESIT). A very small ratio of DNs-PSS : CP (0.4)"* yielded
very little particle assembly, with small peaks at elution volumes
of 1.0 and 1.35 ml, corresponding to 7" = 3 icosahedral particles
(the naturally occurring capsid of 180 subunits) and non-natural,
somewhat smaller particles. Increasing the ratio of DNs-PSS : CP
to 4 and then to 40 caused the peak at 1.0 ml to decrease and the
one at 1.35 ml to increase. At the ratio of 40 only the assembly
eluting at 1.3 ml and free dimeric CP was detected, implying that
this ratio is close to the ideal value for formation of this particular
assembly. Increasing the ratio DNs-PSS : CP even more (400)
yielded these particles as well, but the FPLC trace clearly showed
a lower intensity of the 1.35 mL peak, and a large amount of
material eluting at 1.6 ml (DNs-PSS). This inhibition of particle
formation is probably caused by a polyelectrolyte effect, preventing
capsid formation at high polyelectrolyte concentrations. It is, for
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Scheme 1 Synthesis of labelled polystyrene sulfonate (DNs-PSS). For synthetic details see the ESL.{

Table 1 Relative peak intensities in the FPLC chromatograms

Relative peak intensity*

Ratio DNs-PSS : CP T =3 T=1° Cp4
0.4 4 6 90
4 3 48 48
40 0 68 32
400 0 37 63

“In% based on the peak heights in the FPLC chromatogram detected at
A =208 nm. * Eluting at v = 1.0 ml. © Eluting at v = 1.35 ml. ¢ Eluting at
v=18ml

140 FPLC of DNs-PSS with CP, 280 nm
120 —0.4 eq.
—4eq.
—40 eq.
100 400 eq.
80
2
<60
£
40
20
0
0.5 0.7 0.9 141 1.3 15 1.7 19 21 23 25
-20
ml

Fig. 1 FPLC traces of mixtures containing different ratios of DNs-PSS
polymer and CP subunits The resolution of the FPLC systems does not
allow discrimination between native and degraded CP (see below). Small
ratios of DNs-PSS : CP (0.4 and 4)" induce formation of two types of
particles, with elution volumes of 1.0 and 1.35 ml, indicating the presence
of T'=3and T = | protein aggregates. At a ratio of 40 only 7" = 1 particles
and free CP appear. Higher ratios of DNs-PSS/CP (400) inhibit particle
formation.

example, possible that at higher concentrations multiple polymer
chains engage in an interaction with CP so that particle formation
is inhibited. Since no peak appears for the polymer, not even at
high magnification of the traces, we may conclude that, at lower
stoichometries, all polymer is encapsulated within the particles.
Blank FPLC runs with only polymer (not shown) did not show a
significant change in elution volume (~1.55 ml) as a function of
concentration, implying that free DNs-PSS is always detected at
the same elution volume.

The peak intensity of a given elution volume, relative to total
protein and polymer peak intensity was calculated (Table 1). For
the T = 1 particle, indeed the highest relative peak intensity was
found at the ratio DNs-PSS : CP = 40.

TEM images (Fig. 2) obtained from the fraction collected
at 1.35 ml revealed the presence of well-defined monodisperse
particles which were around 16 nm in diameter and remarkably

Fig. 2 Transmission electron micrograph of 77 = | assemblies of CP
assembled around DnS-PSS. The scale bar represents 100 nm. Size analysis
of the particles revealed that they have a diameter of 16.1 to 16.2 nm.

stable; storage at 4 °C for many weeks had no detectable effect on
the particles.

Fig. 3 shows the results of dynamic light scattering experiments
of the isolated aggregate, which clearly indicates that the new 7" =
1 particle is smaller (R ~ 9.5 nm) than unmodified CCMV. The dis-
crepancy between the observed diameter in the TEM micrograph
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Fig.3 Normalized CONTIN fits of dynamic light scattering data for the CCMV T = 3 particle and the DnS-PSS : CP T = 1 aggregate.

and the radius obtained from DLS measurements is likely caused
by the fact that DLS measures the hydrodynamic radius and
TEM does not. The FPLC fractions containing the DnS-PSS :
CP aggregate (pH 7.5) were reinjected on the FPLC column, and
also dialysed to pH 5.0 to verify the influence of pH change. Both
at pH 7.5 and at pH 5.0, the same particles were detected, and no
free CP was observed, implying high particle stability.

The spontaneous formation of the much smaller 7 = 1 particle,
compared to the native-like 7 = 3 capsid, was initially quite
surprising as it is well-established that native CP is unable to
form the 7 = 1 shell."* Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of the FPLC fraction corre-
sponding to the 7 = 1 particle indicated that the polymer loaded
particles contained modified capsid proteins lacking the (1-25) and
(1-41-44) amino acid regions (Fig. 4). SDS-PAGE of the CP used
for these experiments showed identical degradation products (not
shown). Recent results from Johnson and coworkers' show that
purified partially degraded protein building blocks (NA34) will
form a mixture of 7" = 1,2,3 particles at low pH. They conclude
that the N-terminal amino acid residues 1-36 are not essential
for capsid formation but bias the 7 = 3 capsid arrangement.
Despite the elimination of the N-terminal RNA binding sequence,
there are still sufficient RNA binding sites left to account for the
favorable interaction between the modified CP and the polyanion.®
We speculate that the presence of a small quantity of non-degraded
protein would not exert a large influence, since our work shows that
particle formation is primarily driven by the presence of polyanion.
Nevertheless, we are currently investigating the relation between
protein degradation and particle formation.

The experiments presented above show that at very low polymer
concentrations (DNs-PSS : CP = 0.4 and 4) larger T = 3 particles

a—p
b—P

—

Fig. 4 SDS PAGE analysis of the isolated 7' = 1 fraction (lane 1), crude
CP (lane 2) (the CP used for the inclusion experiments showed similar
degradation products as seen in lane 1) and the purified virus (lane 3). The
arrows indicate the degraded proteins lacking the (1-25) (arrow a) and the
(1-41-44) (arrow b) regions.

are formed, suggesting that in this case, the interactions between
the CP itself determine the particle size."* We conclude that at
pH 7.5 an equilibrium exists between free native and degraded
CP and the 7" = 3 capsid, although strongly in favor of the free
CP. Apparently, the very small amount of polyanion present has
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only a slight ionic interaction with the degraded CP, which is
not strong enough to completely change the particle dimension,
therefore, both the 7'= 1 and the 7" = 3 particles can be obtained.
In this case, the equilibrium between free CP and the T = 3 particle
still plays a role (Fig. 5). The absence of the pseudo 7" = 2’ particle
in our experiments is in line with the dynamic character of this
process, since this D = 25 nm particle is a kinetic product only
observed upon swift lowering of the pH.*

{ DNs-PSS *
PHT.5 pH5.0
—
polymer

encapsulated
T =1 particle

1
2
=3

statistical mixture

—_—

CP NA25-44 Dimers

Fig. 5 The presence of DNs-PSS induces the formation of the 77 = 1
particle from modified CP (left) at pH = 7.5, whereas 7" = 1,2,3 particles
are formed at pH = 5.0 in the absence of polymer.

At higher stoichiometric ratios, the presence of more attractive
interactions force the modified CP to aggregate in a 7 = 1
architecture, which was found to be remarkably stable; equilibria
existing between this 7" = 1 particle and the free CP mixture or
other particles are strongly in favor of the former species. Since
no free DNs-PSS was detected at the ratio 40," we may conclude
that all polymer is assembled into the particle, indicating a high
affinity for the polymer. The results obtained at DNs-PSS : CP =
400 support this; although the yield of the smaller particle is lower,
presumably due to a polyelectrolyte effect, no larger particles are
observed. Therefore, in the presence of an excess of polyanion,
only the 7 = 1 particle is generated. Calculations show that 60
subunits make up the shell of this 7 = 1 particle, yielding an
icosahedron with 12 pentameric faces (Fig. 5)."*

In conclusion, we have demonstrated that the self-assembling
properties of CCMV CP lacking part of its N-terminus can be
employed to create a monodisperse 16 nm 7 = 1 icosahedral
nanoparticle upon encapsulation of a disperse polymer at pH 7.5.
Whether or not non-degraded, or a mixture of partially- and
non-degraded protein exhibits the same behaviour is still under
investigation. In the experiments presented above, no free DNs-
PSS was detected; we may therefore conclude that the equilibrium
of the self-assembly process strongly favours the 7 = 1 particle.
Since inclusion of this relatively short PSS only yields the 7 =
1 particles it is feasible that higher molecular weight polymers

induce the formation of larger than 7" = 1 assemblies, opening
the way to specifically tune the particle sizes. This is currently
under investigation. Potential applications of these materials can
be found in pharmaceutics (e.g. targeting and transport), nano-
arrays or electronics.'®
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The microwave-promoted alkoxycarbonylation of aryl iodides using reaction vessels pre-pressurized
with carbon monoxide is reported. Reactions are performed using 0.1 mol% palladium acetate as
catalyst, DBU as base and are complete within 20-30 min. A range of aryl iodide substrates can be
converted to the corresponding esters using this methodology. Primary and secondary alcohols work
well whereas a tertiary alcohol substrate proves less reactive. The potential for scale-up of the reaction

has also been explored.

Introduction

The palladium catalyzed carbonylation of aryl halides is a reaction
of both academic and industrial relevance since a range of
products including amides, esters and carboxylic acids can be
prepared in one step.”™ A range of palladium complexes have been
prepared and screened for activity in these reactions, the majority
bearing highly basic monodentate or bidentate phosphine ligands.
These complexes are used in an attempt to limit clustering and
agglomeration of palladium atoms in the presence of CO to
give catalytically inactive species. Issues associated with the use
of phosphines are that they are often difficult to prepare and
can be highly air sensitive. There have been some recent reports
of stable phosphine-containing palladium complexes for use in
carbonylation chemistry.’ These go some way to alleviating some
of the issues of using phosphines and also expand the substrate
scope of the reaction. However simpler, cheaper and more easy to
use catalyst systems would also be beneficial.

In our laboratory we have been focusing attention on the use
of simple ligandless palladium complexes as catalysts for car-
bonylation chemistry. We perform our reactions using microwave
heating, this being a valuable tool for synthetic chemists because
it is possible to enhance the rate of reactions and, in many cases,
improve product yields.*” Most scientific microwave systems do
not have a commercially available gas-loading accessory and the
glass tubes used for reactions have a pressure limit of 20-30 bar.
As a result, with the combination of a pressure of reactive gas
and the autogenic pressure of solvents at elevated temperatures,
there is a limit to the temperature to which reaction mixtures
can be heated. These factors have been reflected in the scarcity
of reports of organic synthesis in pre-pressurized vessels using
microwave heating.*® Using a newly developed dedicated multi-
mode microwave reactor we have shown that it is possible to
perform hydroxycarbonylation reactions using aryl iodides as
substrates.’ The chemistry is carried out in heavy-walled quartz
reaction vessels with operating limits of 80 bar. The reactor is

Department of Chemistry, University of Connecticut, 55 North Eagleville
Rd, Storrs, CT, 06269-3060, USA. E-mail: nicholas.leadbeater@uconn.edu;
Fax: +1 860 486 2981; Tel: +1 860 486 5076

T Electronic supplementary information (ESI) available: Photographs of
the gas loading apparatus. See DOI: 10.1039/b614025d

also equipped with a gas-loading interface, allowing the vessels
to be pre-pressurized to up to 20 bar prior to placing in the
microwave cavity.'"* We performed our hydroxycarbonylation
reactions using palladium acetate as the catalyst and water as
the solvent and a CO pressure of 10 bar. The reactions were
complete within 20 min of microwave heating and no additional
ligand is required. A range of aryl iodides were converted to the
benzoic acids. Strategies for performing carbonylation chemistry
using microwave heating but without the need for using gaseous
carbon monoxide have also been reported. Larhed and co-workers
have used Mo(CO)¢ as a source of carbon monoxide for the
preparation of amides, esters and carboxylic acids from aryl
halides.”® Advantages of using Mo(CO), as a replacement for
gaseous CO include the fact that it is a solid and is easily used on
a small scale with commercially available monomode microwave
apparatus with no modification required. However, Mo(CO), is
toxic and its use results in metal waste; this being a particular
problem if the reaction is to be scaled up. We therefore wanted to
expand our carbonylation chemistry to the preparation of esters.
Our results are presented here.

Results and discussion

With ethanol as a substrate and solvent, our starting point was
to use reaction conditions similar to those developed for the
hydroxycarbonylation chemistry in water; namely using ligandless
palladium sources as catalysts and sodium carbonate as a base.
Pre-loading reaction vessels to 10 bar with CO, we screened
a range of conditions for the conversion of 4-iodoanisole to
ethyl 4-methoxybenzoate. In the screening reactions, absolute (200
proof) ethanol was used. Key results are shown in Table 1. Using
similar conditions to those employed in our hydroxycarbonylation
reactions [0.1 mol% Pd(OAc),, 1.1 eq. Na,CO;, 165 °C] we
obtained only a 7% yield of the desired ester product (Table 1,
entry 1). Reducing the reaction temperature from 165 °C to
125 °C gave a 16% yield of the desired ester (Table 1, entry
2). This could be improved to 45% by changing the base from
Na,CO; to Cs,CO; (Table 1, entry 3). We next decided to screen
an organic base in the reaction. The use of amines as bases for
alkoxycarbonylation reactions has been reported before.'**> Using
1.1 eq DBU (1,8-diazobicyclo[5.4.0Jundec-7-ene) as the base, a

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 65-68 | 65





Table 1 Optimisation of conditions for the alkoxycarbonylation reaction

Table 2 Alkoxycarbonylation of aryl halides”

[
Kists [Pd], base, EtOH

MeQO
Entry Reaction conditions*? Yield (%)
1 0.1 mol% Pd(OAc),, 1.1 eq. Na,CO;, 165 °C 7
2 0.1 mol% Pd(OAc),, 1.1 eq. Na,CO;, 125 °C 16
3 0.1 mol% Pd(OAc),, 1.1 eq. Cs,CO;, 125 °C 45
4 0.1 mol% Pd(OAc),, 1.1 eq. DBU, 125 °C 91
5 0.1 mol% Pd(OAc),, 1.1 eq. NEt;, 125 °C 60
6 0.1 mol% Pd(OAc),, 1.1 eq. DBU, 115 °C 86
7 0.01 mol% Pd(OAc),, 1.1 eq. DBU, 125 °C 12
8 0.01 mol% Pd(OAc),, 1.1 eq. DBU, 135 °C 24

“ Reactions were run in a sealed tube, pre-loaded with 10 bar CO, using
1.5 mmol 4-iodoansole and 15 mL 200 proof ethanol. An initial microwave
irradiation power of 1000 W was used, the temperature being ramped from
r.t. to that shown and held until a total reaction time of 20 min had elapsed.
b For clarity, changes in reaction conditions from entry 1 are noted in bold.

91% yield of the desired ester was obtained (Table 1, entry 4).
Triethylamine, another reported organic base, gave a lower product
yield (Table 1, entry 5). Having found a good base for the reaction,
we next wanted to see if the temperature could be reduced further
but moving from 125 °C to 115 °C had a slightly deleterious effect
on the product yield (Table 1, entry 6). Working at 125 °C, we tried
reducing the catalyst loading by a factor of 10 from 0.1 mol% to
0.01 mol%. This resulted in a significant drop in yield (Table 1,
entry 7), even when the reaction temperature was increased to
135 °C (Table 1, entry 8). Thus our optimum conditions were: 0.1
mol% Pd(OAc), as catalyst, 1.1 eq. DBU as the base, heating to
125 °C and holding at this temperature until a total reaction time
of 20 min had elapsed.

Of interest is that the conditions for alkoxycarbonylation are
milder than those used for hydroxycarbonylation. In particular, the
reaction temperature is 40 °C lower. We attribute the differences
to the fact that carbon monoxide is significantly more soluble in
ethanol than water.

Before continuing to screen a range of aryl halide substrates, we
had to overcome a problem with the isolation of the ester product.
Performing a simple aqueous/organic work-up of the reaction
mixture left significant quantities of ethanol in the organic layer.
Subsequent removal of the organic solvent and ethanol on a rotary
evaporator resulted in significant loss of ester product. We believe
that an azeotrope forms, the ethanol facilitating the evaporation
of the product ester. To overcome this problem, we had to develop
an alternative work-up procedure. An amount of brine equal
to the volume of alcohol was added. The mixture was then
shaken with diethyl ether (3 x 15 mL) and the organic washings
combined. Addition of hexane to the combined organics, resulted
in a biphasic solution. One layer comprised of the hexane and
ether and contained the ester product. The other layer contained
the unreacted ethanol, draining of which then allowed for the ester
to be recovered without loss.

We screened a range of aryl halide substrates using our optimal
reaction conditions. The results are shown in Table 2. As with our
hydroxycarbonylation protocol, only aryl iodides can be converted
to esters; aryl bromides are unreactive (Table 2, entry 3). A range

(o]
- Hal pw, CO RN OR
l// [Pd], DBU, ROH o ‘//
R R

Entry Aryl halide Alcohol Product yield (%)

1 OMe EtOH 90
o

2 COMe EtOH 99
ol

3 COMe EtOH 0
S

4 ©/I EtOH 91

5 EtOH 94
o

6 F EtOH 91
o

7 CF3 EtOH 90
o

8 NO, EtOH 89
o

9 OMe EtOH 95
L

10 EtOH 92
C

11 ! EtOH 98
P

N

12 OMe "PrOH 90
o

13 ©/l 'PrOH 90

14 COMe ‘PrOH 99
o

15 OMe 'PrOH 76
L

16 "PrOH 81
¢

17 ‘BuOH 17°

Q_

“Reactions were run in a sealed tube, pre-loaded with 10 bar CO, using
1.0 mmol aryl halide, 10 mL of the desired alcohol, 0.1 mol% Pd(OAc),
and 1.1 mmol DBU. An initial microwave irradiation power of 1000 W
was used, the temperature being ramped from r.t. to 125 °C and held until
a total reaction time of 20 min had elapsed. * Reaction time extended to
30 min.
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of aryl iodides can be converted to the ethyl esters including ortho-
substituted examples (Table 2, entries 9 and 10). A representative
heteroaromatic substrate, 3-iodopyridine, gave a good yield of the
desired ester (Table 2, entry 11). This is noteworthy since, in the
case of the hydroxcarbonylation reaction, only low yields of the
desired acid product were obtained when using heteroaromatic
substrates. This is attributed in part to competitive decomposition
as well as to the difficulty in isolating the acid product from the
reaction mixture.

Changing the alcohol substrate from a primary (ethanol) to a
secondary alcohol (2-propanol) did not have a significant effect
on product yield, except slightly when using ortho-substituted aryl
iodide substrates (Table 2, entries 12-16). However, moving to a
tertiary alcohol (zert-butanol) was not successful, a low product
yield being obtained presumably due to steric bulk (Table 2,
entry 17).

We wanted to probe the scalability of the reaction. To do this,
we screened the ethoxy- and isopropoxycarbonylation reaction
with increasing quantities of iodobenzene. The results are shown
in Table 3. With ethanol as a substrate, it is possible to scale the
reaction to 4 mmol without a drop in product yield if the reaction
time is extended from 20 min to 30 min (Table 3, entries 1-4). The
dropinyield beyond this scale could be attributed in part to the fact
that the CO concentration becomes too low. The parameters of
the apparatus allow only a 10 atm initial gas load. However, given
that the microwave unit can accommodate up to eight reaction
vessels, it would be possible to prepare up to 32 mmol of a desired
product in one run. With 2-propanol, moving to higher than the
1.5 mmol scale had a deleterious effect on product yield (Table 3,
entries 5-8).

In summary, using microwave heating it is possible to per-
form alkoxycarbonylation reactions of aryl iodides in reaction
vessels pre-pressurized with carbon monoxide. Reactions can be
performed using 0.1 mol% palladium acetate as catalyst with no
additional ligand required. DBU proves to be the optimal base for
the reaction. A range of aryl iodide substrates can be converted to
the corresponding esters using this methodology. While ethanol

Table 3 Scale-up of the alkoxycarbonylation of aryl halides*

(o]
©/| uw, CO OR
—_—
[Pd], DBU, ROH

Entry Alcohol Scale/mmol Product yield (%)
1 EtOH 1.5 91

2 EtOH 3.0 93

3 EtOH 4.0 92

4 EtOH 5.0 78

1 'PrOH 1.5 92

2 ‘PrOH 3.0 83

3 'PrOH 4.0 75

4 ‘PrOH 5.0 64

“ Reactions were run in a sealed tube, pre-loaded with 10 bar CO, using
the noted quantity of aryl halide, 15 mL of the desired alcohol, 0.1 mol%
Pd(OAc), and 1.1 equiv. DBU. An initial microwave irradiation power of
1000 W was used, the temperature being ramped from r.t. to 125 °C and
held until a total reaction time of 30 min had elapsed.

and 2-propanol work well, zerz-butanol proves less reactive. The
potential for scale-up of the reaction has also been explored.

Experimental
General experimental

Allaryliodides were obtained from commercial suppliers and used
without further purification. For the alcohol substrates: ethanol
used was 200 proof; commercially available anhydrous 2-propanol
was used; zert-butanol was distilled over potassium fert-butoxide.
Reaction vessels were loaded with reagents without the need for
exclusion of air. '"H- and ®C-NMR spectra were recorded at
293 K on a 400 MHz spectrometer. All product mixtures were
worked-up using the specific procedure outlined below. Yields were
determined by integration of NMR signals relative to an internal
standard.

Description and use of the microwave apparatus

A commercially available multimode microwave unit (Anton
Paar Synthos 3000) was used for the reactions. The instrument
is equipped with two magnetrons, with combined continuous
microwave output power from 0 to 1400 W. Heavy-walled quartz
reaction vessels (80 mL capacity, up to 60 mL working volume)
were used. These vessels are dedicated for reactions at high
pressure (up to 80 bar) and temperatures. The quartz vessels
were capped with special seals and a protective PEEK cap and
then were placed inside protecting air cooling jackets made of
PEEK. The seals comprise a release valve that could be manually
operated. The individual vessels were placed in an eight-position
rotor and fixed in place by screwing down the upper rotor plate,
and the rotor was finally closed with a protective hood. The vessels,
once placed and secured in the rotor with the hood attached,
were loaded with gas using a commercially available gas-loading
kit, access being via a bayonet link. The vessels were evacuated
and flushed with CO three times and then a pressure of 10 atm
CO was adjusted at ambient temperature. The rotor was then
placed into the microwave cavity. The temperature was monitored
using an internal gas balloon thermometer placed in one reference
vessel and additionally by exterior IR thermography. Pressure was
monitored by a simultaneous hydraulic pressure-sensing device
for all vessels, with recording of the highest pressure level and
pressure increase. Reaction vessels were stirred by means of a
rotating magnetic plate located below the floor of the microwave
cavity and a Teflon-coated magnetic stir bar in the vessel. At the
end of a reaction, any remaining pressure was vented by releasing
the venting screw on each reaction vessel whilst still in the rotor,
access being via frontal holes in the rotor lid.

General experimental procedure

The ethoxycarbonylation of 4-iodoanisole. In an 80 mL quartz
tube was placed 4-iodoanisole (234 mg, 1.0 mmol) and 10 mL of
a stock solution of DBU (168 mg, 1.1 mmol mL™") and palladium
acetate (0.0225 mg mL™") in ethanol. The vessel was sealed and
loaded onto the rotor. Three other vessels were prepared similarly.
Each vessel was pressurized to 10 bar with carbon monoxide. The
loaded rotor was subjected to a maximum of 1000 W microwave
power in a ramp to 125 °C and then held at this temperature until
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a total reaction time of 20 min had elapsed. The reaction mixture
was stirred continuously and the pressure peaked at approximately
30 bar. Upon completion, the reaction vessels were allowed to cool
to 50 °C, this taking around 20 min. Any remaining pressure was
vented in a fume cupboard and then the vessels were removed
from the rotor. Brine (10 mL) was added and the contents of the
vessel transferred to a separatory funnel where it was shaken with
diethyl ether (3 x 15 mL) and the organic washings combined.
Hexane (30 mL) was added to the combined organics, resulting
in a biphasic solution. The unreacted ethanol was removed and
the ether—hexane layer containing the ester product was dried
over MgSO, and concentrated on a rotary evaporator. This left
the crude product as a colourless oil which was isolated and
characterized by comparison of NMR data with that in the
literature.
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Alkyl, aryl, heteroaryl and acyl radicals have been cyclised onto the 2-position of 3 H-quinazolin-4-one.
The side chains containing the radical precursors were attached to the nitrogen atom in the 3-position.
The cyclisations take place by aromatic homolytic substitution hence retain the aromaticity of the
3H-quinazolin-4-one ring. The highest yields were obtained using hexamethylditin to facilitate
cyclisation rather than reduction without cyclisation. The alkaloids deoxyvasicinone 2,
mackinazolinone 3, tryptanthrin 4, luotonin A 5 and rutaecarpine 8 were synthesised by radical

cyclisation onto 3 H-quinazolin-4-one.

The 3H-quinazolin-4-one ring system is important to the bio-
logical activity of both naturally occurring alkaloids, biosynthe-
sised from anthranilic acid, and pharmaceuticals. The alkaloids
include vasicinone 1 and deoxyvasicinone 2,' mackinazolinone 3,
tryptanthrin 4,* luotonins A 5, B 6 and E 7* and rutaecarpine
8. 3H-Quinazolin-4-one alkaloids have been recently reviewed.®
All the 3H-quinazolin-4-one natural products have interesting
biological activity and have therefore been extensively investigated
for useful pharmaceutical activity. The 3H-quinazolin-4-one ring
is regarded as a ‘privileged structure’ in combinatorial synthesis.”
These are structures which represent molecules that are capable
of binding at multiple sites with high affinity and facilitate more
rapid discovery of useful medicinally active compounds.”

mackinazolinone 3 tryptanthrin 4

O
.0
pZ
N =~
HN

rutaecarpine 8

vasicinone 1, R = OH
deoxyvasicinone 2, R=H

[0}
@&
N
luotonin A, 5, R=H

luotonin B, 6, R = OH
luotonin E, 7, R = OMe

Our study involved the development of protocols involving
radical cyclisation for the synthesis of polycyclic 3H-quinazolin-
3-ones (Scheme 1). The protocols have also been used for the
synthesis of novel polycyclic quinazolinones including the natural
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Scheme 1  General synthetic protocol.

products deoxyvasicinone 2, mackinazolinone 3, tryptanthrin 4,
luotonin A 5 and rutaecarpine 8.

Radical cyclisation onto heteroarenes has been developed in
recent years to considerable advantage for the synthesis of
novel polycyclic heteroarenes. Examples of these cyclisations
include: a. alkyl radicals onto pyrroles,*® imidazoles,® pyrazoles,'
indoles,'"'? 1,2,3-triazoles," pyridinium salts,'* and quinolones;'®
b. acyl radicals onto pyrroles,’® quinolines,"” pyridines™® and
arenes;' c. aryl radicals onto indoles,** pyrroles,” pyridones,*
and 5-amino- and 5-hydroxyuracils,”® 2-quinolones,* quinolines®
and pyridines.*

All of the above cyclisations are ‘oxidative’ i.e. the intermedi-
ate m-radicals are not reduced by triorganometal hydrides [e.g
tributyltin hydyride (Bu;SnH)] as normally observed for these
reagents. The cyclisations proceed by aromatic homolytic substi-
tution with abstraction of hydrogen in a rearomatisation process.
Aromatic homolytic substitution has been recently reviewed?
and the mechanism of Bu;SnH mediated ‘oxidative’ cyclisation
elaborated.” The pyrimidin-4-one ring of the quinazolin-4-ones
has some aromaticity and therefore aromatic homolytic substitu-
tion could be predicted, and was observed in our studies, as shown
in Scheme 1 (9 to 11 via the n-radical 10). However, the lower aro-
maticity could favour reductive cyclisation in which the interme-
diate -radical 10 is intercepted by reagents such as Bu;SnH. Our
prediction that radical cyclisation onto the quinazolin-4-one ring
would be ‘oxidative’ was supported by the ‘oxidative’ radical cycli-
sation onto related ring systems, e.g. pyrimidine-2,4-diones,?**
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quinolinones® and pyridinones.?***** However, the lower aro-
maticity in the pyrrole ring of indole, facilitates both reductive
and oxidative cyclisation depending on the conditions.''**' The
radical intermediate 10, whether a m-radical or not, is still a
strongly stabilised anilyl radical and therefore the rate of reduction
by Bu;SnH to yield 12 is probably too low to be competitive with
loss of hydrogen to yield the ‘oxidised’ product. The reactions
could also be regarded as exo-cyclisations onto imines which are
well known.

We used two general methodologies to synthesise the radical
precursors. Firstly, heteroarenes containing an NH group facilitate
N-alkylation and provide a suitable synthetic route to radical
precursors for cyclisation. The radical leaving group is introduced
as part of the N-alkyl substituent. Secondly, there is a wide variety
of protocols for the synthesis of 3-substituted quinazolinones
using ring synthesis from anthranilic acid derivatives, which were
employed as required.

Aryl radical cyclisation

Aryl radicals have been successfully cyclised onto pyrroles, indoles
and pyrazoles.®> Aryl radicals are very reactive and the most
likely to cyclise onto quinazolinones. Therefore, suitable radical
precursors for 5- and 6-exo cyclisation were prepared (Scheme 2).
The S-membered ring cyclisation with the precursor 16 using
Bu;SnH gave only the reduced uncyclised product 19 (Scheme 3).
Even syringe pump addition of Bu;SnH, with either Et;B (r.t.)
or AIBN (110 °C) as initiators, gave only 19. We considered that
the lack of cyclisation could be due to 1,5-hydrogen abstraction
from the 2-position of the quinazolinone as shown in Scheme 3
(route b: 18 to 21). This possibility was eliminated by repeating
the reaction with Bu;SnD which gave only deuteriation on the aryl

13 14,n=1,X=Br,Y=I 16, n=1,Y=I
15,n=2,X=0Ms, Y =Br 17,n=2,Y =Br

Scheme 2 Reagents and conditions: i, tert-BuOK, DMF, 63% (16 from

14), 38% (17 from 15).
b

Scheme 3 Reagents and conditions: i, Et;B, PhMe, r.t., Bu;SnH (fast
addition) 96% (19), slow addition, 30% (19); AIBN, Bu;SnH (slow
addition), PhMe, reflux, 45% (19); Et;B, TTMSS, 35% (19); (Me;Sn),,
tert-BuPh, reflux, 18% (20), 65% (19).

(0]

N a
o/g“

18

I
16 —

radical position, and none on the 2-position of the quinazolinone,
and these results indicated that the rate of cyclisation was
not favourable compared to reduction with Bu;SnH. Therefore,
hexamethylditin [(Me;Sn),] was used so that the intermediate
radical (¢f. 9 in Scheme 1) was not reduced. The reaction was
repeated with (Me;Sn), which resulted in a small amount of the
cyclised product 20 (18%) as well as uncyclised 19 (65%) as the
major compound.

The analogous six-membered ring aryl radical cyclisation using
precursor 17 gave an excellent yield of the cyclised product 22
(92%) with no reduction using (Me;Sn), (Scheme 4). The reaction
with Bu;SnH again gave largely the uncyclised reduced product
23 (55%) but did also yield a small amount of the cyclised
product 22 (8%). We have observed before that 5-ring cyclisation of
radicals onto heteroarenes is difficult due to strain whereas 6-ring
cyclisation is more favourable.*'*'%3* Therefore, the higher yields of
cyclisation from 17 relative to 16 are expected. The results indicate
that the oxidative route is dominant (i.e. loss of hydrogen from the
n-radical intermediate 10) for cyclisation onto quinazolinones as

observed for other heteroarenes.

@fﬁ } @fL "
17 —» )
23

Scheme 4  Reagents and conditions: i, (Me;Sn),, tert-BuPh, reflux, 92%
(22), 0% (23); Et;B, PhMe, r.t., Bu;SnH (fast addition), 8% (22), 55% (23).

3H-4-Oxoquinazolin-2-yl radical cyclisation

As shown in Scheme 5 we envisaged an alternative route to
polycyclic quinazolinones by cyclisation of 3 H-4-oxoquinazolin-
2-yl radicals onto pendant side chains attached to the 3-position
instead of cyclisation of side chain radicals onto the quinazoli-
none moiety. 3H-4-Oxoquinazolin-2-yl radicals,*® generated pho-
tolytically from 3-(but-1-en-4-yl)-3 H-quinazolin-4-one, have been
reported to undergo 5-exo cyclisation onto the pendant alkene.**
The procedure however was not suitable for synthetic application.
During our studies, a synthesis of luotonin A analogues using
3 H-4-oxoquinazolin-2-yl radicals was reported.3%®

(0]
NH . NH Br— NH
/& ) _Br /
N S N S — (HSBr) N Br
H H
24 25 26
J)
i ii. n=1:19 + 20
/k ) n=2: 23 + 22
27, n=1 29a,n=1
28, n=2 29b, n=2

Scheme5 Reagents and conditions: 1, Br,, EtOH, 50% (26); ii, NaH, DMF,
BnBr, 46% (27); Nal, PhCH,CH,Br, 6% (28); iii, 27: Bu;SnH, Et;B, slow
addition, 62% (19); Bu;GeH, Et;B, slow addition, 41% (19); (Me;Sn),,
tert-BuPh, reflux, 41% (19), 27% (20); 28: (Me;Sn),, tert-BuPh, reflux, 0%
(23), 97% (22).
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The plan of our protocol was to alkylate 2-bromo-
3H-quinazolin-4-one to provide suitable radical precursors
(Scheme 5). 2-Bromo-3 H-quinazolin-4-one 26 was prepared by an
adapted literature procedure from 2-mercapto-3H-quinazolin-4-
one 24.3* Alkylations with activated halides, e.g. benzyl bromide,
allyl bromide and methyl iodide were successful but alkylations
with unactivated halides were very poor or failed. Alkylation with
activated propargyl halides has also recently been reported.’*
A maximum yield (6%) of alkylation was obtained with 2-
phenylethyl bromide and alkylation with 3-phenylpropyl bromide
failed. Alkylation with the corresponding triflates failed to give
improved results. We suggest that the anion of 2-bromo-3H-4-
oxoquinazoline is too stabilised and hence not nucleophilic enough
to react with unactivated halides.

Various protocols were attempted to circumvent the alky-
lation problem. For instance, the successful bromination sug-
gested that other 2-thioxo-2,3-dihydro-1H-quinazolin-4-ones with
the 3-alkyl side chain in place could also be converted to
the corresponding 2-bromo compounds. In order to test this
hypothesis, 2-(phenylethyl)-2-thioxo-2,3-dihydro-1H-quinazolin-
4-one 30 was prepared by ring synthesis using the reaction
between 2-(methoxycarbonyl)phenyl isothiocyanate and amines.*
The structure of 30 was confirmed by X-ray crystallography
(Fig. 1). However, the bromination procedure yielded only the
corresponding disulfide instead of the 2-bromoquinazolinone 28.

The mechanism of these brominations is unknown. The most
likely intermediate is the sulfenyl bromide 25 which can either
lose a proton and undergo substitution with bromide, or undergo
direct substitution with bromide. The intermediate sulfenyl bro-
mide from 2-(phenylethyl)-2-thioxo-2,3-dihydro-1H-quinazolin-
4-one cannot lose a proton which is possibly significant in directing
the reaction towards disulfide formation. Examples from the
literature show bromoimine formation for thioureas with N,N'-
substitution (i.e. can lose a proton)* and disulfides and sulfides
from thioamides.?’

We carried out radical cyclisations with the precursors 27 and
28 (Scheme 5). As observed for the cyclisation of precursor 16, the
S-membered ring cyclisation from 27 was unfavourable with both
Bu;SnH and Bu;GeH and yielded only the reduced uncyclised
product 19. Radical abstraction of hydrogen from Bu;GeH is

20 times slower than from Bu;SnH which would favour cyclisation
over reduction,® but still only reduction was observed from the
intermediate 29a. When (Me;Sn), was used, a moderate yield of
cyclisation product (27%) was obtained but reduction was still
the major route (41%). The 6-membered ring cyclisation from
precursor 28 via 29b gave a quantitative yield of cyclisation
to 22 with none of the reduced compound 23 formed. This
cyclisation could either proceed by 5-exo cyclisation followed by
a neophyl rearrangement or directly by 6-endo cyclisation. The
results show that radical cyclisation can be used onto, or from,
the quinazolinone moiety, but that a useful method of synthesis
of the 2-bromoquinazolinones is still required. Addition of 3H-4-
oxoquinazolin-2-yl radicals onto isonitriles has also recently been
reported.’3

Alkyl radical cyclisation

Several methods have been used for the synthesis of both
deoxyvasicinone 2 and mackinazolinone 3 but none involving
radicals.*® Our protocol using cyclisation of an alkyl radical
onto 3H-quinazolin-4-one rings was aimed at the synthesis of
both natural products (Scheme 6). Routine alkylation yielded the
required radical precursors 31a,b. An initial study with Bu;SnH
using precursor 31a yielded only reduced uncyclised product 33a
(78%). The rate of cyclisation of the alkyl radical is obviously slow,
and it is intercepted by Bu;SnH to yield the respective reduced
uncyclised product 33a. Therefore, (Me;Sn), was used to facilitate
cyclisation which gave moderate yields of deoxyvasicinone 2 and
mackinazolinone 3.

The use of Et;B mediated reactions gave better yields of both
2 and 3 (Scheme 6). We suggest that the ethyl radical generated
from the reaction between Et;B and oxygen is able to abstract
iodine from the radical precursors 31a,b to yield alkyl radicals
and ethyl iodide, which is lost from the reaction. The hydrogen in
the n-radical intermediates (cf. 10) is also most likely abstracted
by ethyl radicals to facilitate rearomatisation.* Unusually, some
cyclised reduced material 32a,b was obtained suggesting dispro-
portionation was also taking place. GCMS analysis of the crude
product from the Et;B facilitated reaction with 31a indicated
traces (ca. 5%) of 2-ethyl-3-propyl-3H-quinazolin-4-one and

Fig. 1

X-Ray structure of 3-(2-phenylethyl)-2-thioxo-2,3-dihydro-1H-quinazolin-4-one 30 with atom labelling.
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Scheme 6 Reagents and conditions: i, NaH, DMF, a. 1-chloro-3-
iodopropane, 51%; b. 1-chloro-4-iodobutane, 65%; ii, Nal, acetone, reflux,
53% (31a), 67% (31b); iii, (Me;Sn),, tert-BuPh, reflux, hv: a. 31a gave 20%
(2), 13% (32a) and 6% (33a); b. 31b gave 30% (3), 23% (32b) and 0% (33b);
Et;B (20 equiv.), tert-BuPh, air (yields by 'H NMR analysis): a. 31a gave
40% (2), 10% (32a) and 30% (33a); b. 32b gave 61% (3), 23% (32b) and 0%
(33b).

3-pentyl-3 H-quinazolin-4-one indicating addition of ethyl radi-
cals to intermediates. No uncyclised reduced material 33b was
observed for the 6-ring cyclisation of 31b. Again, this provides
evidence that 5-ring cyclisation onto heteroarenes is strained
and that 6-ring cyclisation (84% of cyclised products) is more
favourable.

Heteroaryl radical cyclisation

During our studies, Pd(0) catalysed cyclisations were reported
for 2-bromoindole*! and 2-bromoquinoline** moieties onto the
2-position of quinazolin-4-one to yield rutaecarpine in poor
yield (24% maximum) and luotonin A in good yield (86%) res-
pectively.

Luotonin A 5. The luotonins make up a group of pyrrolo-
quinazolino-quinoline alkaloids of which the pentacyclic luo-
tonins A 5, B 6 and E 7 are of most interest. The luotonins
are used in traditional Chinese medicine and are reported to
exhibit activity against a range of ailments including rheumatism,
inflammation, influenza, hepatitis and leukemia.** Luotonin A has
been reported to show activity as an antitumour compound and is
an inhibitor for human DNA topoisomerase 1.** The compounds
were isolated some ten years ago* and luotonin A has been a
popular synthetic target.** Two radical syntheses of luotonin A
have been reported; a radical domino cyclisation reaction using
vinyl radical cyclisation onto nitriles* and a bimolecular reaction
involving radical addition onto isonitriles.**

The synthesis of luotonin A 5 using 2-quinolinyl radicals was
carried out as a further example of cyclisation onto the quinazoli-
none moiety (Scheme 7). The use of 2-quinolinyl radicals in cy-
clisation has two literature precedents; synthesis of camptothecin
using cyclisation of 2-quinolinyl radicals onto a pyridone moiety*
and synthesis of 10,11-methylene-14-azaxamptothecin and 14-
azacamptothecin using cyclisation of 2-quinolinyl radicals onto
3 H-pyrimidin-4-one moieties.*® These cyclisations also proceeded
by ‘oxidative cyclisation’ as observed for the 3 H-quinazolin-4-
ones.

The required starting material 34 was prepared by a literature
procedure from 2-chloroquinoline-2-carbaldehyde* and reacted

~©frb©
@%ﬁv@

luotonin A, 5

Sea
N/ Br k\N
34
(0]
R N )Jt©
SORS

Scheme 7  Reagents and conditions: i, (Me;Sn),, tert-BuPh, reflux, hv: 51%
(5), 15% (36); Et;B (20 equiv.), PhMe, r.t., air: Bu;SnH (fast addition), 0%
(5), 53% (36) Bu;SnH (slow addition), 14% (5), 32% (36); Bu;GeH (fast
addition), 18% (5), 11% (36).

under several radical conditions. Unusually, the yield from 5-exo
cyclisation was significant. The use of (Me;Sn), gave a reasonable
yield (53%) of luotonin A 5 but also some of the reduced product
36. The yield was high in comparison to the 5-exo cyclisation
of the phenyl analogue 16. Luotonin A was even obtained with
Bu;SnH and Bu;GeH, clearly indicating that the cyclisation
is more favourable for 2-quinolinyl radicals as compared to
phenyl radicals. The yield was not as high as the Pd(0)-catalysed
cyclisation* but further optimisation could improve the yield.

Rutaecarpine 8. Rutaecarpine 8 has been synthesised by a
wide variety of protocols but none involving radicals.”” Our
synthesis of rutaecarpine uses indol-2-yl radical cyclisation onto
the quinazolinone motif as a further example of natural product
synthesis using the general protocol (Scheme 8). Indol-2-yl radicals
have been previously used in radical cyclisation onto pendant 1-o-
alkenes* and -arenes* and in H-translocation reactions towards
the synthesis of mitomycin.®

X

o)
A\ 38 " @N

~
N N)

. |:37,X=OH __E39,Y=H
I 1}
38, X =Br 40,Y =Br

iv

(0]
N 6-ex0 dN
~ 7
N = ﬁ))f\ 72
HN HN
41

rutaecarpine 8 + 39

NH

Scheme 8 Reagents and conditions: i, PBr;, DCM, 56% (38); ii, tert-
BuOK, DMF, 3H-quinazolin-4-one, 39% (39); iii, NBS, DCM, 0 °C,
30 min, 38% (40); iv, (Me;Sn),, tert-BuPh, reflux, hv: 55% (8), 0% (39);
Et;B (20 equiv.), PhMe. r.t., air: Bu;SnH (slow addition), 15% (8), 57%
(39).

The preparation of the 2-bromoindole part of the precursor
proved troublesome even with protection of the side chain and
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the NH. The use of NBS has been reported in the literature but
the reaction is very sensitive, and can be adversely affected by
the NH and side chain groups.****' We finally used an adapted
literature procedure* whereby the 3H-quinazolin-4-one moiety
was used as the ‘protective group’ for the indole side chain (i.e.
39). The bromination was rapid and short reaction times and low
temperature gave the best yields of the 2-bromoindole precursor
40. Asreported in the literature for 2-bromoindoles,**#*2 decom-
position of the product was a problem until it was purified. The free
indole-NH did not interfere and was therefore not protected. A
blank reaction between NBS and 3-methylquinazolin-4-one gave
no reaction after two days indicating that in the NBS reaction
with 39, bromination of the quinazolinone ring is unlikely to be
the cause of the decomposition.

3-[2-(1 H-Indol-3-yl)ethyl]-4(3 H)-quinazolinone 39 was pre-
pared by alkylation of 4(3H)-quinazolinone with 3-(2-
bromoethyl)-1H-indole 38 which was prepared by bromination
of tryptophol 37.

Radical cyclisation of the precursor 40 gave the predicted 6-exo
cyclisation of the intermediate radical 41 to yield rutaecarpine
8. Only cyclisation was obtained when (Me;Sn), was used and
even reductive conditions with Bu;SnH yielded a small amount
of cyclisation product. The 6-exo cyclisation yields were similar
to the equivalent cyclisation with aryl radicals (see Scheme 4).
Longer reactions times led to decomposition.

Acyl radicals—synthesis of tryptanthrin

Tryptanthrin has been synthesised by a range of protocols.>¢

We prepared an authentic sample of tryptanthrin 4 by a
literature procedure in order to obtain full spectroscopic data for
comparison.*

Aromatic acyl radical cyclisation has recently been shown to
be a useful synthetic technique.'*** Although 5-membered ring
cyclisation was reported to be unsuccessful,” we have shown
that 5-ring cyclisation onto the 3H-quinazolin-4-one moeity
was possible (e.g. the luotonin synthesis). Therefore, we carried
out the syntheses as shown in Scheme 9. The aryl-CO bond
in the intermediate acyl radical 44 is strong enough to avoid
decarbonylation which is a rapid reaction for alkyl-CO radicals.*
However, it is possible that we failed to isolate products resulting
from CO loss.

The starting material 42 was prepared in one step by a literature
procedure® and converted to the acyl selenide 43 by standard
procedures.’ Several conditions were used based on literature
reports.”” "% The highest yield (15%) was obtained by photolysis
atr.t. Although the yield is poor, we believe this is the first example
of a 5-exo acyl radical cyclisation onto a heterocycle. When AIBN
was added to the reaction, an intractable mixture was obtained.
Heating under reflux was not required and UV photolysis alone
was enough to facilitate the reaction, presumably by homolysis
of the carbonyl-SePh bond. In a blank reaction, heating under
reflux in benzene yielded only unaltered starting material after
24 h. The mechanism is unclear, other than 5-exo acyl radical
cyclisation followed by hydrogen abstraction from the resulting m-
radical intermediate. Large amounts of diphenyl diselenide were
isolated indicating CO-Se bond homolysis.

We also investigated the 6-membered ring cyclisation because
these had proved to be more successful than the 5-ring cyclisations

Y o

42 X=0H
45 X = OMe
43 X =SePh ii
46, X =0OH
iv iii
1 47, X = SePh
o}
ﬁ\/)\\/ /
tryptanthrin 4
- (H)
47 — I
OH
N
7
N
50 0

Scheme 9  Reagents and conditions: i, Bu;P, PhSeSePh, DCM, 73% (42);
ii, LIOH, EtOH, H,O0; iii, Bu; P, PhSeSePh, DCM, 68% (47); iv, (Me;Sn),,
tert-BuPh, reflux, hv, 3% (4); PhH, r.t., hv, 12 h, 15% (4); PhH, reflux, hv,
10 h, 11% (4); AIBN, PhH, reflux, hv, 0% (4); v, (Me;Sn),, PhH, reflux, hv,
39% (50).

(Scheme 9). The acyl radical precursor 47 was prepared by
standard procedures. The ester 45 was synthesised by alkylation
of 3H-quinazolin-4-one with methyl 2-(bromomethyl)-benzoate.
Cyclisation using Et;B only, AIBN only, UV photolysis only and
slow addition of TTMSS with Et;B as initiator all gave intractable
mixtures. However, reaction with (Me;Sn), gave a moderate yield
of the unusual product 50 along with an intractable mixture of
other products. The structure of the hydroxylated product 50
was confirmed by X-ray crystallography (Fig. 2). The product
indicated 6-ring cyclisation as expected but that the product 48
was unstable to the reaction conditions and was readily oxidised
introducing an OH group onto the newly formed ring.

Analogous reactions with 2-indolyl acyl radicals have yielded
a range of unexpected products which included a ‘quinone’
product caused by oxidation of the benzylic methylene during
the reaction.'”"® 2-Cyanoprop-2-yl radicals from the breakdown
of AIBN were proposed as the abstracting radicals. In our
reaction, no AIBN is present so we suggest that any of the
intermediate radicals (e.g. intermediate acyl or m-radical, PhSe")
can abstract the benzylic hydrogen, which is a favourable process,
to form a stable radical intermediate 49. Although air was
excluded, traces of oxygen are likely to be present and to react
rapidly with trimethylstannyl radicals to form a peroxyl radical
(Me;SnO0).*" Combination of the peroxyl radical with the
benzylic radical 49 would yield a peroxide which could easily
break down to yield 50. Alternatively, a standard auto-oxidation
mechanism with the traces of oxygen present could explain this
unusual product.
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Fig. 2 X-Ray structure of 11-hydroxy-11H-isoquinolino[3,2-b]quinazolin-6,13-dione 50 with atom labelling.

Conclusions

Our results show that radical cyclisation on the quinazolinone
moiety can be used for synthesis. The results show that radical
cyclisation is also favourable for radicals centred on the 2-position
of the quinazolinone moiety but that a better method for the
synthesis of 2-bromoquinazolinones is still required.

Experimental
General

Commercial dry solvents were used in all reactions except for light
petroleum and ethyl acetate which were distilled from CaCl, and
dichloromethane which was distilled from CaH,. Light petroleum
refers to the bp 40-60 °C fraction. Sodium hydride was obtained
as 60% dispersion in oil. A 2.5 M solution of n-butyl lithium
in hexane was used. A solution of Et;B in hexane (1.0 M) was
used in all cases. Melting points were determined on a Stuart
Scientific SMP3 melting point apparatus and are uncorrected.
Elemental analyses were determined on a Perkin Elmer 2400
CHN Elemental Analyser. Infrared spectra were recorded on a
Perkin-Elmer Paragon 1000 FT-IR spectrophotometer on NaCl
plates. 'H (400 MHz) and "*C (100 MHz) NMR spectra were
recorded on a Bruker DPX-400 instrument, or 'H (250 MHz)
spectra were obtained using a Bruker AC-250 spectrometer.
Spectra were obtained from solutions in CDCI; with TMS as the
internal standard for '"H NMR spectra and deuteriochloroform
as the standard for C NMR spectra unless otherwise specified.
Chemical shifts are given in parts per million (ppm) and J values in
hertz (Hz). Assignments were made using a combination of COSY
and HMQC analysis. Mass spectra were recorded on a Jeol SX102
high resolution mass spectrometer or were run by the EPSRC MS
Service at the University of Wales, Swansea. GCMS was carried
out on a Fisons 8000 series mass spectrometer using a 15 m x
0.25 mm DB-5 GC column. TLC using silica as absorbent was
carried out with aluminium backed plates coated with silica gel
(Merck Kieselgel 60 F.s;), and TLC using alumina as absorbent
was carried out with aluminium backed plates coated with neutral
aluminium oxide (Merck 150 F,y, TypeT). Silica gel (Merck
Kieselgel 60 H silica) was used for column chromatography unless
otherwise specified. Column chromatography using alumina was
carried out with Aldrich aluminium oxide, activated neutral,

Brockmann 1, STD Grade, 150 mesh size. Prep-TLC was carried
out using aluminium oxide (Merck 60 PF.s,, Type E). Bu;GeH
was prepared from GeCl, by a known procedure.®®

General procedure for alkylation of 3H-quinazolin-4-ones. 3-
(2-lodobenzyl)-3H-quinazolin-4-one 16. Potassium fert-butoxide
(1.35 g, 12 mmol) was added to 3H-quinazolin-4-one 13 (1.17 g,
8 mmol) in dry DMF (50 cm®) and the mixture stirred for 1 h under
an atmosphere of nitrogen. 2-Iodobenzyl bromide 14 (2.84 g,
9.6 mmol) was added and the reaction mixture stirred for a
further 16 h. The mixture was diluted with DCM and washed
with H,O and brine. The organic layer was dried and evaporated
under reduced pressure. The crude product was purified by column
chromatography using silica gel as absorbent and light petroleum—
EtOAc (2 : 1) as eluent yielding 3-(2-iodobenzyl)-3 H-quinazolin-
4-one 16 as pale yellow crystals (1.82 g, 5.0 mmol, 63%), mp
94-95 °C; Found: M*, 362.9987. C;sH,,IN,O requires 362.9989;
Vmax(thin film)/cm~" 3055, 1689, 1469, 1230, 962 and 734; Jy 5.71
(2H,s, CH,), 6.93 (1 H, ddd, J 7.9, 7.4, 1.7, BnH-4), 7.09 (1 H,
dd, 7.9, 1.8, BnH-3), 7.22 (1 H, ddd, J 8.0, 7.4, 1.2, BnH-5), 7.45
(1 H, ddd, J 8.0, 5.5, 1.7, 6-H), 7.75-7.64 (2 H, m, 7,8-H), 7.81
(1 H,dd, J 8.0, 1.2, BnH-6), 8.11 (1 H, s, 2-H) and 8.26 (1 H, dd,
J 8.0, 1.6, 5-H); 6 54.90 (CH,), 98.6 (C), 122.1 (4a-C), 126.9 (5-
0), 127.5 (6-C), 127.6 (8-C), 128.9 (CH), 129.1 (CH), 129.9 (CH),
134.5 (7-C), 137.7 (8a-C), 139.9 (CH), 146.4 (2-C), 148.0 (C) and
161.1 (4-C); m/z (EI) 252 (M*, 98%), 129 (43), 107 (41), 90 (100),
89 (77), 76 (51), 63 (58), 50 (42) and 40 (85).

3-[2-(Bromophenyl)ethyl]-3 H-quinazolin-4-one 17. The gen-
eral procedure for alkylation with 2-(2-bromophenyl)ethyl
methanesulfonate 15 (4.90 g, 18.6 mmol) for 48 h was used to yield
3-[2-(bromophenyl)ethyl]-3 H-quinazolin-4-one 17 as colourless
crystals (1.93 g, 5.9 mmol, 38%), mp 119-120 °C; Found: M*,
328.0206. C,,H,;”BrN,O requires 328.0206; v, (thin film)/cm™!
3423, 1972, 1609, 1470, 1069, 1027 and 773; 04 3.25 2 H, t, J 7.2,
CH,), 425 (2 H,t,J 6.9, NCH,), 7.22-7.07 (3 H, m, ArH), 7.58-
7.48, (2 H, m, ArH), 7.78-7.64 (3 H, m, ArH) and 8.34 (1 H, ddd,
J 8.11.50.5,5-H); o 35.3 (CH,), 46.7 (NCH,), 122.0 (C), 124.4
(C), 126.6 (CH), 127.2 (CH), 127.5 (CH), 127.9 (CH), 128.9 (CH),
131.4 (CH), 133.1 (CH), 134.2 (CH), 136.7 (C), 146.4 (CH), 148.1
(C) and 161.1 (C); m/z (EI) 330/328 (M*, 52/51%), 251 (49), 249
(56) and 52 (14).
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Cyclisation reactions of 3-(2-iodobenzyl)-3H-quinazolin-4-one
16.

General procedure for Bu;SnH reactions using Et; B as initiator.
A solution of Bu;SnH (0.76 g, 2.6 mmol) and 3-(2-iodobenzyl)-
3H-quinazolin-4-one (0.44 g, 1.2 mmol) in dry toluene (40 cm®)
was deoxygenated under an atmosphere of nitrogen and stirred
for 1 h. Triethylborane (3.6 cm?, 3.6 mmol) was added via a needle
through a septum; the needle was then left open to allow air
(oxygen) to enter the reaction and the mixture stirred for 1 h. More
triethylborane (3.6 cm?, 3.6 mmol) was added and the reaction
mixture stirred for a further 10 h. Dilute hydrochloric acid was
added to extract the protonated quinazolone products into the
aqueous layer. The aqueous layer was washed with light petroleum
to remove tributyltin residues. The aqueous layer was basified
with sodium hydroxide to pH 14 and extracted with DCM. The
combined organic layers were dried and evaporated under reduced
pressure yielding the reduced product 3-benzyl-3 H-quinazolin-4-
one 19 as colourless crystals (0.27 g, 1.2 mmol, 96%), mp 116—
117 °C (lit.,®® 117-118 °C); vy (thin film)/cm™ 3419, 1675, 1609,
1559, 1473, 1369, 1332, 1161, 1026, 773, 709, 694 and 645; 5, 5.08
(2 H, s, CH,), 7.24-7.23 (5 H, m), 7.48 (1 H, ddd, J 8.2 6.3 1.8,
6-H), 7.74-7.68 (2 H, m, 7,8-H), 8.11 (1 H, s, 2-H) and 8.32 (1 H,
dd, J 8.22.0, 5-H); ¢ 49.6 (CH,), 122.2 (4a-C), 126.9 (5-H), 127.4
(6-H), 127.5 (8-H), 128.0 (CH), 128.3 (CH), 129.0 (CH), 134.3
(7-H), 135.8 (C), 146.4 (2-H), 148.0 (8a-C) and 161.1 (4-C). The
data were identical to that in the literature.®® The procedure was
repeated using TTMSS in place of Bu;SnH to yield 3-benzyl-3H-
quinazolin-4-one 19 (35%).

General procedure for slow addition of Bu;SnH reactions using
Et;B as initiator. The general procedure for Bu;SnH reactions
using Et;B as initiator was repeated except that Bu;SnH was added
by a syringe pump over 6 h to give 3-benzyl-3 H-quinazolin-4-one
19 (30%).

General procedure for slow addition of Bu;SnH reactions using
AIBN as initiator. The general procedure for Bu;SnH reactions
using Et;B as initiator was repeated except that AIBN (0.25
molar equiv.) was used as initiator and the reaction was heated
under reflux for 6 h to yield 3-benzyl-3H-quinazolin-4-one
19 (45%).

General procedure for reactions using photolysis and hexa-
methylditin. A solution of 3-(2-iodobenzyl)-3 H-quinazolin-4-
one 16 (0.36 g, 1.0 mmol) and hexamethylditin (0.99 g, 3.0 mmol)
in zert-butylbenzene (20 cm?) in a two-necked pyrex flask (5 x 1 cm
and 25 cm high, wall thickness = 1 mm), was purged with nitrogen
for 30 min. The mixture was irradiated with a combined 300 W
sunlamp at 150 °C for 10 h. The reaction mixture was cooled
to room temperature, diluted with MeOH and evaporated under
reduced pressure to a small volume. The residue was purified using
column chromatography with light petroleum as eluent to remove
the zert-butylbenzene. A precipitate of polymeric dimethyltin was
produced. The product was eluted with ethyl acetate and further
worked-up as for the general procedure for Bu;SnH reactions using
Et;B as initiator. 3-Benzyl-3 H-quinazolin-4-one 19 and cyclised
12H-isoindolo[1,2-b]quinazolin-10-one 20 were obtained as an
inseparable white solid. Analysis using '"H NMR spectroscopy
showed 19 (65%) and 20 (18%). 12H-Isoindolo[1,2-b]quinazolin-
10-one 20 was identified in the mixture and therefore not fully

characterised. oy 5.19 (2 H, s, CH,), 7.28-7.35 (3 H, m), 7.51 (1 H,
ddd, J 8.0, 8.0, 1.6, 7-H), 7.81 (1 H, ddd, J 8.0, 8.0, 1.6, 8-H),
7.85 (1 H, dd, 8.0, 1.6, 6-H), 8.21 (1 H, d, J 7.2, 4-H) and 8.41
(1 H, dd, J, 8.0, 1.6, 9-H); . 49.6 (CH,), 120.6 (C), 123.4 (CH),
123.5 (CH), 126.4 (CH), 126.4 (CH), 127.3 (CH), 128.8 (CH),
132.3 (CH), 132.6 (C), 134.2 (CH), 139.6 (C), 149.4 (C), 154.9 (C)
and 160.5 (C). The data were the same as that in the literature.*
GC-MS analysis showed the ratio of the two products to be in the
ratio 4 : 1 of the reduced produced and cyclised product: 12H-
isoindolo-[1,2-b]-quinazolin-10-one; Ry 22.8 min, m/z 234 (M*,
95%), 205 (24), 179 (15), 151 (16), 130 (25), 102 (28), 91 (100) and
77 (20) and 3-benzyl-3 H-quinazolin-4-one; Ry 24.5 min, m/z 236
(M*, 51%), 130, (37), 91 (100) and 65 (27).

3-(2-Deuterio)benzyl-3 H-quinazolin-4-one. The general proce-
dure for reductive reactions with Et;B with Bu;SnD as reductant
were used with 3-(2-iodobenzyl)-3 H-quinazolin-4-one 16 to yield
3-(2-deuterio)benzyl-3 H-quinazolin-4-one as colourless crystals
(41%); mp 100-101 °C (Found: M*, 238.1084. C;;DH;N,O
requires 238.1085); vy (thin film)/cm=" 3421, 2359, 1670, 1610,
1471, 1396, 1153 and 773; 6, 5.21 (2 H, s, CH,), 7.38-7.29 (4 H,
m, PhH), 7.52 (1 H, dd, J 8.1 1.4, 6-H), 7.79-7.69 (2 H, m, 7,8-H),
8.12 (1 H, s, 2-H) and 8.34 (1 H, ddd, J 8.1 2.1 0.6, 5-H); d 49.7
(CH,), 104.1 (CD), 122.2 (4a-C), 126.9 (5-C), 127.4 (6-C), 127.6
(CH), 128.0 (CH), 128.3 (CH), 128.9 (CH), 129.1 (CH), 134.3
(CH), 135.7 (C), 146.3 (5-C), 148.1 (8a-C) and 161.1 (4a-C); m/z
(ET) 237 (M, 48%), 235 (21), 130 (33), 92 (100), 91 (75), 65 (21)
and 51 (23).

Cyclisation reactions of 3-[2-(bromophenyl)ethyl]-3H-quina-
zolin-4-one 17.

Hexamethylditin. The general procedure for reactions using
photolysis and hexamethylditin yielded 5,6-dihydroisoquino[1,2-
blquinazolin-8-one 22 as colourless crystals (92%), mp 195-
197 °C (lit.,** 196 °C); Found: M+, 249.1025. C,,H,,N,O requires
249.1022; vy (thin film)/cm™" 3421, 1682, 1590, 1556, 1471, 1150,
762 and 692;0y 3.06 (2 H, t,J 6.4,CH,),4.35(2H,t,J 6.4, NCH,),
7.22-7.13(1 H, m, ArH), 7.43-7.37 (3 H, m, ArH), 7.71-7.69 (2 H,
m, ArH), 8.25 (1 H, d, J 7.6, ArH) and 8.43-8.40 (1 H, m, ArH);
Jc 27.4 (CH,), 39.5 (NCH,), 120.7 (C), 126.5 (CH), 126.8 (CH),
127.5 (CH), 127.6 (CH), 127.9 (CH), 129.5 (C), 131.7 (CH), 134.2
(CH), 137.0 (C), 147.7 (C), 149.3 (C) and 161.6 (CO); m/z (EI)
249 (M*, 17%), 247 (100), 128 (20), 116 (46), 104 (30), 90 (34),
89 (62), 77 (85), 76 (97), 63 (53) and 39 (54). One CH signal was
coincident or could not be detected.

Bu;SnH and Et;B. The general procedure for Bu;SnH re-
actions using Et;B as initiator yielded an inseparable mixture
of 3-[2-(phenylethyl)]-3 H-quinazolin-4-one 23 (55%) and 5,6-
dihydroisoquino[1,2-b]quinazolin-8-one 22 (8%). The yields were
estimated using 'H NMR spectroscopic analysis.

3-Benzyl-2-bromo-3H-quinazolin-4-one 27. The general proce-
dure for alkylation of 3 H-quinazolin-4-ones (3 h) yielded 3-benzyl-
2-bromo-3 H-quinazolin-4-one 27 as colourless crystals (46%),
mp 109-111 °C; Found: M*, 315.0128. C;sH,;BrN,O requires
315.0128; vy, (thin film)/cm™" 3457, 3064, 1653, 1558, 1494, 1430,
1339, 1234, 1134, 1074, 1023, 901 and 819; oy 5.56 (2 H, s CH,),
7.29-7.37 (5 H, m, PhH), 7.52 (1 H, ddd, J 8.2, 8.1, 2.0, 7-H),
7.66 (1 H,dd, J 8.2,1.2,8-H), 7.79 (1 H, ddd, J 8.1, 8.0, 1.2, 6-H)
and 8.27 (1 H, dd, J 8.0, 2.0, 5-ArH); 6. 51.8 (CH,), 120.5 (4a-C),
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126.9 (6/8-CH), 127.5 (CH), 127.6 (6/8-CH), 127.7 (5-CH), 127.8
(CH), 127.9 (7-CH), 135.1 (CH), 135.4 (C), 136.2 (8a-C), 147.2
(2-C) and 161.6 (4-C); m/z (EI) 318 (M*, 15%), 317 (100), 315
(100), 237 (75), 235 (39) and 52 (79).

2-Bromo-3-(phenylethyl)-3 H-quinazolin-4-one 28. The general
procedure for alkylation of 3H-quinazolin-4-ones (12 h) yielded
2-bromo-3-(phenylethyl)-3 H-quinazolin-4-one as colourless crys-
tals (6%), mp 109-110 °C; Found: M*, 328.0206. C,,H,;”BrN,O
requires 328.0206; mp 195-197 °C; vy (thin film)/cm™" 3060,
2930, 2359, 1866, 1714, 1655, 1621, 1604, 1493, 1452, 1405, 1072,
1028, 938 and 908; 6 2.99 2 H, t, J 7.6, CH,), 4.37 2 H, t, J 7.6,
NCH,), 7.26-7.15 (5 H, m, PhH), 7.34-7.30 (1 H, m, 6-H), 7.49
(1H,d,J7.6,8-H), 7.67-7.63 (1 H, m, 7-H) and 8.20 (1 H, d, J
7.6, 5-H); 6 34.0 (CH,), 42.2 (NCH,), 114.5 (4a-C), 114.9 (CH),
123.1 (8-C), 126.4 (6-C), 128.3 (5-C), 128.4 (CH), 128.9 (CH),
134.8 (7-C), 138.5(C), 138.7 (C), 151.2 (2-C) and 162.3 (4-C); m/z
(EI) 266 (M*, 16%), 264 (15), 249 (20), 185 (100), 129 (52), 102
(23), 90 (35) and 40 (53).

Cyclisation reactions of 3-benzyl-2-bromo-3H-quinazolin-4-one
27.

Bu;SnH and Et; B. The general procedure for Bu;SnH reactions
using Et;B as initiator were used with Bu;SnH added by syringe
pump over 6 h and the reaction stirred for a further 5 h. Work-
up yielded 3-benzyl-3 H-quinazolin-4-one 19 as colourless crystals
(0.15 g, 0.62 mmol, 62%). The data were identical to authentic
material. A repeat experiment using Bu;GeH in place of Bu;SnH
gave 3-benzyl-3 H-quinazolin-4-one 19 in reduced yield (47%).

Hexamethylditin. The general procedure for reactions using
photolysis and hexamethylditin yielded an inseparable mixture of
12 H-isoindolo-[1,2-b]quinazolin-10-one 20 (27%) and 3-benzyl-
3 H-quinazolin-4-one 19 (41%). The yields were estimated using
"H NMR spectroscopic analysis.

Cyclisation reactions of 2-bromo-3-(phenylethyl)-3H-quinazolin-
4-one 28.

Hexamethylditin. The general procedure for reactions using
photolysis and hexamethylditin (24 h) yielded 5,6-dihydroiso-
quinol[1,2-bh]quinazolin-8-one 22 as colourless crystals (97%). The
data were identical to authentic material.

Cyclisation reactions of 3-(3-iodopropyl)-3H-quinazolin-4-one
3la.

Hexamethylditin. The general procedure for reactions us-
ing photolysis and hexamethylditin with 3-(3-iodopropyl)-3H-
quinazolin-4-one 31a (24 h) yielded: 2,3-dihydro-1H-pyrrolo[2,1-
b]quinazolin-9-one 2 as colourless crystals (20%), mp 190-192 °C
(1it.,** 196-198 °C); Vypa(thin film)/cm™' 3418, 2355, 1651, 1621,
1470, 1385, 1285, 775, 695 and 667; 6, 2.35-2.23 (2 H, m, CH,),
3.18(2H, t,J 12.6, CH,), 421 (2 H, t, J 11.5, NCH,), 7.47-7.62
(1 H, m, ArH), 7.76-7.62 (2 H, m, ArH) and 8.28 (1 H, dd, J 12.6,
2.4, ArH); 0. 19.5(CH,), 32.5(CH,),46.5(NCH,), 120.4 (C), 126.2
(CH), 126.4 (CH), 126.8 (CH), 134.2 (CH), 149.1 (C), 159.5 (C)
and 161.0 (C). 2,3,3a,4-Tetrahydro-1H-pyrrolo[2,1-b]quinazolin-
9-one 32a as colourless crystals (12%), mp 187-188 °C (lit.,** 184
185 °C); vy (thin film)/cm™' 3421, 1633, 1503, 1470, 1434, 1337,
1151, 752 and 695; dy 2.32-2.29 (2 H, m, 2-CH,), 3.19 (1 H, t,
J 8.0, 1-H), 3.75-3.67 (2 H, m, CHCH,), 4.21 (1 H, dd, J 8.0,
7.2, 1-H), 4.5 (1 H, bs, NH), 5.03 (1 H, dd, J 7.2, 5.6, 3a-H), 6.69

(1 H,d,J 129, ArH), 6.92-6.88 (1 H, m, ArH), 7.27-7.24 (1 H,
m, ArH) and 7.91-7.87 (1 H, dd, J 12.3,9.9, ArH); . 21.7 (CH,),
33.2 (CHCH,), 44.3 (NCH,), 69.9 (CH), 114.9 (CH), 118.4 (CH),
119.9 (C), 126.8 (CH), 132.9 (CH), 149.1 (C) and 162.2 (C). 3-
Propyl-3 H-quinazolin-4-one 33a as colourless crystals (6%). The
data were identical with those from an independently prepared
authentic sample.

Bu;SnH and Et;B. 3-Propyl-3H-quinazolin-4-one 33a (78%)
was the only product.

Et;B only. The general procedure for Bu;SnH and Et;B re-
actions were used except that the Bu;SnH was not added.
"H NMR spectral analysis showed 2,3-dihydro-1H-pyrrolo[2,1-
b]quinazolin-9-one 2 (40%), 2,3,3a,4-tetrahydro-1H-pyrrolo[2,1-
b]quinazolin-9-one 32a (10%) and 3-propyl-3 H-quinazolin-4-one
33a (30%).

Cyclisation reactions of 3-(3-iodobutyl)-3H-quinazolin-4-one
31b.

(Me;Sn), and photolysis. The general procedure for reactions
using photolysis and hexamethylditin (24 h) yielded: 6,7,8,9-
tetrahydropyrido[2,1-b]quinzolin-11-one 3 as colourless crystals
(30%), mp 94-95 °C (lit.,** 96-97 °C); Found: MH", 201.1020.
C,H;;N,O requires 201.1022; v, (thin film)/cm~" 3423, 2948,
2110, 1655, 1614, 1565, 1477, 1173, 1102, 990, 870, 771 and 583;
oy 2.18-1.91 (4 H, m, CH,CH,), 3.00 (2 H, t, J 6.6, NCCH,),
4.09 2 H, t, J 6.3, NCH,), 7.44-7.40 (1 H, m, ArH), 7.59 (1 H,
dd, J 8.3, 0.5, ArH), 7.73-7.69 (1 H, m, ArH) and 8.26 (1 H,
dd, J 8.0 1.5, ArH); 6. 19.3 (CH,), 22.1 (CH,), 31.9 (CH,),
42.3 (CH,), 120.4 (C), 126.1 (CH), 126.4 (CH), 126.6 (CH),
134.1 (CH), 147.4 (C), 154.9 (C) and 162.2 (C); m/z (EI) 200
(M*, 50%), 199 (40), 90 (33), 76 (34), 63 (33), 50 (34) and 41
(90). 5,5a,6,7,8,9-Hexahydropyrido[2,1-b]quinazolin-11-one 32b
as colourless crystals (23%), mp 128-130 °C (lit.,> 132-133 °C);
Found: MH*, 203.1180. C,,HsN,O requires 203.1179; vy, (thin
film)/cm~" 3398, 3058, 2938, 2224, 1632, 1518, 1416, 1218, 1153,
1026, 754 and 692; oy 1.52-1.49 (2 H, m), 1.91-1.75 (4 H, m),
2.66-2.59 (1 H, m, 9-H), 4.25 (1 H, m, NH), 4.64-4.59 (1 H, m,
9-H), 4.78 (1 H, dd, J 13.5, 3.1, 5a-H), 6.57 (1 H, d, J 7.1, ArH),
6.79 (1 H,ddd, J 7.8,2.9, 1.0, ArH), 7.27-7.22 (1 H, m, ArH) and
7.90 (1 H, dd, J 7.8 1.6, ArH); d. 22.3 (CH,), 24.2 (CH,), 33.4
(CH,), 42.0 (CH,), 68.5 (CH), 113.7 (CH), 115.2 (C), 118.8 (CH),
128.7 (CH), 133.4 (CH), 145.9 (C) and 164.3 (C); m/z (EI) 202
(M, 30%), 146 (42), 119 (48), 92 (42), 55 (79) and 41 (100).

Et;B only. The general procedure for Bu;SnH and Et;B re-
actions were used except that the Bu;SnH was not added.
'"H NMR spectral analysis showed 6,7,8,9-tetrahydro-pyrido[2,1-
blquinzolin-11-one 3 (61%) and 5,54,6,7,8,9-hexahydropyrido[2,1-
b]quinazolin-11-one 32b (23%).

Cyclisation of 3-[(2-bromoquinolin-3-yl)methyl]-4(3H)-quina-
zolinone 34.

(Me;Sn), and photolysis. The general procedure for reactions
using photolysis and hexamethylditin (24 h) yielded: luotonin A
5 (51%). All data were the same as reported.* 3-[(Quinolin-3-
yl)methyl]-3 H-quinazolin-4-one 36, colourless crystals, mp 252—
253 °C; Found: MH*, 288.1130. C,sH3N;O requires 288.1131;
Vma(thin film)/cm~" 3420, 2357, 2107, 1646, 1558, 1450, 1361,
1332, 510 and 454; 04 5.39 (2 H, s, CH,), 7.58-7.53 (2 H, m, ArH),
7.81-7.70 (4 H, m, ArH), 8.10 (1 H, dd, / 8.9,0.4, ArH), 8.17 (1 H,
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d, J 1.8, ArH), 8.35-8.32 (1 H, m, ArH) and 8.99 (1 H, d, J 1.8,
ArH); 6 47.7 (CH,), 122.1 (CH), 126.9 (CH), 127.3 (CH), 127.7
(2 x CH), 127.9 (CH), 128.6 (2 x C), 129.3 (CH), 130.0 (CH),
134.6 (CH), 135.4 (CH), 145.9 (CH), 147.9 (C), 148.0 (C), 150.1
(CH) and 161.1 (C); m/z (EI) 287 (M*, 45%), 270 (42), 132 (100),
115 (70), 89 (20), and 63 (21).

Bu;SnH and Et; B. The general procedure for Bu;SnH reactions
using Et;B as initiator were used with Bu;SnH added by syringe
pump over 5 h and the reaction stirred for a further 5 h to yield
luotonin A 5 (14%) and 3-[(quinolin-3-yl)methyl]-3 H-quinazolin-
4-one 36 (32%). When the Bu;SnH was added at the beginning of
the reaction only 3-[(quinolin-3-yl)methyl]-3 H-quinazolin-4-one
36 was obtained (53%).

Bu;GeH and Et;B. Luotonin A (18%) and [(3-quinolin-3-
yl)methyl]-3 H-quinazolin-4-one 36 (11%) were obtained.

Cyclisation of 3-[2-(2-bromoindol-3-yl)ethyl]-4(3 H)-quinazoli-
none 40.

Bu;SnH addition. The general procedure for Bu;SnH reactions
using Et;B as initiator were used with Bu;SnH added by sy-
ringe pump over 12 h to yield rutaecarpine 8 (15%), mp 254
255 °C (lit.,* 256-257 °C) and 3-[2-(1 H-indol-3-yl)ethyl]-4(3 H)-
quinazolinone 39 (57%), both as colourless crystals. The data for
rutaecarpine were the same as those in the literature.** The data
for 39 were the same as obtained in the previous synthesis.

(Me;Sn), and photolysis. The general procedure for reactions
using photolysis and hexamethylditin (6 h) yielded rutaecarpine
(55%) as the only product.

2-(4-Oxo0-4H-quinazolin-3-yl)selenobenzoic acid Se-phenyl ester
43. Tributylphosphine (2.5 ¢cm?®, 10 mmol) was slowly added
to diphenyl diselenide (2.47 g, 7.9 mmol) in anhydrous DCM
and the mixture left to stir for 15 min. 2-(4-Oxo0-4 H-quinazolin-
3-yl)benzoic acid 42 (1.40 g, 5.2 mmol) was then added and
the reaction stirred for 12 h till no precipitate was visible. The
reaction mixture was diluted with DCM and washed with H,O
(3 x 50 cm®) and brine (50 cm?). The organic layer was dried
over MgSO, and evaporated to dryness under reduced pressure.
The crude product was purified by column chromatography using
silica gel as absorbent and light petroleum/EtOAc (4:1). The
resulting yellow solid was recrystallised from hot EtOH yielding
2-(4-ox0-4 H-quinazolin-3-yl)selenobenzoic acid Se-phenyl ester
43 as long yellow needles (1.55 g, 3.8 mmol, 73%); (Found: M*,
407.0289. C, H;4;N,0O,Se requires 407.0293); mp 234-236 °C;
Vinax (thin film)/cm™" 3165, 2831, 2063, 1798, 1519, 1367, 1118, 960
and 915; &, 7.36 — 7.30 (3 H, m, ArH), 7.42 (1 H, dd, J 9.2 1.6,
ArH), 7.55 — 7.45 (3 H, m, ArH), 7.70-7.66 (1 H, m, ArH), 7.81—
7.72(3H, m, ArH), 8.02 (1 H, s,2-H),8.14 (1 H,dd, /9.2 1.6, ArH)
and 8.34-8.32 (1 H, m, ArH); . 122.3 (C), 125.9 (C), 127.1 (5-C),
127.6 (6-C), 127.7 (CH), 129.2 (CH), 129.4 (2 x CH), 129.4 (CH),
129.8 (CH), 130.1 (CH), 133.6 (C), 133.7 (CH), 134.6 (CH), 136.0
(2 x CH), 136.9 (C), 145.6 (2-C), 148.0 (C), 160.7 (4-C) and 192.7
(CO); m/z (ET) 407 (M*, 100%), 251 (39), 235 (55) and 223 (46).

Radical reactions of 2-(4-oxo0-4H-quinazolin-3-yl)selenobenzoic
acid Se-methyl ester 43.

UV and reflux. -(4-Oxo0-4H-quinazolin-3-yl)selenobenzoic acid
Se-phenyl ester 43 (0.24 g, 0.59 mmol) was heated under reflux
in benzene (20 cm®) for 12 h under UV irradiation. The solvent

was removed under vacuum and the crude product was purified
by column chromatography using silica gel as absorbent and light
petroleum—EtOAc (2 : 1) yielding tryptanthrin 4 as yellow crystals
(0.02 g, 0.07 mmol, 13%), mp 213-214 °C (lit.®* 215-217 °C);
Found: MH*, 249.0659. C,sHy,N,O, requires 249.0660; oy 7.43
(1 H,t,J8.0, ArH), 7.68 (1 H, t, J 8.0, ArH), 7.79 (1 H, t, J 8.0,
ArH),7.86 (1H,t,J 8.0, ArH),7.92 (1 H,d, J 8.0, ArH), 8.04 (1 H,
d, J 8.0, ArH), 8.44 (1 H, d, J 8.0, ArH) and 8.64 (1 H, d, J 8.0,
ArH); 0. 118.0 (CH), 122.0(C), 123.8 (C), 125.4 (CH), 127.2 (CH),
127.6 (CH), 130.2 (CH), 130.7 (CH), 135.1 (CH), 138.3 (CH),
146.4 (C), 146.7 (C), 158.1 (C) and 171.1 (2 x CH); m/z (EI) 248
(M*, 51%),220(22), 130(28), 102 (54),90 (100), 76 (81), 63 (55) and
50 (74). The data were identical to the literature data>® and those of
authentic material. Repeating the reaction for 10 h gave a yield of
11% of 4. The procedure was repeated using the same conditions
but with the addition of AIBN (2.0 equiv.) for 8 h. An intractable
mixture was obtained. A blank reaction with no sunlamp
photolysis or added AIBN, in benzene heated under reflux for
24 h gave a quantitative recovery of unaltered starting material 43.

(Me;Sn),, sunlamp. The reaction between 2-(4-oxo-4H-
quinazolin-3-yl)selenobenzoic acid Se-phenyl ester 47 (0.29 g,
0.72 mmol) and hexamethylditin (0.70 g, 2.15 mmol) was carried
out in fert-butylbenzene (20 cm®). The mixture was heated under
reflux and irradiated with a sunlamp for 4 h. Dilute hydrochloric
acid was added to the cooled reaction mixture to extract the
protonated quinazolone products into the aqueous layer. The
aqueous layer was washed with light petroleum to remove tin
residues. The aqueous layer was basified with sodium hydroxide to
pH 14 and extracted with DCM. The combined organic layers were
dried and evaporated under reduced pressure. The residue was
purified by column chromatography using silica gel as absorbent
and light petroleum—EtOAc (2 : 1) yielding tryptanthrin 4 (5 mg,
0.02 mmol, 3%).

Sunlamp. When the sunlamp irradiation alone was used for
30 min, the highest yield of tryptanthrin (15%) was obtained.

2-[(4-Oxo0-4H -quinazolin-3-yl)methyl]benzoic methyl ester 45.
N-Bromosuccinimide (19.0 g, 107.1 mmol, 1.5 equiv.), methyl
2-methylbenzoate (10.0 cm®, 71.4 mmol) and AIBN (1.16 g,
7.1 mmol) were refluxed in cyclohexane in the dark for 5 h. The
reaction mixture was cooled to 0 °C and filtered. The filtrate
was diluted with DCM, washed with H,O (3 x 50 cm?) and
brine (50 ¢cm?) and then dried and evaporated to dryness under
reduced pressure. The unpurified methyl 2-bromomethylbenzoate
was added to a solution of 3H-quinazolin-4-one (7.3 g, 50 mmol)
and potassium zert-butoxide (07.3 g, 65 mmol) in DMF (50 cm?)
that had been stirred for 40 min. The resulting mixture was stirred
for 12 h then diluted with DCM, and the solution washed with
H,O and brine. The organic layer was dried and evaporated under
reduced pressure. The crude product was purified by column
chromatography using silica gel as absorbent and light petroleum—
EtOAc (4 : 1) as eluent yielding 2-[(4-ox0-4H-quinazolin-3-
yl)methyl]benzoic methyl ester as a pale oil 45 (4.98 g, 16.6 mmol,
34%); (Found: M*, 295.1077. C,;H,N,O; requires 295.1077);
Vmax(thin film)/cm™" 3541, 3417, 1715, 1681, 1563, 1367, 1322,
1079, 968 and 774; 0y 3.88 (3 H, s, OMe), 5.62 (2 H, s, CH,), 7.31-
7.22 (2 H, m, ArH), 7.70-7.69 (2 H, m, ArH), 7.97 (1 H, dd, J 7.8
1.4, ArH) and 8.28-8.23 (2 H, m, ArH); d. 47.9 (CH,), 52.4 (Me),
122.2 (4a-C), 126.9 (CH), 127.3 (CH), 127.5 (CH), 128.0 (CH),
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128.6 (C), 129.1 (CH), 131.3 (CH), 133.0 (CH), 134.7 (CH), 147.1
(CH), 148.1 (8a-C), 161.4 (4-C) and 167.4 (CO,Me); m/z (EI) 262
(M*, 53%), 132 (80), 118 (30), 102 (60), 91 (100), 77 (58), 63 (33)
and 50 (23).

2-|(4-Oxo0-4 H-quinazolin-3-yl)methyl]benzoic methyl acid 46.
A solution of 2-[(4-0x0-4H-quinazolin-3-yl)methyl]benzoic
methyl ester 45 (1.93 g, 6.14 mmol) in ethanolic LiOH (1 M,
200 ¢cm®) and water (20 cm®) was stirred for 18 h. The mixture
was acidified with HCI and extracted with EtOAc. The organic
layers were combined and washed with H,O and brine. The
organic extract was dried over MgSO, and evaporated to dry-
ness under reduced pressure yielding 2-[(4-ox0-4 H-quinazolin-
3-yl)methyl]benzoic methyl acid 46 as a colourless oil (0.63 g,
2.1 mmol, 34%); Found: M*, 281.0918. C,4H,N,O; requires
281.0921; m/z (EI) 262 (M*, 31%), 146 (35), 132 (86), 118 (38),
104 (47), 90 (58), 77 (100), 63 (28), 51 (32) and 43 (53). The
carboxylic acid 46 was converted to the acyl selenide without
further characterisation.

2-[(4-Oxo0-4H-quinazolin-3-yl)methyl|seleno benzoic acid Se-
phenyl ester 47. The same procedure as for the seleno-ester 43
was used to convert 2-[(4-oxo-4 H-quinazolin-3-yl)methyl]benzoic
methyl acid 46 to 2-[(4-oxo-4H-quinazolin-3-yl)methyl]seleno
benzoic acid Se-phenyl ester 47 as colourless crystals (0.31 g,
0.71 mmol, 68%), mp 314-316 °C; Found: M*H", 421.0450.
C,,H;N,0,%Se requires 421.0451; v, (thin film)/cm™" 3361,
1911, 1659, 1589, 1542, 1392, 1336, 1188, 801, 760 and 722; oy
5.43 (2 H, s, CH,), 7.37-7.35 (1 H, m, ArH), 7.53-7.45 (6 H, m,
ArH), 7.61-7.59 (2 H, ArH), 7.79-7.73 (2 H, m, ArH), 8.04 (1 H,
dd, J 7.6 1.3, ArH), 8.13 (1 H, s, 2-H) and 8.33-8.30 (1 H, m,
ArH); d¢ 47.2 (CH,), 122.1 (4a-C), 126.3 (C), 126.9 (CH), 127.4
(CH), 127.5 (CH), 128.5 (CH), 129.4 (CH), 129.6 (CH), 129.6
(CH), 129.7 (CH), 133.2 (CH), 133.6 (C), 134.4 (CH), 136.2 (CH),
137.6 (C), 147.0 (CH), 148.0 (8a-C), 161.3 (4-C) and 196.7 (CO);
m/z (Electrospray) 421 (M*, 7%), 263 (60), 156 (45), 129 (100),
102 (43), 89 (46), 77 (60), 63 (23) and 51 (33).

11-Hydroxy-11H-isoquinolino|3,2-b]quinazolin-6,13-dione  50.
The reaction between 2-[(4-ox0-4 H-quinazolin-3-yl)methyl]seleno
benzoic acid Se-phenyl ester 47 (0.044 g, 0.1 mmol) and
hexamethylditin (0.099 g, 0.3 mmol) was carried out in benzene
(20 cm®) and was refluxed and irradiated with a UV lamp for
3 h. The benzene was removed under vacuum and the crude
product was purified by column chromatography using silica gel
as absorbent and light petroleum—EtOAc (4 : 1) as eluent yielding
11-hydroxy-11H-isoquinolino[3,2-b]quinazolin-6,13-dione 50 as
colourless needles (0.011 g, 0.04 mmol, 39%), mp 176-177 °C
(CHCL); Found: (M + H)*, 279.0768. C,H,; N,O; requires
279.0764; v, (thin film)/cm~' 3421, 2919, 2360, 1699, 1683, 1653,
1559, 1465, 1260, 1100, 963, 910, 728 and 667; o, 5.29 (1 H, d, J
4.6, OH), 7.21 (1 H, d, J 4.6, CH), 7.69-7.65 (2 H, m, ArH), 7.80
(1 H,d,J 8.0, ArH), 7.93-7.84 (2 H, m, ArH), 8.10 (1 H, d, J
8.0, ArH), 8.32 (1 H, dd, J 7.6 1.2, ArH) and 8.39 (1 H, dd, J 8.0
1.2, ArH); o 75.5 (CH), 121.9 (C), 126.7 (CH), 128.0 (CH), 128.7
(CH), 129.2 (C), 129.6 (CH), 130.0 (CH), 130.3 (CH), 135.6 (CH),
135.7 (CH), 137.0 (C), 142.6 (ArC), 146.7 (C), 162.7 (C) and 176.6
(C); m/z (Electrospray) 278 (M*, 50%), 262 (43), 249 (40), 221
(26), 135 (38), 119 (36), 105 (100), 91 (45), 84 (60), 77 (68) and 51
(69). The structure was confirmed by X-ray crystallography.

X-Ray crystallography

Data were collected at 150(2) K on a Bruker SMART 1000
diffractometer with sealed tube source® for 30 and Bruker-Nonius
CCD diffractometer with rotating anode source® for 50. The
structures were solved by direct methods and refined by full-matrix
least-squares on F” using the SHELXTL suite of programs.® All
the non-hydrogen atoms were refined with anisotropic atomic
displacement parameters and hydrogen atoms were inserted at
calculated positions using a riding model except for H(2) for which
coordinates were freely refined in both structures. In 30, molecules
form into chains via intermolecular H-bonds N(2)-H(2) - - - O(1").
The structure of 50 additionally contains one molecule of CHCl; in
the asymmetric unit and molecules are linked into chains via strong
intermolecular H-bonds O(2)-H(2) - - - N(2'). Off-set n—= stacking
is also dominant with separations in the range 3.33-3.5 A.

Crystal data for 30: C,sH,,N,OS, M = 282.35, monoclinic, Ckc,
a = 4.6405(7), b = 25.329(4), ¢ = 12.1910(17) A, ff = 97.047(2)°,
U=1422.14) A3, T =1502) K, Z = 4, u(Mo-Ka) = 0.224 mm ',
5350 reflections measured, 3005 unique (R;,, = 0.0368) which were
used in all calculations, wR = 0.1590 for all data, Rl = 0.0602
for 2351 data with F? > 20(F?). Absolute structure parameter =
0.13(13)—thus reliably determined.

Crystal data for 50: C,;H,;CI;N,0;, M = 397.63, triclinic, Pl,
a = 6.6511(3), b = 8.6274(3), ¢ = 14.5395(7) A, a = 90.123, =
94.525(3), y = 99.594(3)°, U = 819.97(6) A3, T = 120Q) K, Z =
2, uMo-Ka) = 0.579 mm~', 11250 reflections measured, 3715
unique (R;,, = 0.0370) which were used in all calculations, wR =
0.0939 for all data, R1 = 0.0353 for 2898 data with F? > 25(F?).1

Acknowledgements

We thank the EPSRC (DTA award) and Loughborough University
for a Postgraduate Studentship (T. S.), and the EPSRC Mass
Spectrometry Unit, Swansea University, Wales for mass spectra.
We also thank the EPSRC National Crystallography Service at
Southampton University, UK for collecting X-ray diffraction data
for compound 50.

References

1 A. Al-Shamma, S. Drake, D. L. Flynn, L. A. Mitscher, Y. H. Park,
G. S. R. Rao, A. Simpson, J. K. Swayze, T. Veysogly and S. T.-S. Wu,
J. Nat. Prod., 1981, 745-747.

2 S.R.Johnsand J. A. Lamberton, J. Chem. Soc., Chem. Commun., 1965,
267; J. S. Fitzgerald, S. R. Johns, J. A. Lamberton and A. H. Redcliffe,
Aust. J. Chem., 1966, 19, 151-158.

3 M. Hamburger, Phytochem. Rev., 2002, 1, 333.

4 Z.-Z. Ma, Y. Hano, T. Nomura and Y.-J. Chen, Heterocycles, 1997, 46,
541-546.

5'Y. Asahina, Acta Phytochim.,1922,1, 67; Y. Asahina and K. Kashiwaki,
J. Pharm. Soc. Jpn, 1915, 35, 1293.

6 J. P. Michael, Nat. Prod. Rev., 2004, 21, 650-668.

7 D. A. Horton, G. T. Bourne and M. L. Smythe, Chem. Rev., 2003, 103,
893-930.

8 F. Aldabbagh, W. R. Bowman and E. Mann, Tetrahedron Lett., 1997,
38, 7937-7940; F. Aldabbagh, W. R. Bowman, E. Mann and A. M. Z.
Slawin, Tetrahedron, 1999, 55, 8111-8128.

9 Y. Antonio, E. De La Cruz, E. Galeazzi, A. Guzman, B. L. Bray,
R. Greenhouse, L. J. Kurz, D. A. Lustig, M. L. Maddox and J. M.
Muchowski, Can. J. Chem., 1994, 72, 15-22.

1 CCDC reference numbers 622451 and 622452. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b614075k

112 | Org. Biomol. Chem., 2007, 5, 103-113

This journal is © The Royal Society of Chemistry 2007





10 S. M. Allin, W. R. S. Barton, W. R. Bowman and T. Mclnally,
Tetrahedron Lett., 2002, 43, 4191-4193.

11 F. E. Ziegler and M. Belema, J. Org. Chem., 1997, 62, 1083-1094 and
references therein.

12 C. J. Moody and C. L. Norton, J. Chem. Soc., Perkin Trans. 1, 1997,
2639-2643.

13 J. Marco-Contelles and M. Rodriquez-Fernandez, Tetrahedron Lett.,
2000, 41, 381-384; J. Marco-Contelles and M. Rodriquez-Fernandez,
J. Org. Chem., 2001, 66, 3717-3725.

14 J. A. Murphy and M. S. Sherburn, Tetrahedron, 1991, 47, 4077-4088.

15 Y. Z. Osornio, L. D. Miranda, R. Cruz-Almaza and J. D. Muchowski,
Tetrahedron Lett., 2004, 45, 2855-2858.

16 S. M. Allin, W. R. S. Barton, W. R. Bowman and T. Mclnally,
Tetrahedron Lett., 2001, 42, 7887-7890.

17 M.-L. Bennasar, T. Roca and F. Ferrando, Org. Lett., 2006, 8, 561-564.

18 M.-L. Bennasar, T. Roca and F. Ferrando, J. Org. Chem., 2005, 70,
9077-9080.

19 M.-L. Bennasar, T. Roca and F. Ferrando, Tetrahedron Lett., 2004, 45,
5605-5609.

20 S. R. Flannagan, D. C. Harrowven and M. Bradley, Tetrahedron Lett.,
2003, 44, 1795-1798.

21 T. C. T. Ho and K. Jones, Tetrahedron, 1997, 53, 8287-8294.

22 A. Nadin and T. Harrison, Tetrahedron Lett., 1999, 40, 4073-4076.

23 K. C. Mujumbar and P. P. Mukhopadhyay, Synthesis, 2003, 920-924;
K. C. Mujumbar, P. K. Basu, P. P. Mukhopadhyay, S. Sarkar, S. K.
Ghosh and P. Biswas, Tetrahedron, 2003, 59, 2151-2157.

24 K. Orito, Y. Satoh, H. Nishizawa, R. Harada and M. Tokuda, Org.
Lett., 2000, 2, 2535-2537.

25 D. C. Harrowven, B. J. Sutton and S. Coulton, Tetrahedron, 2002, 58,
3387-3400; D. C. Harrowven, B. J. Sutton and S. Coulton, Tetrahedron
Lett., 2001, 42, 2907-2910.

26 D. C. Harrowven, B. J. Sutton and S. Coulton, Tetrahedron Lett., 2001,
42, 9061-9064; D. C. Harrowven, B. J. Sutton and S. Coulton, Org.
Biomol. Chem., 2003, 4047-4057.

27 Review: A. Studer and M. Bossart, in Radicals in Organic Synthesis,
ed. P. Renaud and M. P. Sibi, Wiley-VCH, Weinheim, 2001, vol. 2,
pp. 62-80.

28 A. L. J. Beckwith, W. R. Bowman, V. W. Bowry, E. Mann, J. Parr and
J. M. D. Storey, Angew. Chem., Int. Ed., 2004, 43, 95-98.

29 D. L. Comins, H. Hong and G. Jianhua, Tetrahedron Lett., 1994, 35,
5331-5334.

30 M. A. Elban, W. Sun, B. M. Eisenhauer, R. Gao and S. M. Hecht,
Org. Lett., 2006, 8, 3513-3516; N. J. Rahier, K. Chen, R. Gao, B. M.
Eisenhauer and S. M. Hecht, Org. Lett., 2003, 5, 835-837.

31 J. B. Bremner and W. Sengpracha, Tetrahedron, 2005, 61, 941-953.

32 S. M. Allin, W. R. Bowman, M. R. J. Elsegood, V. McKee, R. Karim
and S. S. Rahman, Tetrahedron, 2005, 61, 2689-2696.

33 (a) C. Kaneko, K. Kasai, N. Katagiri and T. Chiba, Chem. Pharm.
Bull., 1986, 34, 3672-3681; (b) R. Tangirala, S. Anthony, K. Agami, Y.
Pommier and D. P. Curran, Synlett, 2005, 2843-2846.

34 R. Hulland M. L. Swain, J. Chem. Soc., Perkin Trans. 1, 1976, 653-659.

35 J. Azizian, A. A. Mohammadi and A. R. Karimi, Synth. Commun.,
2003, 33, 415-420.

36 A. Andrzejewska, M. A. Pagano, F. Meggio, A. M. Brunati and Z.
Kazimierczuk, Bioorg. Med. Chem.,2003, 11, 3997-4002; W. M. David,
D. Kumar and S. M. Kerwin, Bioorg. Med. Chem. Lett., 2000, 10, 2509—
2512; J. W. Ellingboe, W. Spinelli, M. W. Winkley, T. T. Nguyen, R. A.
Parsons, I. F. Moubarak, J. M. Kitzen, D. Von Engen and J. F. Bagli,
J. Med. Chem., 1992, 35, 705-716; C. R. Petrie, H. B. Cottam, P. A.
McKernan, R. K. Robins and G. R. Revanker, J. Med. Chem., 1985, 28,
1010-1016; M. C. Huang, T. L. Avery, R. L. Blakley, J. A. Secrist and
J. A. Montgomery, J. Med. Chem.,1984,27,800-802; R. E. Holmes and
R. K. Robins, J. Am. Chem. Soc., 1964, 86, 1242-1245; A. G. Beaman,
J. F. Gerster and R. K. Robins, J. Org. Chem., 1962, 27, 986-990.

37 M. K. Ali and M. McDermott, Tetrahedron Lett., 2002, 43, 6271-6273;
M. Joshaghani, A. R. Khosropour, H. Jafary and I. Mohammadpoor-
Baltork, Phosphorus, Sulfur Silicon Relat. Elem., 2005, 180, 117-123.

38 W. R. Bowman, S. L. Krintel and M. B. Schilling, Org. Biomol. Chem.,
2004, 585-592; W. R. Bowman, S. L. Krintel and M. B. Schilling,
Synlett, 2004, 1215-1218.

39 J.-F. Liu, P. Ye, K. Sprague, K. Sargent, D. Yohannes, C. M. Baldino,
C. J. Wilson and S.-C. Ng, Org. Lett., 2005, 7, 3363-3365; E. S. Lee,
J.-G. Park and Y. Jahng, Tetrahedron Lett., 2003, 44, 1883-1886; A.
Kamal, K. V. Ramana, H. B. Antaki and A. V. Ramana, Tetrahedron

Lett.,2002, 43, 6861-6863; K. G. Nazerenko, T. I. Shyrokaya and A. A.
Tolemkev, Synth. Commun., 2003, 33, 303.

40 W. R. Bowman, M. R. J. Elsegood, A. J. Fletcher, P. J. Lovell and J. M.
Pedersen, J. Org. Chem., 2005, 70, 10615-10618; W. R. Bowman, A. J.
Fletcher, P. J. Lovell and J. M. Pedersen, Synlett, 2004, 1905-1908.

41 T. Harayama, A. Hori, G. Serban, Y. Morikami, T. Matsumoto, H.
Abe and Y. Takeuchi, Tetrahedron, 2004, 60, 10645-10649.

42 T. Harayama, Y. Morikami, Y. Shigeta, H. Abe and Y. Takeuchi,
Synlett, 2003, 847-848.

43 A. Cagir, S. H. Jones, R. Gao, B. M. Eisenhauer and S. M. Hecht,
J. Am. Chem. Soc., 2003, 125, 13628-13629.

44 H. Twin and R. A. Batey, Org. Lett., 2004, 6, 4913-4916; S. B. Mhaske
and N. P. Argade, J. Org. Chem., 2004, 69, 4563-4566; S. P. Chavan
and R. Sivappa, Tetrahedron, 2004, 60, 9931-9935; D. Osborne and
P. Stevenson, Tetrahedron Lett., 2002, 43, 5469-5470; M. Toyota, C.
Komori and M. Thara, Heterocycles, 2002, 56, 101-103; S. Dallavalle
and L. Merlini, Tetrahedron Lett., 2002, 43, 1835-1837; P. Molina,
A. Tarraga and A. Gonzalez-Tejero, Synthesis, 2000, 1523-1525;
Z.-Z. Ma, Y. Hano, T. Nomura and Y.-J. Chen, Heterocycles, 1999,
51, 1593-1596; H. Wang and A. Ganesan, Tetrahedron Lett., 1998, 39,
9097-9098.

45 W.R. Bowman, M. O. Cloonan, A. J. Fletcher and T. Stein, Org. Biomol.
Chem., 2005, 3, 1460-1467.

46 (a) M. A. Ciufolini and F. Roschangar, Tetrahedron, 1997, 53, 11049—

11060; () H. Abe, T. Harayama, A. Hori, T. Matsumoto, Y. Morikami,

G. Serban and Y. Takeuchi, Tetrahedron, 2004, 60, 10645-10649.

Selected syntheses: (¢) T. Harayama, A. Hori, G. Serban, Y. Morikami,

T. Matsumoto, H. Abe and Y. Takeuchi, Tetrahedron, 2004, 60, 10645—

10649; (b) S. P. Chavan and R. Sivappa, Tetrahedron Lett., 2004,

45, 997-999; P. K. Mohanta and K. Kim, Tetrahedron Lett., 2002,

43, 3993-3996; S. H. Lee, S. I. Kim, J. G. Park, E. S. Lee and Y.

Jahng, Heterocycles, 2001, 55, 1555-1559; A. Ikuta, H. Urabe and H.

Nashimura, J. Nat. Prod., 1998, 61, 1012-1014; J. Bergman and S.

Bergman, J. Org. Chem., 1985, 50, 1246-1255; J. Kokosi, I. Hermecz,

G. Szaz and Z. Meszaros, Tetrahedron Lett., 1981, 22, 4861-4862; Y.

Asahina, R. H. F. Manske and R. Robinson, J. Chem. Soc., 1927,

1708-1710.

48 A. P. Dobbs, K. Jones and K. T. Veal, Tetrahedron Lett., 1995, 36,
4857-4860.

49 A. Fiumana and K. Jones, Tetrahedron Lett., 2000, 41, 4209-4211.

50 G. W. Gribble, H. L. Fraser and J. C. Badenock, Chem. Commun., 2001,
805-806.

51 R. Liu, P. Zhang, T. Gan and J. M. Cook, J. Org. Chem., 1997, 62,
7447-7456; U. Schmidt and S. Weinberger, Synthesis, 1996, 28-30.

52 A.R.Katritzky and K. Akutagava, Tetrahedron Lett., 1985, 5935-5938.

53 R. Ajaykumar, P. A. Bapu, D. S. Deevi, G. S. Kumar, K. B. S. Kumar,
N. V.S.R. Mamidi, C. P. Narasimhulu, P. Prasanna, R. C. Puranik, C. S.
Rao, C. V. L. Rao, S. Rajaopal, R. Rajagopalan, B. Renuka, K. V. A.
Seshu, V. M. Sharma, D. Subramanyam and A. Venkateswarlu, Bioorg.
Med. Chem. Lett., 2002, 12, 2303-2307.

54 M.-L. Bennasar, T. Roca and F. Ferrando, J Org. Chem., 2006, 71,
1746-1749.

55 C. Chatgilialoglu, D. Crich, M. Komatsu and I. Ryu, Chem. Rev., 1999,
99, 1991-2069.

56 S. Johne and M. Siisse, J. Prakt. Chem., 1984, 326, 1027-1033.

57 J. A. Howard and J. C. Tait, Can. J. Chem., 1979, 57, 2761; S. B. Tong,
1. P. Beletskaya, A. S. Sigeev, V. A. Kuzmin and A. S. Tatikolov, J. Chem.
Soc., Perkin Trans. 2, 2000, 107.

58 M. Baghbanzadeh, M. Dabiri, A. Mohammadi and P. Salehi, Synth.
Commun., 2005, 279-287.

59 S. Petersen and E. Tietze, Justus Liebigs Ann. Chem., 1959, 623, 166—
176; K. Nesmerak, H. Pelouchova, V. Vsetecka, I. Nemec and J. Gabriel,
Folia Microbiol. ( Prague), 1998, 43, 39-41.

60 L. Jung, I. Kranmacher and J.-F. Stambach, Heterocycles, 1990, 31,
2131-2138.

61 T. Kametani, C. Van Loc, T. Higa, M. Koizumi, M. Thara and K.
Fukumoto, J. Am. Chem. Soc., 1977, 2306-2308.

62 V. Gatta and R. L. Vittory, Gazz. Chim. Ital., 1969, 59.

63 J. S. Yadav and B. V. Reddy, Tetrahedron Lett., 2002, 43, 1905-1908.

64 SMART and SAINT software for CCD diffractometers, Bruker AXS
Inc., Madison, WI, 2001.

65 R. W. W.Hooft, COLLECT data collection software, Nonius B.V., 1998.

66 G. M. Sheldrick, SHELXTL user manual, version 6.10, Bruker AXS
Inc., Madison, WI, 2001.

4

-

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 103-113 | 113






PAPER

www.rsc.org/obc | Organic & Biomolecular Chemistry

Synthesis of supramolecular fullerene—porphyrin—Cu(phen),—ferrocene
architectures. A heteroleptic approach towards tetradsT

Michael Schmittel,** Ravuri S. K. Kishore? and Jan W. Bats?

Received 28th September 2006, Accepted 25th October 2006

First published as an Advance Article on the web 16th November 2006

DOI: 10.1039/b614111k

Four supramolecular fullerene—porphyrin—Cu(phen),—ferrocene architectures were accessed by a
twofold coordination strategy. At first, the phenanthroline-linked zinc porphyrins 1-4, conceived as
supramolecular synthons, were combined with a ferrocene module, 3,8-(diferrocenylethynyl)-
phenanthroline (5), by a Cu(1)-mediated heteroleptic bisphenanthroline complexation (HETPHEN)
protocol to furnish the porphyrin—Cu(phen),—ferrocene aggregates 6-9. Subsequently, the fullerene
module 10 was incorporated by axial pyridyl coordination to the zinc porphyrin, affording 11-14. Their
suitability as tetrads was interrogated using electrochemical and photophysical data.

Introduction

The conversion of solar into chemical energy is probably the most
important and consequential step occurring in the photosynthetic
reaction centre in plants.! In purple photosynthetic bacteria for
instance, efficient light harvesting and excitation energy transfer
(EET) funnels solar energy from the photosystems LH2 and
LHI to the special pair bacteriochlorophyll dimer (Bchl,).! The
subsequent cascade of very fast electron transfer (eT) steps
produces a charge-separated (CS) state Bchl,"* Q,*~ (quinone) over
a fairly large distance.? Charge recombination (CR) is effectively
avoided until the hole and electron are separated by a membrane.
Major efforts have been made in past decades towards mim-
icking this process and in developing artificial photosynthetic
systems.>* An important class of compounds showing long-lived
CS states are the fullerene-porphyrin-ferrocene triads, tetrads and
pentads.® In particular, highly efficient photosynthetic electron
transfer has been realised by Fukuzumi, Guldi, Imahori, Ito and
colleagues® in ferrocene-zinc porphyrin—Cg, triads, in which the
relatively long-lived CS state (up to 16 us) could be produced
with an extremely high quantum yield (nearly unity). They also
reported a ferrocene-zinc porphyrin trimer—fullerene pentad,’
which exhibited not only the longest lifetime (0.53 s in PhCN
at 163 K) of a CS state, but also an extremely high CS efficiency
(83%), comparable to the eT properties of bacteriochlorophyll
dimer radical cation (Bchl,"*)-secondary quinone radical anion
(Qg*") ion pair in the bacterial photosynthetic reaction centre.
However, while in the natural photosynthetic reaction centre the
eT process occurs along a supramolecular relay system in a protein
matrix, most of the above-mentioned reports represent covalent
systems. Construction of well defined structures bearing three or
more different functional photo/redox active units is tedious in a
dynamic supramolecular regime.**# It is hence not surprising that
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very few reports of supramolecular triads,” and none of tetrads,
are known. Invariably, in the fullerene—porphyrin—ferrocene triads
known so far’ there is only one non-covalent binding motif
present, and either the fullerene or the ferrocene is covalently
bound to the porphyrin. A supramolecular triad/tetrad where
both the ferrocene and the fullerene subunits are bound solely
by non-covalent interactions has been difficult to access. In the
present study, we demonstrate how a combination of two orthog-
onal binding modes — involving (i) Cu(1)-mediated heteroleptic bis-
phenanthroline complexation and (ii) axial binding of pyridine to
zinc porphyrin — is used effectively to obtain four supramolecular
fullerene—porphyrin—Cu(phen),—ferrocene aggregates, as a proof
of principle for the heteroleptic construction of tetrads. The
Cu(phen), complex, apart from playing a structural role as a non-
covalent binding unit, is known to efficiently mediate electron
transfer between Zn(11) and Au(ir) porphyrins, as reported by
Sauvage,' and is also known to be involved in photoinduced eT
processes with the Cy, moiety."!

Results and discussion

The strategy to the supramolecular aggregates involves three
steps: (i) synthesis of phenanthroline-linked porphyrins 1-4;
(ii) Cu(1)-driven heteroleptic bis-phenanthroline complexation of
14 with bis(ferrocenylethynyl)phenanthroline 5 to afford the
Cu(1)-mediated supramolecular porphyrin—Cu(phen),—ferrocene
aggregates 6-9; and (iii) axial coordination of pyridyl fullerene
10 to 6-9 to furnish the supramolecular fullerene—porphyrin—
ferrocene systems 11-14.

Synthesis of phenanthroline-appended porphyrins 1-4

Our strategy towards the synthesis of 1-4 was to attach
phenanthroline’> Phenl to the iodophenyl groups in porphyrins
P1-P4 via a Sonogashira cross-coupling. Compounds 1 and 4
have already been reported by us elsewhere.'*

In order to access the required phenanthroline—porphyrin
hybrids 1-4, the meso-iodophenyl zinc-porphyrins P1-P4 were
first synthesised based on strategies outlined by Lindsey er al.**
A subsequent Sonogashira reaction using Pd,(dba);/AsPPh; in
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benzene or pyridine with triethylamine as a base allowed for
the cross-coupling between Phenl and P1-P4, to furnish 1-4
(Scheme 1). Purification of 1-4 was realised by chromatography on
silica-gel followed by size-exclusion chromatography on bio-beads
in toluene.

Pdy(dba)s, AsPhg
NEt; PhH, 50 °C, 4 h

Q
{Fo
‘D P2

Pd,(dba)s, AsPhs
NEt; PhH, 50 °C, 4 h

Pdj(dba)s, AsPhs
NEts PhH, 50 °C, 4 h

Pdj(dba)s, AsPhy
NEts PhH, 50 °C, 4 h

Scheme 1  Synthesis of phenanthroline—porphyrin hybrids 1-4.

Table S1 (see ESIT) displays the various NMR shifts of 1-4
measured in CD,Cl,. It was noticed that the H; protons of the
pyrrole units of the porphyrin rings were split according to the
symmetry of the ligands. The distinct attachment in the meso
position of the porphyrin did, however, not entail tangible NMR
shift differences of the phenanthroline protons. The sole difference
noted was an upfield shift for the 4,7- and 5,6-protons on the
phenanthroline unit of 4, compared to their counterparts in 1, 2,
and 3.

Absorption spectroscopy (Table 1) showed an increasing
bathochromic shift of the Soret band from 1 to 4 relative to zinc
5,10,15,20-tetraphenylporphyrin (ZnTPP), i.e. with the growing
number of phenanthrolines at the periphery of the zinc porphyrin
core (Fig. 1). Also noticed was the predicted increase in the
absorption coefficient of the phenanthroline chromophore in
1-4 in the 250-350 nm region. The ligands displayed strong
fluorescence when excited at the Soret band.

Table 1 Absorption and emission maxima of 1-4

Aaps”/TIM Jem?/nM
1 289, 421%*, 512, 549, 588 599, 648
2 289, 424*, 550, 590 600, 648
3 289, 424*, 550, 591 602, 653
4 289, 428%*, 551, 590 606, 652

“Measured in CH,Cl,. ® Excited at the Soret (*) absorption maximum.

T T T
400 500 600
wavelength [nm]

Fig. 1 Absorption spectra of 1-4 measured in CH,Cl, normalised at the
Soret band.

Formation of porphyrin—Cu(phen),—ferrocene aggregates by the
HETPHEN complexation strategy

Ligands 14 are supramolecular building blocks, which can be
utilised for the construction of porphyrin—Cu(phen),—ferrocene
systems by a metal-driven heteroleptic complexation. As a proof of
concept, we have recently incorporated phenanthrolinyl porphyrin
1 into a multicomponent self-assembled stack.'®® Along the same
lines, the tetrakis(bis-heteroleptic) supramolecular phenanthroline
complex 9 was realised starting from porphyrin 4 through
a Cu(1)-mediated approach.’ Accordingly, the supramolecu-
lar aggregates 6-8 (Chart 1) were prepared based on the
HETPHEN?® approach. For this purpose, compound 5 was syn-
thesised by a Sonogashira reaction of ferrocenylacetylene with 3,8-
dibromophenanthroline using [Pd(PPh;),]Cl,/Cul and NH'Pr,
(Scheme 2). Single crystals of 5 were obtained by slow diffusion
of hexane into a concentrated solution of 5 in chloroform. Fig. 2
displays the crystal structure of 5.

R4 R!
R3 R2
Fc2 Fe
<
6 : M =Cu(l), R'=R2=R3=mes, R*=Fc2 v
6a: M = Ag(l), R'=R?=R®=mes, R*=Fc2
7 :M=Cu(l), R'=R?=mes, R®=R*=Fc2
8 : M =Cu(l), R'=R%=mes, R%=R*%=Fc2
9 :M = Cu(l), R'=R2=R3=R*=Fc2 mes

Chart 1 Chemical representation of triads 6-9 and 6a.
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ol YA Yo, F—H
=N N= =
[Pd(PPhg),]Cl, Cul, /7 \ N\
DIPA, Benzene ? T \=N N= T Fe
80°C,48h = 5 >N

42%

Scheme 2 Synthesis of diferrocenylethynylphenanthroline 5.

Fig. 2 Crystal structure of 5 (the non-H atoms are shown with 50%
probability ellipsoids).

X-Ray structure of 5i. In the crystal structure of 5, the
phenanthroline unit showed a small distortion from planarity
with a mean deviation of the non-H atoms from the best plane
of 0.048 A. Both ferrocenyl groups were found in approximately
eclipsed conformations. The angle between the best plane of
the phenanthroline group and the plane through C15-C17-C19
was found to be 13.4°. Similarly, the angle between the best
plane of the phenanthroline group and the plane through C27-
C29-C31 was 14.8°. The crystal structure revealed a chloroform
solvate being hydrogen-bonded to the two N atoms of the
phenanthroline group. The phenanthroline units formed stacks
along the h-direction (see ESIt). Neighbouring phenanthrolines
in the stacks showed partial overlapping m-systems in the region
C6-C7-C8-C9-C10-C11, with shortest interatomic n—n distances
being 3.27 and 3.35 A. In addition, the structure also indicated
two intermolecular C(ferrocenyl)-H-n(ferrocenyl) contacts and a
short intermolecular C(ferrocenyl)H—Cl interaction.

HETPHEN complexation'*. Heteroleptic complexation of 1-4
with 5, furnishing complexes 6-9 in quantitative yield, was effected
using [Cu(CH;CN),]PF¢ in dichloromethane. The formation of
6-9 was clearly ascertained by observation of the molecular ion
peaks in the ESI-MS and by diagnostic NMR upfield shifts of the
37,5"-protons of the mesityl groups of the phenanthroline units
(see ESIT).

I Crystal structure: a single crystal (a brown blade with dimensions
0.04 x 0.26 x 0.75 mm) was measured on a SIEMENS SMART 1 K
CCD diffractometer with Mo-Ka radiation at a temperature of about
158 K. Repeatedly measured reflections remained stable. An empirical
absorption correction with program SADABS?* gave a correction factor
between 0.804 and 0.952. 49615 reflections measured, 9002 unique
reflections, R({);,, = 0.063. The structure was determined by direct methods
and refined by least-squares against all measured /2 values.® The H atoms
were positioned geometrically and were constrained. Cs;sH,,Fe,N,-CHCl;,
M = 715.64, monoclinic, space group P2,/c (no. 14), a = 22.770(3), b =
7.5283(11), ¢ = 19.570(3) A, p = 111.923(12)°, V = 3112.1(8) A*, Z =
4, D, =1.527 gem™, g = 1.22 mm~', 397 refined parameters, R,(F)[{ >
26(1)] = 0.052, GOOF = 1.02, the final difference density was between
—1.12 and +1.07 ¢ A~* near Cl atoms of the chloroform solvate group.
CCDC reference number 622456. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b614111k

Formation of supramolecular
fullerene—porphyrin—Cu(phen),—ferrocene systems

Reaction of 6-9 with 10 in CH,CL,-CS, (1 : 1) afforded 11-14
(Scheme 3, Chart 2). Their formation was readily detected by
UV-vis spectroscopy, because the Soret band of 11-14 displayed
a characteristic bathochromic shift from 420 nm to 430 nm. In
addition, characteristic shifts of various signals in the '"H NMR
were noticed. Notably, the Hy pyrrole signals of the porphyrin
were found to shift by ~0.1 ppm upfield in all complexes. The
signal for the 3”,5"-mesitylene protons (C,H,Me;) experienced a
downfield shift from d 6.14 in 6-9 to J 6.21 in 11-14. (Table S27).
Likewise, the signals corresponding to the ferrocene protons were
found shifted upfield by ~0.1 ppm. This could arise due to the
proximity of the ferrocene to the fullerene subunit.

11 : R'=R2=R®=mes, R*=Fc2
12 : R'=R2=mes, R®=R%=Fc2
13 : R'=R3=mes, R?=R%=Fc2
14 : R'=R2=R3=R‘=Fc2

Scheme 3 Reaction leading to formation of 11-14.

The '"H NMR spectra of 6 and 11 are shown in Fig. 3. A distinct
upfield shift of the 3,5-pyridyl protons of 10 from J 7.76 ppm (as
free residue) to a broad singlet at 9 6.44 (in 11) was noticed. The sig-
nals of the protons from the pyrrolidine ring fused to Cy, atd 4.67
and 3.92, also experienced an upfield shift from ¢ 5.02 and 4.32 in
10. Similar shifts were found in 12, 13 and 14. Due to the density of
methyl signals, the 2,6-pyridyl protons, known to shift drastically
upfield to the region ¢ 0.5-2.0, were not readily discernible.

The sharp signals in the NMR spectra suggest that there is free
rotation about the various axes present in 11-14. In addition, no
broadening of any signals in 11-14 was observed compared to 6—
9. Presence of a single set of ferrocene signals was noticed in 11,
12 and 14, implying equal interaction of the fullerene with all the
ferrocene protons.

ESI-MS characterisation'® revealed molecular ion signals for
11-14, not unexpectedly accompanied by signals from 6-9. Within
the range of the instrument, isotopic splitting patterns were
obtained for 12-14, matching with those of the simulated spectra.

UV-Visible absorption titrations of 6-9 with 10 in
dichloroethane at 298 K exhibited spectral changes characteristic
of axial coordination of a pyridine ligand to a zinc porphyrin."’
The formation constants K for the porphyrin—fullerene conjugates
could be determined from the spectral data by SPECFIT."” The
association constants are listed in Table 2. Notably, the association
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Chart2 Chemical representation of tetrads 11-14.

por-mes

Fig. 3 Aromatic region in the "H NMR spectra of 6 and 11. The solid black circles represent the shifts of the 3,5-H and the pyrrolidine protons.

constant for formation of 11-14 (from 6-9 and 10) is higher by
half an order of magnitude than that of ZnTPP and 10.

The molecular structure of aggregate 11 calculated at the
PM3 level in SPARTAN" showed an edge-to-edge distance of
4.1 A between the ferrocene and the Cg, unit, indicative of an

almost complete van der Waal’s contact between the ferrocene
and the fullerene unit, as reported earlier by D’Souza® et al. for
other systems. This may explain the higher association constants
displayed by 11-14 and the upfield-shifted signals of the ferrocene
protons in the '"H NMR.
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Table 2 E,, energies and association constants of zinc porphyrins with
10 calculated from UV-vis titration by SPECFIT

K/M™! logp Ey/eV reference
ZnTPP* 7.2 x 10° 3.86 (£ 0.38) — 5d
11° 2.1 x 10* 4.34 (£ 0.05) 1.96 this work
12° 2.3 x 10* 4.36 (£ 0.02) 1.96 this work
13° 1.6 x 10* 4.19 (£ 0.07) 1.96 this work
14 2.6 x 104 4.42(£0.03) 1.96 this work

“ Measured in ortho-dichlorobenzene at 298 K. ® Measured in DCE at
298 K.

Compounds 11-14 are supramolecular aggregates built purely
by a supramolecular assembly protocol by applying two dynamic
non-interfering binding modes. Certainly, the heteroleptic Cu(1)-
bisphenanthroline complex is a dynamic yet robust (logf ~9.7)
supramolecular motif, as we have recently shown by demonstrat-
ing the exchange of metal ions (Cu(1) vs. Ag(1)), as well as of
ligands.” The latter was found to be completely arrested only at
—60 °C. Axial binding of the pyridyl fullerene to zinc porphyrin
(logK ~4.3) is comparatively more dynamic. This is evidenced by
broadened signals of the pyridyl protons in the '"H NMR of 11—
14 at room temperature. However, an earlier study by Imamura®
stated that below —40 °C the dynamic nature of this system was
arrested, as seen from the sharpening of the signals of the pyridyl
protons in the '"H NMR.

Electrochemical studies

The electrochemical properties of complexes 11-14 were investi-
gated along with those of 1-9 (Table 3 and Table S3t). The redox
potentials were measured by differential pulse voltammetry (DPV)
and cyclic voltammetry in dichloroethane. The intactness of the
supramolecule in the presence of electrolyte NBu,PF, under the
DPV and CV conditions was proven by absorption spectroscopy.

Redox data of 6-9 (Table 3) were measured in dichloroethane
by differential pulse voltammetry (DPV). It was observed that
the redox potentials of P*?*, P+ Cu*** and ferrocene (Fc"*)
in 6-9 were not influenced by the number of phenanthrolines
at the porphyrin periphery. In contrast, the porphyrin reduction
potential (P”~) exhibited an anodic shift of ~70 mV while going
from 6 to 9 (Table 3). The number of electrons transferred in

Table 3 Redox potentials of 6-9 and 11-14

the individual redox steps, as analysed from the integrated areas
of the DPV curves, indicated that the first oxidation of the
porphyrin (P”*) and that of Cu*/?* overlapped at E = 0.41 V.. This
assignment was confirmed by preparing 6a, the silver analog of 6,
containing an Ag(1) instead of the Cu(1) phenanthroline complex.
As for 6, the porphyrin E,,, (P”*) in 6a was located at £ = 0.41 V..

Table 3 shows the redox potentials of 11-14. On the basis of
two criteria (peak separation E,, — E,. and i,,/i, = 1) the redox
processes were found to be reversible. In contrast to systems 6-9,
the redox waves for Cu*’?* and P”* in 11-14 only partly overlapped,
so that we could employ a peak deconvolution with PEAKFIT
for their analysis. The E,,, (P”*) of the porphyrin unit in 11-14
exhibited small, but uncharacteristic shifts when compared to 6-9,
while the reduction potential E,,, (P”~) revealed cathodic shifts of
0-70 mV. The porphyrin potentials E,,, (P"*) of 11-14 are higher
than that of ZnTPP-10 by 200 mV, mostly due to the electron-
withdrawing effect of the Cu*/?* centres and to a lesser extent
because of the charged Fc'* groups.

Due to the spatial arrangement and electrochemical data of
11-14 we expect that upon photochemical excitation of the por-
phyrin unit a PET process will generate Cq,'~—Por**—Cu(phen),*—
Fc, which will undergo further CS to Cg'—Por-Cu(phen),* —
Fc and finally to Cq"~—Por—Cu(phen),"—Fc'*. Hence, the present
system should operate as a A-D-D-D tetrad, with the CS from
Cg~—Por"*—Cu(phen),*—Fc to Cg ~—Por—Cu(phen),* ~Fc¢ having
almost no driving force. A caveat of the present discussion is
that the redox data in Table 3 do not precisely reflect the redox
situation in the photochemically triggered tetrads. Obviously,
the PET process will be initiated with the ferrocene units being
uncharged and the copper being singly-charged, while the data for
P”* recorded in Table 3 are influenced by the oxidised ferrocene
and the doubly-charged copper units.

Conclusions

We have successfully established a protocol to obtain dynamic
supramolecular aggregates based on two orthogonal coordinative
binding motifs. The successful introduction of a Cu(phen),
redox unit into the tetrad system should facilitate stepwise
charge separation, as has been noticed previously with other
supramolecular CS systems.!®!'2! Moreover, the present self-
assembly approach leaves a lot of room for further fine-tuning

E,,vs. Fc*
P+/2+ P0/+’ Cu+/2+ FC0/+ C(‘OO/— C(‘Uf/zf p()/f HOMO*LUMO/GV’)

6 0.74 0.41,0.41 0.21 — — —1.91 —
6a 0.74 0.41 0.21 — — — —
7 0.77 0.41,0.41 0.20 — — —1.86 —
8 0.74 0.41, 0.41 0.21 — — —1.86 —
9 0.77 0.41, 0.41 0.20 — — —1.84 —
11 0.85 0.37,0.30¢ 0.214 —1.06 —1.47 —1.98 1.27
12 0.83 0.42, 0.36¢ 0.21 —1.04 —1.44 —1.88 1.25
13 0.77 0.39,0.33¢ 0.20 —1.08 —1.50 —1.88 1.28
14 0.81 0.40, 0.28¢ 0.19 —1.04 —1.44 —1.85 1.23

“ Determined by DPV in dichloroethane with NBu,PF as electrolyte, and measured against an Ag wire as a quasi-reference electrode and dimethylferrocene
as internal standard at 100 mV s~'. Potentials are referenced against the more common ferrocene redox couple. * Determined from the redox potentials
Fc”* — Cg"~. ¢ Deconvolution allowed to separate the overlapping waves of the P”* and Cu*/** redox processes. ¢ Obtained by deconvolution.
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of the electronic properties of triads and tetrads, e.g. using other
spacers in between the coordination motifs, installing different
terminal redox relays and even modulating the redox properties
of the intermediate copper—bisphenanthroline linkage. Further
investigations on these supramolecular tetrads are underway.

Experimental
Synthesis

Starting materials Phenl and P1-4 were synthesised according to
known procedures.”** Ligands 1,"3* 4,3 53¢ and 10° were prepared
according to previous reports. 'H and *C NMR were measured on
a Bruker Avance 400. ESI-MS were measured on a ThermoQuest
LCQ Deca instrument. Typically, 25 scans were accumulated for
one spectrum. All complexes were characterised by '"H NMR, “C
NMR, and elemental analysis. Cyclic voltammetry and differential
pulse voltammetry were measured on a Parstat 2273 potentiostat.

General procedure for synthesis of 1-4. In a three-neck
round-bottomed flask flushed with argon and fitted with a
reflux condenser, zinc porphyrin P1-4 was taken up in dry
benzene-triethylamine (20 mL, 15 : 5). To this solution was
added 3-ethynyl-2-(4-bromo-2,3,5,6-tetramethylphenyl)-9-(2,4,6-
trimethylphenyl)-[1,10]phenanthroline (Phenl). The mixture was
degassed for 30 min under a steady flow of argon. Pd,(dba); and
AsPh; were then added as solids. The reaction was heated at 40 °C
for 4 h, after which the reaction mixture was evaporated in vacuo.
The residue obtained was dissolved in dichloromethane, washed
with a solution of 2% KCN and dried over sodium sulfate. The
solid obtained by evaporating the solvents was chromatographed
over silica gel to give the required ligand as a violet solid. The
solid was then dissolved in 1 mL of toluene and loaded over
a size exclusion gel containing BioRad SX-1 Bio-Beads swollen
in toluene, and run under gravity flow. The bright red fractions
collected were identified as the pure product.

Using porphyrin P1 (138 mg, 148 umol), Phenl (79 mg,
148 umol), Pd,(dba); (10 mg, 1.5 pmol), AsPh; (45 mg, 148 pmol).
Yield of 1: 85 mg (43%, 63 pmol); oy (400 MHz, CD,Cl,) 8.84 (d,
J=4Hz, 2H,2,18-Hy), 8.75(d, / =4 Hz, 2 H, 3,17-H;), 8.70 (s,
4H,738,12,13-Hy), 8.66 (s, 1 H,4-H), 8.36(d, J =8 Hz, 1 H, 7-H),
8.16 (d, J = 8 Hz, 2 H, Ar-H,,Hy), 7.97 (br s, 2 H, 5,6-H), 7.61
(d,J =8Hz 1H,8H),751(d,J=8Hz2H, Ar-H,,H,), 7.29
(s, 6 H, 3",5"-H), 6.98 (s, 2 H, 3",5"-H), 2.62 (s, 9 H, §8”,8"”-H),
2.55(s,6 H, 8,9-H), 2.35 (s, 3 H, 8"H), 2.14 (s, 6 H, 7",9"-H), 2.07
(s, 6 H, 7,10-H), 1.84 (s, 6 H, 7,9""-H), 1.83 (s, 6 H, 7”,9”-H);
oc (100 MHz, CDCl;) 163.0, 161.1, 150.5, 150.3, 150.2, 149.7,
146.6, 145.5, 144.9, 142.9, 140.7, 139.7, 138.9, 138.4, 138.0, 137.7,
136.5, 135.1,134.9, 134.2, 133.8, 132.1, 131.5, 131.1, 130.9, 130.0,
129.7,129.3, 128.9, 128.8, 128.7, 128.0, 127.6, 127.4, 127.1, 126.1,
125.7, 122.0, 120.7, 119.2, 119.1, 96.3, 88.1, 22.2, 22.1, 21.8, 21.5,
21.4,20.7, 18.9; ESI-MS m/z (%): 1335.9 (100) [M + HJ*; Found:
C, 77.74; H, 5.68; N, 6.28. Calcd for CgsH7;BrNgZn: C, 77.32; H,
5.51; N, 6.29%.

Using porphyrin P2 (190 mg, 187 pumol), Phenl (200 mg,
375 umol), Pd,(dba); (18 mg, 1.9 umol), AsPh; (57 mg, 187 umol).
Yield of 2: 157 mg (46%, 86 umol); oy (400 MHz, CD,Cl,) 8.93 (s,
2 H, 2,3-Hy), 8.88 (d,2 H, J/ = 4 Hz, 7,18-H,), 8.80 (d, / = 4 Hz,
2 H, 8,17-Hy), 8.75 (s, 2 H, 12,13-Hy), 8.68 (s, 2 H, 4-H), 8.33 (d,
J =8 Hz, 2 H, 7-H), 8.17 (d, J/ = 8 Hz, 4 H, Ar-H,,Hy), 7.92

(m, 4 H, 5,6-H), 7.59 (d, / = 8 Hz, 2 H, 8-H), 7.55 (d, / = 8 Hz,
4 H, Ar-H,,H,) 7.31 (s, 4 H, 3”,5”-H), 7.00 (s, 4 H, 3",5"-H), 2.63
(s, 6 H, 8”-H), 2.57 (s, 12 H, 8,9-H), 2.37 (s, 6 H, 8"-H), 2.17 (s,
12 H, 7",9"-H), 2.09 (s, 12 H, 7,10-H), 1.85 (s, 12 H, 7”,9”-H);
Jdc (100 MHz, CD,Cl,) 162.7, 160.9, 150.5, 150.2, 150.1, 149.9,
146.4, 145.3,143.9, 139.8, 139.5, 139.2, 138.9, 138.4, 138.0, 137.9,
136.5,136.1, 134.9, 134.3, 133.9, 132.3, 131.9, 131.6, 131.3, 130.0,
129.4, 128.6, 128.0, 128.0, 127.5, 127.4, 126.0, 125.2, 122.1, 120.3,
119.9, 119.7,95.9, 87.9, 21.8, 21.5, 21.2, 21.2, 20.5, 18.7; ESI-MS
m/z (%): 1825.8 (90) [M + HJ*, 913.7 (100) [M + 2H]**; Found:
C,76.48; H, 5.15; N, 5.84. Calcd for C,,4Hy,Br,N;Zn: C, 76.33; H,
5.19; N, 6.14%.

Using porphyrin P3 (67 mg, 86 umol), Phenl (97 mg, 182 pmol),
Pd,(dba); (21 mg, 2.2 umol), AsPh; (26 mg, 86 umol). Yield of 3:
130 mg (43%, 37 umol); § (400 MHz, CD,CL,-CD;0D) 8.77 (d,
4H,J=4Hz2,8,12,18-H,;),8.67(d,4H, J=4Hz, 3,7,13,17-H,),
8.65(s,2 H, 4-H), 8.36 (d, / =8 Hz, 2 H, 7-H), 8.13 (d, / = 8§ Hz,
4H, Ar-H,,Hy), 7.96 (m, 4 H, 5,6-H), 7.58 (d, / = 8 Hz, 2 H, §-H),
7.47 (d,J =8 Hz, 4 H, Ar-H,,Hy), 7.27 (s, 4 H, 3”,5”-H), 6.96 (s,
4 H, 3",5"-H), 2.60 (s, 6 H, 8”-H), 2.53 (s, 12 H, 77,9”-H), 2.33 (s,
6 H, 8-H), 2.12 (s, 12 H, 7,10-H), 2.05 (s, 12 H, 7",9’-H), 1.81
(s, 12 H, 8.,9-H); 6 (100 MHz, CD,Cl,/CD;0D) 161.1, 150.3,
149.9, 146.2, 145.1, 144.5, 139.8, 139.7, 139.6, 139.1, 138.3, 137.9,
137.8,136.7, 136.1, 135.0, 134.2, 134.0, 132.1, 130.9, 129.8, 129.4,
128.6, 128.2,127.9, 127.6, 127.5, 126.1, 125.4, 121.8, 120.6, 120.0,
119.4, 119.3, 105.7, 96.1, 87.7, 21.7, 21.4, 21.1, 21.1, 20.4, 18.6;
ESI-MS m/z (%):1825.8 (75) [M + HJ*, 913.9 (100) [M + 2H]*;
Found: C, 76.25; H, 5.31; N, 5.93. Calcd for C,,(HyBr,NsZn: C,
76.33; H, 5.19; N, 6.14%.

Using porphyrin P4 (105 mg, 88 pmol), Phenl (200 mg,
375 umol), Pd,(dba); (21 mg, 2.2 umol), AsPh; (30 mg, 98 pmol).
Yield of 4: 130 mg (51%, 46 umol); dy (400 MHz, CD,Cl,) 8.93 (s,
8 H,2,3,7,8,12,13,17,18-H;), 8.63 (s, 4 H, 4-H), 8.32 (d, / = 8 Hz,
4 H, 7-H), 8.13 (d, J = 8 Hz, 8 H, Ar-H,,Hy), 7.89 (br s, 8 H,
5,6-H), 7.58 (d, J = 8 Hz, 4 H, 8-H), 7.53 (d, J/ = 8 Hz, 8 H,
Ar-H,,H,), 6.98 (s, 8 H, 3”,5"-H), 2.55 (s, 24 H, 8",9’-H), 2.35
(s, 12 H, 8”-H), 2.14 (s, 24 H, 77,9"-H), 2.07 (s, 24 H, 7",10"-H).;
Jdc (100 MHz, CD,Cl,) 162.7, 160.9, 150.3, 146.4, 145.3, 143.7,
139.8, 139.0, 138.4, 137.9, 136.4, 136.1, 134.9, 134.3, 133.9, 132.3,
130.1, 129.3, 129.2, 128.6, 128.5, 128.0, 127.5, 127.4, 126.0, 125.5,
125.2, 122.3, 120.7, 120.2, 95.7, 87.9, 21.2, 21.1, 20.4, 18.6; ESI-
MS m/z (%): 1402.9 (100) [M + 2H]**, 936.1 (75) [M + 3HJ*,
702.0 (25) [M + 4H]**; Found: C, 74.25; H, 5.08; N, 5.80. Calcd.
for C,,¢H,3Br,N,Zn-2H,0: C, 74.43; H, 4.97; N, 5.92%.

Synthesis of ligand 5. 3,8-Dibromophenanthroline (132 mg,
390 umol) and ferrocenyl acetylene (198 mg, 942 umol) were placed
in a Schlenk tube flushed with nitrogen. 15 mL of dry benzene
and 15 mL of dry diisopropylamine were added. Subsequently
Pd(PPh;), (45 mg, 39 umol) and copper(I) iodide (7 mg, 39 umol)
were added under a steady flow of nitrogen. The reaction mixture
was sealed with a Teflon screw cap and stirred for 48 h at 80 °C. The
dark brown reaction mixture was evaporated and redissolved in
dichloromethane. The dark solution was then washed with 5%
KCN solution and 10% KOH, and the dichloromethane portion
evaporated to give a dark brown solid. Column chromatography
on silica-gel in dichloromethane-methanol afforded as the third
fraction a dark orange solid, which was found to be the product.
Yield of 5: 98 mg (164 pmol, 42%); oy (400 MHz, CDCl;) 9.21
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(d,J =2Hz, 2 H,2,9-H),8.28(d, J =2 Hz, 2 H, 4,7-H), 7.73 (s, 2
H, 5,6-H), 4.584.59 (m, 4 H, 2',2"-H, 5,5"-H), 4.30-4.32 (m, 2 H,
3,374 4"-H), 4.28 (brs, 10 H, 17,2",3".4",5" 1”2 3" 4" 5" -H);
dc (100 MHz, CDCL) 152.2, 143.9, 137.4, 127.9, 126.6, 120.3,
93.7,82.9,71.6,70.0,69.3, 64.1; ESI-MS: Cys HysFe, N, m/z (100%)
597.4 (100) [M + H]*; Found: C, 68.43; H, 4.54; N, 4.14; Calcd.
for CyoHy,Fe,N,-LCH,CL: C, 68.36; H, 3.95; N, 4.39%.

General procedure for the synthesis of the aggregates 6—
9. To stoichiometric amounts of the porphyrin ligand in
dichloromethane, [Cu(CH;CN),]PF, was added. Subsequently,
stoichiometric amounts of 5 was added. The resulting solution
showed an instantaneous change in colour to deep red. The com-
plex was isolated without any further purification and obtained in
quantitative yield.

Triad 6. Jy (400 MHz, CD,Cl,) 8.99 (s, | H, 4-H), 8.76 (d, J =
8 Hz, 1 H, 7-H), 8.74 (d, / = 4 Hz, 2 H, 2,18-H;), 8.69 (d, J =
4 Hz, 2 H, 3,17-Hy), 8.66 (br s, 4 H, 7,8,12,13-H,), 8.53 (d, *J =
2Hz,2H,2.,9-H),8.45(d,*J=2Hz,2H,4,7-H), 829 (d, J =
9Hz, 1 H,5-H),8.26(d,J=9Hz 1 H, 6-H),8.13(d, J =8 Hz,
2H, Ar-H,,H,),7.97(d,J =8 Hz, 1 H, 8-H), 7.88 (s,2 H, 5,6'-H),
7.48 (d,J =8 Hz, 2 H, Ar-H,,Hy), 7.23 (s, 6 H, 3,5""-H), 6.16 (s,
2H,3",5"-H), 4.57(d,J =5Hz,4H,25,2,5-H,), 435, J =
3Hz,4H,34,3"4"-H,,),4.26 (s, I0H, 1,2',3,4,5,1",2",3" 4" 5"-
H,,) 2.58 (s, 6 H, por-mes-Me ), 2.56 (s, 3H, por-mes-Me), 1.95
(s, 6 H, 8".,9"-H), 1.93 (s, 6 H, 7,10"), 1.79 (s, 12 H, por-mes-Me),
1.77 (s, 6 H, 77,9”-H), 1.76 (s, 6 H, por-mes-Me),1.64 (s, 3 H,
8”-H); dc (100 MHz, CD,Cl,) 161.3, 159.9, 150.3, 150.1, 149.9,
149.8, 144.1, 142.6, 140.8, 139.7, 139.6, 139.5, 139.4, 138.3, 138.0,
137.8,137.7,137.3, 135.2, 135.0, 133.9, 132.8, 131.8, 131.4, 131.3,
130.9, 130.0, 129.3, 128.6, 128.5, 128.2, 128.1, 127.9, 127.6 127.4,
127.3, 126.7, 123.3, 122.5, 120.9, 119.0, 118.7, 116.9, 98.0, 96.9,
86.1, 81.8, 72.3, 70.5, 70.3, 21.8, 21.5, 20.6, 20.4, 20.3, 18.8; ESI-
MS m/z (%): 1995.7(100) [M]*. Found: C, 65.88; H, 4.36; N, 5.65.
Calcd for C,,,Hy,BrCuF Fe,N,PZn-CH,Cl,: C, 66.38; H, 4.48; N,
5.03%.

Triad 7. dy (400 MHz, CD,Cl,) 9.00 (s, 2 H, 4-H), 8.77 (d, J =
8 Hz, 2 H, 7-H), 8.76 (s, 2 H, 2,3-Hy), 8.73 (d, J/ = 4 Hz, 2 H,
7,18-Hg), 8.69 (d, J =4 Hz, 2 H, 8,17-Hy), 8.68 (s, 2 H, 12,13-Hy),
8.53(d,J =2Hz,4H,2,9-H), 846 (s, 4 H,4,7-H), 8.31 (d, J =
8 Hz, 2 H, 5-H), 8.28 (d, / = 8 Hz, 2 H, 6-H), 8.06 (d, / = 8 Hz,
4 H, Ar-H,,H,), 797 (d, J = 8 Hz, 2 H, 8-H), 7.89 (s, 4 H, 5,6-
H), 7.48 (d, / = 8 Hz, 4 H, Ar-H,,Hy), 7.26 (s, 4 H, 3,5"-H),
6.16 (s, 4 H, 3”,5”-H), 4.60 (s, 8 H, 2,5,2",5"-H,,), 4.38 (s, 8 H,
3.4,3".4"-H,,), 4.29 (s, 20 H, 1",2/,3".,4,5',1",2",3" 4",5"-H,,), 2.58
(s, 6 H, por-mes-Me), 1.94 (s, 12 H, 8”,9"-H), 1.93 (s, 12 H, 7",9"-
H), 1.79 (s, 12 H, 77,9”-H ), 1.77 (s, 12 H, por-mes-Me), 1.64 (s,
6 H, 8”-H); d- (100 MHz, CD,Cl,), 161.2, 159.8, 150.6, 150.2,
149.9, 149.7, 144.5, 144.1, 142.6, 140.8, 139.7, 139.4, 139.0, 138.3,
138.1,137.9, 137.7, 137.3, 135.2, 134.9, 133.9, 132.8, 131.7, 131.3,
130.1, 129.3, 128.7, 128.6, 128.5, 128.2, 128.0, 127.9, 127.6, 127.4,
127.3, 126.7, 123.2, 122.5, 121.2, 119.9, 119.5, 116.9, 97.8, 96.9,
86.2, 81.8, 77.9, 72.3, 70.6, 70.4, 63.4, 21.7, 21.5, 20.6, 20.4, 20.3,
18.8; ESI-MS m/z (%): 1572.3 (100) [M]** Found: C, 60.68; H,
3.93; N, 4.54 Calcd. for C,H,4»Br,Cu,F,Fe,N,,P,Zn-4CH,Cl,:
C, 61.09; H, 4.01; N, 4.45%.

Triad 8. Jy; (400 MHz, CD,Cl,) 8.98 (s, 2 H, 4-H), 8.77 (d, J =
8 Hz, 2 H, 7-H), 8.75 (d, / = 4 Hz, 4 H, 2.,8,12,18-H;), 8.69 (d,
J =4Hz 4 H, 3,7,13,17-Hy), 8.49 (s, 4 H, 2/,9-H), 8.41 (s, 4 H,

4,7-H),8.29(d,J=8Hz,2H,5-H),8.28(d, /=8 Hz,2 H, 6-H),
8.08 (d,/ =8 Hz, 4 H, Ar-H,,H,), 7.96 (d, J = 8 Hz, 2 H, 8-H),
7.86(s,4H, 5,6-H),7.48 (d, J =7.8 Hz,4 H, Ar-H,,Hy), 7.25 (s,
4H,3”,5"-H),6.14(s,4H, 3",5"-H),4.70 (brs, 8 H, 2,5,2",5"-H,,),
443 (brs, 28 H, 3,4,3",4"-1',2',3,4,5,17,2",3",4".5"-H,,), 2.59 (s,
6 H, por-mes-Me), 1.92 (s, 12 H, 8”,9"-H), 1.90 (s, 12 H, 77,10"-H),
1.77(s, 12H,7",9"-H), 1.75 (s, 12 H, por-mes-Me), 1.62 (s, 6 H, 8"-
H); d. (100 MHz, CD,Cl,) 161.3, 159.8, 149.9, 144.1, 142.6, 140.7,
139.6,139.4, 139.0, 138.3, 138.0, 137.9, 137.7, 137.3, 135.1, 134.9,
133.9,132.7,132.3, 131.2,130.2, 130.1, 129.3, 128.8, 128.6, 128.5,
128.2,128.0, 127.9, 127.7, 127.6, 127.4, 126.6, 123.2, 122.5, 121.2,
116.8,97.0, 86.2, 81.7, 73.1, 71.8, 30.0, 21.6, 21.5, 20.6, 20.4, 20.3,
18.8; ESI-MS m/z (%): 1572.3 (100) [M**]; Found: C, 61.04; H,
4.08; N, 4.42; Calcd. for: C,iH,4»,Br,Cu,F,Fe,N,,P,Zn-4CH,Cl,:
C,61.09; H, 4.01; N, 4.45%.

Triad 9. J,; (400 MHz, CD,Cl,) 8.99 (s, 4 H, 4-H), 8.78 (d, J =
8 Hz, 4 H, 7-H), 8.75 (s, 8 H, Hy), 8.51 (s, 8 H, 2',9'-H), 8.44 (s,
8 H, 4,7-H), 8.30 (br s, 8 H, 5,6-H), 8.02 (d, / = 8 Hz, 8 H,
Ar-H,.H,), 7.98 (d, / = 8.0 Hz, 4 H, 8-H), 7.88 (s, 8 H, 5,6'-H),
7.46 (d, J = 8 Hz, 8 H, Ar-H,,Hy), 6.14 (s, 8 H, 3”,5"-H), 4.64
(s, 16 H, 2,5,2",5"-H,,), 4.42 (s, 16 H, 3,4,3",4"-H,,), 4.32 (s, 40 H,
1,2,3.4,5,17,2"3"4".5"-H,,), 1.92 (s,48 H, 77,8",9",10"-H), 1.76
(s, 24 H, 77,9”-H), 1.63 (s, 12 H, 8”-H); 6. (100 MHz, CD,Cl,)
161.1, 159.7, 150.1, 149.9, 144.1, 142.6, 140.7, 139.8, 139.4, 138.3,
137.9,137.6,137.4, 135.1, 134.8, 133.8, 132.7, 132.2, 130.1, 129.2,
128.6, 128.5, 128.1, 128.0, 127.6, 127.4, 126.7, 126.7, 123.1, 122 .4,
116.8,97.5,96.9, 86.2, 81.8, 72.8, 71.1, 30.0, 20.6, 20.4, 20.3, 18.8;
ESI-MS m/z (%): [M]* 1360.5 (100); Found: C, 60.76; H, 4.16; N,
4.47; Calcd. for CyyH,3,Br,Cu,F,,FegN, P, Zn-4CH,Cl,: C, 61.16;
H, 3.80; N, 4.40%.

General procedure for the synthesis of the aggregates 11-14.
To stoichiometric amounts of the porphyrin—-Cu(phen),—ferrocene
aggregates in dichloromethane, a solution of the fullerene 10 in
CS, was added. The resulting solution showed an instantaneous
change in colour to greenish-brown. The complex was isolated
without any further purification.

Tetrad 11. oy (400 MHz, CD,CL,—CS,) 8.97 (s, 1 H, 4-H), 8.81
(d,/ =8Hz | H, 7-H), 8.63 (d, J = 4 Hz, 2 H, 2,18-Hy), 8.57
(d, J =4 Hz 2 H, 3,17-Hy), 8.55 (br s, 4 H, 7.,8,12,13-Hj), 8.54
(d,*J =2 Hz 2 H, 2,9-H), 844 (d, *J = 2 Hz, 2 H, 4,7-H),
8.35(d,J =9Hz 1H,5H),830(d,J=9Hz | H, 6-H), 8.04
(d, J =8 Hz, 2 H, Ar-H,,H,), 7.96 (d, J = 8 Hz, 1 H, 8-H),
7.89 (s, 2 H, 5,6-H), 7.41 (d, J = 8 Hz, 2 H, Ar-H,,Hy), 7.20
(s, 6 H, 3,5"-H), 6.45 (br s, 2 H, 3,5-H,,), 6.20 (s, 2 H, 3",5"-
H), 4.66 (d, J =9 Hz, 1 H, pyr-H5,), 4.58 (s, 4 H, 2,5,2",5"-H,,),
4.56 (s, 2 H, pyr-H2), 4.36 (s, 4 H, 3,4,3",4"-H,,), 4.27 (s, 10 H,
1,2.,3.4,5,1",2",3".4"5"-H,,), 3.92 (d, / = 9 Hz, 1 H, pyr-HS,),
2.59 (s, 9 H, por-mes-Me), 1.97 (s, 6 H, 8",9"-H), 1.93 (s, 6 H,
7",10"-H),1.82 (s, 6 H, 77,9”-H), 1.73 (s, 18 H, por-mes-Me), 1.71
(s, 3 H, 8”-H), 1.27 (s, 3 H, N-CH—Cg); ¢ (100 MHz, CD,Cl,)
206.1, 192.8, 161.0, 159.6, 155.8, 153.5, 151.8, 151.2, 149.9, 149.8,
149.6, 149.3, 147.4, 146.3 (2), 146.2, 146.0, 145.7, 145.5(2), 145.4,
145.3,145.2, 145.1, 144.7, 144.5, 144.4, 144.3, 144.0, 143.1, 143.0,
142.7, 142.6, 142.5, 142.2 (2), 142.1, 142.0, 141.9, 141.8, 141.7,
141.6, 141.5, 140.6, 140.2, 139.7(2), 139.6, 139.4, 139.2, 138.1,
137.8,137.6, 137.3, 137.2, 136.7, 136.1, 135.9, 135.5, 135.0, 133.9,
132.7,131.6, 131.2, 131.0, 130.6, 129.8, 129.2, 128.5, 128.4, 128.0,
127.9,127.8,127.5,127.4, 127.3,127.2, 126.6, 123.1, 122.4, 120.5,
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118.7, 118.6, 118.3, 97.9, 96.7, 81.8, 80.9, 72.3, 70.5, 70.3, 54.3,
39.1, 30.8, 21.9, 21.8, 21.4, 20.3, 20.2, 18.7. Found: C, 73.85; H,
3.75; N, 4.41. Calcd. for C,ooH,(;BrCuF,Fe,N,,PZn-1 %CHZCIZ: C,
73.65; H, 3.55; N, 4.49%.

Tetrad 12. 6,4 (400 MHz, C,D,Cl,) 8.98 (s, 2 H, 4-H), 8.75 (d,
J=8Hz,2H,7-H), 8.62 (s, 2 H, 2,3-Hy), 8.59 (d, , =4 Hz, 2 H,
7,18-Hy), 8.54 (d, J =4 Hz, 2 H, 8,17-H), 8.51 (s, 2 H, 12,13-Hy),
847(d,J =2Hz,4H,2,9-H), 844 (d,J =2 Hz, 4 H, 4,7-H),
8.29(d,J=8Hz, 2H, 5-H),8.28(d,J =8Hz 2 H, 6-H), 7.97 (d,
J=8Hz,4H, Ar-H,,-H,), 7.95(d, J =8 Hz, 2 H, 8-H), 7.85 (s, 4
H,5,6-H),7.42(d,J =8Hz,4H, Ar-H,.H,/), 7.16 (s,4H, 3",5""-
H), 6.26 (br s, 2 H, 3,5-H,,), 6.07 (s, 4 H, 3",5"-H), 4.57 (s, 8 H,
2,5,2",5"-H,,),4.36 (s, | H, pyr-H2),4.33(s,8 H, 3,4,3",4"-H,,), 4.24
(s,20 H, 1',2",3",4,5,1",2",3".4",5"-H,,), 422 (d, J = 9 Hz, 1 H,
pyr-HS,), 2.52 (s, 6 H, por-mes-Me), 1.91 (s, 12 H, 8”,9"-H), 1.87
(s, 12H,77,10"-H), 1.72 (s, 12 H, 77,9”-H), 1.64 (s, 12 H, por-mes-
Me), 1.56 (s, 6 H, 8”-H), 1.23 (s, 3 H, N—-CH;—Cy,). 5. (100 MHz,
C,D,Cl,) 206.0, 192.7, 160.9, 159.5, 155.7, 153.4, 151.7, 151.2,
150.1, 149.9, 149.7, 149.6, 149.3, 146.2, 146.0, 145.4(2), 145.3(2),
145.2, 145.1, 145.0, 144.9, 144.6, 144.0, 142.8, 142.6, 142.5, 142 4,
142.0, 141.9, 141.8, 141.7, 141.5, 140.6, 140.1, 139.7, 139.4, 139.2,
138.1,137.8,137.6, 137.5, 137.2, 135.0, 133.8, 132.9, 131.8, 131.3,
130.9, 129.8, 129.1, 128.5, 128.4, 128.0, 127.9, 127.8, 127.5, 127.3,
126.6, 123.0,122.4, 120.6, 119.3,118.9,97.7,96.7, 86.2, 81.8, 72.3,
70.6, 70.3, 63.4, 54.3, 39.1, 30.8, 21.9, 21.4, 20.4, 20.3, 20.2, 18.7
ESI-MS m/z (%): [MJ** 1999.0 (20); Found: C, 65.61; H, 3.53; N,
3.97; Calcd. for C,5H,5,Br,Cu,F,,Fe,;N,,P,Zn-6CH,Cl,: C, 65.57,;
H, 3.44; N, 4.09%.

Tetrad 13. 6,4 (400 MHz, C,D,Cl,) 8.99 (s, 2 H, 4-H), 8.77 (d,
J =8Hz 2H, 7-H), 8.63 (d, J =4 Hz, 4 H, 2,8,12,18-Hj,), 8.56
(d,J =4Hz 4H,3,7,13,17-Hy), 8.48 (s, 4 H, 2',9-H), 8.45 (s, 4
H, 4,7-H), 8.29 (d, / = 8 Hz, 2 H, 5-H), 8.28 (d, / = 8 Hz, 2
H, 6-H), 7.98 (d, J/ = 8 Hz, 4 H, Ar-H,,H,/), 7.97 (d, J = 8§ Hz,
2 H, 8-H), 7.87 (s, 4 H, 5,6-H), 7.44 (d, J = 7.8 Hz, 4 H, Ar-
H,.Hy), 7.19 (s, 6 H, 3,5”-H), 6.22 (br s, 2 H, 3,5-H,,), 6.08
(s, 4 H, 37,5"-H), 4.63 (s, 8 H, 2,5,2",5"-H,,), 4.57 (d, J = 9 Hz,
1 H, pyr-H5,), 4.45 (s, 1 H, pyr-H2), 4.38 (s, 8 H, 3.4,3",4"-H,,),
429 (s,20 H, 1',2.,3".,4.,5,1".,27,3".4",5"-H,,), 3.83 (d, / = 9 Hz,
1 H, pyr-H5y), 2.54 (s, 6 H, por-mes-Me), 1.94 (s, 12 H, 8",9"-H),
1.89 (s, 12 H, 77,10"-H), 1.75 (s, 12 H, 77,9"-H), 1.67 (s, 12 H,
por-mes-Me), 1.57 (s, 6 H, 8"-H), 1.25 (s, 3 H, N-CH;-Cg);
Jc (100 MHz, C,D,Cl,) 206.1, 192.8, 160.9, 159.6, 155.8, 153.5,
149.9, 146.3, 146.2, 146.0, 145.5(2), 145.4, 145.2, 144.8, 144.5,
144.4, 144.3, 144.0, 142.8, 142.7, 142.6, 142.5, 142.2(2), 142.1,
141.8, 141.5, 140.6, 140.2, 139.7, 139.4, 139.3, 139.2, 138.1, 137.8,
137.6, 137.5,137.2, 136.2, 135.9, 135.5, 135.0, 133.9, 132.8, 132.0,
130.8, 129.9, 129.2, 128.5, 128.4, 128.0, 127.9, 127.8, 127.5, 127.3,
127.2,126.5, 123.0, 122.4, 120.6, 97.8, 96.7, 96.2, 81.8, 72.5, 70.8,
70.6, 54.3, 39.1, 30.8, 21.8, 21.4, 20.3, 20.2, 18.7. ESI-MS m/z
(%): [MJ* 1999.5 (60); Found: C, 67.49; H, 3.65; N, 4.15. Calcd.
for CyssH 5, Br,Cu,F,Fe,N,,P,Zn)-4CH,Cl,: C, 67.46; H, 3.48; N,
4.24%.

Tetrad 14. §,; (400 MHz, CD,CL,-CS,): 8.99 (s, 4 H, 4-H), 8.78
(d, J =8 Hz, 4 H, 7-H), 8.67 (s, 8 H, H), 8.51 (s, 8 H, 2',9'-H),
8.44 (s, 8 H, 4.,7-H), 8.32 (s, 8 H, 5,6-H), 7.96 (d, J/ = 8 Hz, 8§ H,
Ar-H,,H,), 7.94 (d, J = 8.0 Hz, 4 H, 8-H), 7.89 (s, 8 H, 5,6'-H),
7.40 (d, J = 8 Hz, 8 H, Ar-H,,Hy), 6.23 (brs, 2 H, 3,5-H,,), 6.18
(s, 8 H, 3”-H, 5"-H), 4.77 (d, J = 9 Hz, 1 H, pyr-HS,), 4.62 (s,
16 H, 2,5,2",5"-H,,), 4.46 (s, | H, pyr-H2), 4.40 (s, 16 H, 3,4,3",4"-

H,,), 4.30 (s, 40 H, 1',2,3' 4,5,1",2" 3" 4" 5"-H,,), 3.95 (d, J =
9 Hz, 1 H, pyr-H5,),1.94 (s, 24 H, 7",8"-H) 1.90 (s, 24 H, 9",10"-H),
1.78 (s, 24 H, 77,9"-H), 1.68 (s, 12 H, 8"-H), 1.28 (s, 3H, N-CH.,);
dc (100 MHz, C,D,CL,) 206.0, 192.8, 149.9, 147.4, 146.2, 146.1,
145.9, 145.5, 145.3, 144.3, 142.5, 141.9, 140.6, 140.1, 139.8, 139.5,
138.1, 137.6, 137.2, 136.4, 135.9, 135.0, 134.9, 134.9, 134.1, 133.8,
132.8, 131.8, 129.8, 128.6, 128.4, 128.0, 127.9, 127.5, 127.3, 127.2,
122.4,120.8,96.7,86.2, 81.8, 72.3, 70.5, 70.4, 70.3, 63.3, 54.3,39.1,
30.8,21.1, 20.4, 20.3, 20.2, 18.7; Found: C, 61.89; H, 3.59; N, 3.91
Caled. for CyyHay,Br,Cu,FaFe,N,,P,Zn-10CH,Cl, : C, C, 61.86;
H, 3.42; N, 3.99%.
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The safety-catch principle has been applied for the development of a new method for protecting
sulfonic acids. 2,2-Dimethylsuccinic acid was reduced to 2,2-dimethylbutane-1,4-diol, which was
selectively silylated to give 4-(fert-butyldiphenylsilanyloxy)-2,2-dimethylbutan-1-ol. Reaction of the
latter compound with 2-chloroethanesulfonyl chloride in the presence of triethylamine afforded
4-(tert-butyldiphenylsilyloxy)-2,2-dimethylbutyl ethenesulfonate directly. The ethenesulfonate
underwent Michael-type addition with secondary amines to give protected derivatives of taurine
(2-aminoethanesulfonic acid). Deprotection was achieved on treatment with tetrabutylammonium
fluoride, whereby cleavage of the silicon—oxygen bond led to an intermediate alkoxide that immediately
cyclised to 2,2-dimethyltetrahydrofuran with liberation of a sulfonate. Pure sulfonic acids were obtained
from the crude product by ion exchange chromatography on a strongly basic resin, which was eluted
with aqueous acetic acid. The method developed should be generally applicable to the protection of

sulfonic acids and is amenable to a multiparallel format.

Introduction

In a research programme aimed at synthesising potential in-
hibitors of the histone acetyltransferase enzyme called Tip60
(Tat interacting protein),! we required a small molecule li-
brary in which all of the members terminated with an N,N-
disubstituted 2-aminoethylsulfonate, i.e. derivatives of taurine
(2-aminoethanesulfonic acid). There is substantial interest in
taurine and its derivatives because of the uncertain, but probable
important role of this abundant amino acid in human and animal
cells.? The sulfonate moiety can also be used as a surrogate
for carboxylate and phosphate in drug development.® Sulfonate
groups are key components of antagonists for P2 purinergic
receptors* and follicle stimulating hormone.® The wider applica-
tion of sulfonates in medicinal chemistry may have been frustrated
by a lack of satisfactory methods for the masking of this polar,
strongly acidic group. Sulfonic acids have been protected as sul-
fonate esters [isopropyl,>® isobutyl,” neopentyl® m-nitrophenoxy,*
pentafluorophenyl® or solid supported benzyl (e.g. Wang resin')],
as sulfonamides with secondary amines' and by ‘non-covalent’
masking with a hydrophobic ammonium species.> The photolabile
2,5-dimethoxyphenacyl group has also been employed for the
protection of sulfonic acids.”® Many of these methods employed
acidic (e.g. trifluoroacetic acid)®* or basic conditions (e.g. 2 M
NaOH at 70 °C)* in the cleavage step, which may be unsuitable
for some target molecules. We describe a protecting strategy for
sulfonic acids in which the versatile, reactive intermediate 4-(zerz-
butyldiphenylsilanyloxy)-2,2-dimethylbutyl ethenesulfonate 1 re-
acts in high yields with different secondary amines (e.g. morpho-
line 2a) to give an adduct (e.g. 2-morpholin-4-yl-ethanesulfonic
acid 4-(tert-butyldiphenylsilanyloxy)-2,2-dimethyl-butyl ester 3a),
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which can be cleaved to the corresponding sulfonic acid (e.g. 2-
morpholin-4-yl-ethanesulfonic acid 4a) rapidly and in high yield
at room temperature using tetrabutylammonium fluoride (TBAF)
in THE. The resulting sulfonic acids are easily purified by ion
exchange chromatography. This strategy is an application of
Kenner’s ‘safety-catch’ principle,'*!* whereby a labile intermediate
is released in situ by removal of a relatively robust protecting group.

Results and discussion

Initially, we planned to introduce the sulfonic acid group in the
last step of a synthetic sequence using sulfite (Na,SO;) to displace
a bromo group. To this end, N-zert-butyloxycarbonylpiperazine
was alkylated with 1,2-dibromoethane and 1,3-dibromopropane
giving 5 and 6, respectively. However, the yields of these molecules,
which were required for further chain extension, were only 5% (5)
and 41% (6), respectively.

BrCH(CHg)a—N N—BOC

We then conceived an alternative strategy based on
a protected common intermediate ethenesulfonate, 4-(zert-
butyldiphenylsilanyloxy)-2,2-dimethylbutyl ethenesulfonate 1,
which could be reacted with a variety of amines prior to
deprotection. Thus, reaction of the mono-silyl protected alcohol 7
with commercially available 2-chloroethanesulfonyl chloride gave
ethenesulfonate 1' in good yield (Scheme 1). The alcohol 7 was
readily prepared by reduction of 2,2-dimethylsuccinic acid 8 with
lithium aluminium hydride to afford 2,2-dimethylbutane-1,4-diol
9, which was selectively silylated'” with fert-butyldiphenylsilyl
chloride (TBDPS-CI) at its less hindered hydroxyl group.

Michael-type coupling of ethenesulfonate 1 with secondary
amines R;R,NH 2a-2h occurred smoothly to give adducts 3a—3h,
essentially as previously described.'® Deprotection of the adducts
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Scheme 1 Synthesis of 4-(tert-butyldiphenylsilanyloxy)-2,2-dimethylbutyl

ethenesulfonate 1. Reagents and conditions: (1) LiAIH,, ether, reflux, 85%;
(i) TBDPS-CI, imidazole, DMF, rt, 79%; (iii) 2-chloroethanesulfonyl
chloride, Et;N, DCM, rt, 93%.

with tetrabutylammonium fluoride (TBAF) liberated the desired
sulfonic acids (4a—4h). Cleavage of the Si—O bond releases an
alkoxide that immediately effects an intramolecular displacement
of the sulfonate moiety. Besides providing a neopentyl-like group
already known to be advantageous for protection of sulfonic acids,
the gem-dimethyl group offers two advantages in this strategy.
It ensures regioselective silylation of the intermediate diol 9 and
enhances the rate of cyclisation of the desilylated intermediate
by a ‘Thorpe-Ingold effect’.’ The deprotection reactions were
performed with a small excess (0.1-0.2 equiv.) of TBAF in THF
to afford a mixture containing tetrabutylammonium sulfonates,
TBDPS-F and volatile 2,2-dimethyltetrahydrofuran. Evaporation
removed the dimethyltetrahydrofuran (bp 90 °C at 740 mmHg>),
whilst extraction with ethyl acetate removed TBDPS-F. Finally,
purification of the tetrabutylammonium sulfonates by anion
exchange chromatography and elution with aqueous acetic acid
as eluent, afforded highly pure sulfonic acids (Scheme 2). The data
in Table 1 demonstrates the efficiency of the coupling reactions of
1 with secondary amines 2a—2h, as well as the deprotection and
the purification of the sulfonic acids, which were all obtained in
good purity, as determined by '"H NMR and combustion analyses.
Previously, sulfonic acids have been protected with the ‘NeoN-B’
group 10* that was removed by treatment with trifluoroacetic acid,
followed by neutralisation. The liberated amino group effected an
intramolecular cyclisation releasing the sulfonate in an analogous
manner to that described here. However, the synthesis of the
alcohol precursor of NeoN-B is lengthy and only one example
of its use was described without full experimental details. Another
example of this theme is the protection of phenols as carbamates
that are cleaved by intramolecular attack by a hydroxyl function
that is released from a tri-isopropylsilyl ether by TBAF attack.”
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The methods described in this paper should be applicable to
the synthesis of wide range of sulfonic acids. The chemistry is
amenable to scale-up and can be performed in a multiparallel
synthesis format. The methodology described could also be
extended, in principle, to the protection of sulfate mono-esters.

Experimental
General procedures

Chemicals were purchased from the Aldrich Chemical Company.
THF was freshly distilled from sodium-—benzophenone. Other
anhydrous solvents were obtained from Aldrich in SureSeal™
bottles. Triethylamine was distilled from calcium hydride.

Thin layer chromatography (TLC) was performed using Merck
silica gel 60F,s, pre-coated on aluminium sheets. Medium pressure
(‘medium pressure’) chromatography was carried out using Davisil
silica gel (40-63 pum). For the ion exchange chromatography the
strongly basic anion exchange resin Dowex Monosphere 550 A
(OH) (capacity 1.2 meq cm™) from Sigma-Aldrich was used.

'H and "C nuclear magnetic resonance (NMR) spectra were
obtained using a Bruker Spectrospin AC 300 E ("H at 300 MHz
or *C at 75 MHz) or a JEOL JNM-LAS500 spectrometer ('H
at 500 MHz or BC at 125 MHz). Chemical shifts are reported
in parts per million using residual solvent peaks as internal
standards. Multiplicities are indicated by s (singlet), d (doublet),
t (triplet), q (quartet), m (multiplet), br s (broad signal) or
combinations thereof. LC-MS spectra were obtained using a
Micromass Platform instrument running in positive or negative
ion electrospray mode. IR spectra were recorded on a Bio-Rad
FTS 3000MX diamond ATR as a neat sample.

Melting points were determined using a Stuart Scientific SMP3
apparatus and are uncorrected.

General procedure A. For the synthesis of the piperazine-
derivatives 5 and 6, tert-butyl piperazine-1-carboxylate, di-
isopropylethylamine and the appropriate dibromoalkane were
heated at reflux with stirring in anhydrous dichloromethane for
at least 2-4 d. After removal of the solvent, the white solid
was extracted with ethyl acetate. Unreacted fers-butyl piperazine-
I-carboxylate was recovered by filtration and the filtrate was
concentrated to give a residue that was purified by medium
pressure chromatography.

Me Me
TBAF  R'RZN o)
—_— \/\S/O 5 —_—
V7N
0o ep
R'R?N OH
ST 4a-4h
oo

Scheme 2 Coupling of secondary amines 2a—2h to ethenesulfonate 1 and deprotection of adducts 3a-3h to sulfonic acids 4a—4h.
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General procedure B. The ethenesulfonate ester 1 was taken up
in dichloromethane and the secondary amine (2-4 equiv., except
morpholine) was added to the mixture. After stirring overnight
at room temperature, the solvent was removed and the residue
was purified by medium pressure chromatography using acetone—
hexane as eluent.

General procedure C for the cleavage of the sulfonate protecting
group. The sulfonate ester (one of 3a-3h) in THF was added to
TBAF in THF and the mixture was stirred at room temperature
for 2 d. After extraction with ethyl acetate, the organic phase
was washed with water (3x) and the combined aqueous extracts
were concentrated. The residual sulfonic acid (one of 4a—4h)
containing tetrabutylammonium species was purified by ion
exchange chromatography. Dowex Monosphere 550 A (OH) resin
(~5-7 cm® wet) was flushed with deionised water. A 12.5% (w/v)
solution of ammonia in deionised water was passed through the
column until the eluent was basic. The resin was rinsed with
deionised water until the eluent was neutral and the sulfonic
acid 4a—4h in deionised water was delivered to the column. After
elution with water to remove Bu,NOH (basic pH), the resin was
eluted with 20% (w/v) aqueous acetic acid (400 cm’; there was
eventually a distinct lightening in colour of the resin). The solvent
was removed and the sulfonic acid 4a—4h was dried at 40-50 °C
in vacuo.

tert-Butyl 4-(2-bromoethyl)-piperazine-1-carboxylate (5). Fol-
lowing the general procedure A, the reaction of tert-
butyl piperazine-1-carboxylate (505 mg, 2.71 mmol), 1,2-
dibromoethane (1.0 cm?®, 11.6 mmol) and di-isopropylethylamine
(0.50 cm?, 2.88 mmol) in dichloromethane (25 cm?) afforded, after
purification by medium pressure chromatography (elution with
15% petrol-ethyl acetate) compound 5 (42 mg, 5%) as a light
yellow solid. dy (300 MHz, CDCL;) 1.41 (9 H, s, C(CH5),), 2.41
(4H,t,J4.9,Pip*),2.68 2H,t,J 6.9, BrCH,CH,N), 3.39 (4 H,
t, J 5.1, Pip*), 3.55 (2 H, t, J 6.9, BrCH,CH,N) [not further
characterised).

tert-Butyl  4-(3-bromopropyl)-piperazine-1-carboxylate  (6).
Following the general procedure A, the reaction of tert-
butyl piperazine-1-carboxylate (519 mg, 2.79 mmol), 1,3-
dibromopropane (1 cm?, 9.85 mmol) and di-isopropylethylamine
(0.50 cm®, 2.88 mmol) in dichloromethane (25 cm?®) afforded,
after purification by medium pressure chromatography (elution
with 15% petrol-ethyl acetate) compound 6 (348 mg, 41%) as a
light yellow solid, mp 118-121 °C. dy (300 MHz, CDCl,) 1.41
O H,s), 1.99 2H,t J6.38),2.30-2.40 (4 H, brs), 245 (2 H, t,
J 6.9), 3.33-3.45 (6 H, m); . (125.7 MHz, CDCl;) 28.8, 30.0,
32.0, 43.4, 53.4, 56.8, 80.2, 155.1; HRMS (ET*) C,,H,;BrN,0,
requires 306.0943; found 306.0944.

2,2-Dimethylbutane-1,4-diol (9). A solution of 2,2-dimethyl-
succinic acid 8 (4.77 g, 32.6 mmol) in diethyl ether (75 cm®) was
added dropwise to a 1 M solution of LiAlH, in diethyl ether
(108 cm?, 0.108 mol). The mixture was heated at reflux for 17 h
and quenched carefully with 4 cm® water, 4 cm® 15% NaOH and
12 cm?® water. After stirring for 30 min, the slurry was filtered and
the inorganic salts were extracted three times with boiling diethyl
ether. The combined ethereal extracts were dried first with MgSO,
and twice with Na,SO, and concentrated in vacuo. The resulting
colourless viscous oil 9 (3.27 g, 85%) was used without further

purification. d,; (300 MHz, CDCl,) 0.84 (6 H, s, (CH),C), 1.5 (2 H,
t,J5.6,3-H),3.27 (2 H, s, 1-H), 3.43 (2 H, s, 2 x OH), 3.64 2 H, t,
J 5.6,4-H); 6 (75.5 MHz, CDCL,) 25.4 (C(CH.),), 35.3 (C(CH,),),
43.2 (CH,CH,OH), 59.4 (CH,OH), 71.9 (C(CH,), CH,OH).

4-(tert-Butyldiphenylsilanyloxy)-2,2-dimethylbutan-1-ol (7). To
a solution of the diol 9 (7.39 g, 62.5 mmol) in DMF (100 cm?)
was added imidazole (8.05 g, 118.2 mmol, 1.9 equiv.) and fert-
butylchlorodiphenylsilane (16.09 g, 58.5 mmol, 0.94 equiv.). After
stirring at room temperature for 60 h, the reaction was quenched
with saturated aqueous NaHCO; (50 cm®). The DMF was
removed and the residue was extracted with diethyl ether (5x) and
ethyl acetate (1x). The combined organic extracts were dried over
Na,SO,, filtered and the solvent was removed. The crude product
was purified by medium pressure chromatography (elution with
15% acetone-hexane) to give the title compound (16.4 g, 79%)
as a colourless oil (Found: C, 73.9; H, 9.1. C,,H;,0,Si requires
C, 74.1; H 9.1%); oy (300 MHz, CDCl;) 0.80 (6 H, s, (CH;),0),
098 O H, s, (CH;);C), 1.47 (2 H, t,J 5.5,3-H), 3.3 (2 H, s, 1-H),
3.64(2H,t,J5.5,4-H), 7.3-7.4 (6 H, m, Ph), 7.59-7.63 (4 H, m,
Ph); dc (75.5 MHz, CDCl;) 19.4 (C(CHs)s), 25.1 (C(CH;),), 27.3
(C(CH,),), 35.3 (2-C), 42.3 (3-C), 61.5 (4-C), 72.2 (1-C), 128.1,
130.0, 134.0, 136.0.
1,4-Di-(tert-butyldiphenylsilanyloxy)-2,2-dimethyl-butane (2.76 g,
8%) was also obtained. J,; (300 MHz, CDCl;) 0.77 (6 H, s,
(CH;),0), 095 (9 H, s, (CH;);), 0.96 (9 H, s, (CH;);), 1.56
2H,t,J 73, 3H),322H,s I-H), 364 2 H, t, J 7.3, 4-
H), 7.3-7.4 (12 H, m, Ph), 7.5-7.6 (8 H, m, Ph); . (75.5 MHz,
CDCl;) 19.5 (C(CHs),), 19.8 (C(CH,),), 24.8, 27.2, 27.3, 35.4,
41.8 (C(CH;);CH,), 61.4 (C(CH;);CH,CH,), 73.1 (CH,0), 127.9,
128.0, 129.9, 134.2, 134.5, 136.0, 136.1.

Ethenesulfonic acid 4-(terz-butyldiphenylsilanyloxy)-2,2-di-
methylbutyl ester (1). To a stirred solution of 4-(tert-butyl-
diphenylsilanyloxy)-2,2-dimethylbutan-1-0l7 (6.55 g, 18.37 mmol)
in dichloromethane (250 cm?) cooled in an ice-bath were added
2-chloroethanesulfonyl chloride (6.8 g, 41.8 mmol) followed by
anhydrous triethylamine (14 cm’, ~5.2 equiv.). After stirring
overnight at room temperature the brown solution was washed
with 10% (w/v) aqueous Na,CO; (1x) and water (2x). The
organic layer was dried and the solvent was removed. The residue
was purified by medium pressure chromatography on silica using
10% acetone—hexane as eluent, to give the title compound (7.59 g,
93%) as a viscous, yellow oil (Found: C, 64.4; H, 7.6. C,,H3,0,SSi
requires C, 64.5; H, 7.67%); ox (300 MHz, CDCl;) 0.86 (6 H, s,
(CH;),0), 099 O H, s, (CH,);C), 1.5 (2 H, t, J 6.6), 3.63 (2 H,
t, J 6.6), 3.78 (2 H, s, OCH,), 5.97 (1 H, dd, J 0.8, 8.8, C=CH),
6.24-6.40 (2 H, m, CH=CH), 7.29-7.40 (m, 6 H, Ph), 7.57-7.60
(m, 4 H, Ph); ¢ (75.5 MHz, CDCl,) 19.5, 24.7, 27.4, 34.2, 41.7,
60.9, 79.0, 128.1, 129.5, 130.0, 133.4, 134.3, 136.0.

2-Morpholin-4-yl-ethanesulfonic acid 4-(tert-butyldiphenyl-
silanyloxy)-2,2-dimethylbutyl  ester  (3a). Following the
general procedure B, reaction of ethenesulfonate ester 1
(107 mg, 0.24 mmol) with morpholine (388 mg, 4.4 mmol)
in dichloromethane (50 cm?®) afforded, after purification by
medium pressure chromatography (30% acetone-hexane) the title
compound (104 mg, 81%) as a colourless oil (Found: C, 62.9; H,
8.2; N 2.62. C,sHzNO;SSi requires C, 63.0; H 8.1; N 2.6%); Vi
(film)/cm~"' 1354, 1167, 1109, 956, 820, 738 and 702; 5y (300 MHz,
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CDCl,) 0.90 (6 H, s, (CH,),C), 0.97 (9 H, s, (CH,),C), 1.55 2 H,
t, 7 6.7),2.37-2.41 (4 H, m), 2.79 (2 H, dd, J 6.4, 8.7), 3.20 (2 H,
dd, J 6.4,8.7), 3.60-3.63 (4 H, m), 3.68 2 H, t, J 6.7), 3.92 2 H,
s), 7.3-7.39 (6 H, m, Ph), 7.57-7.61 (4 H, m, Ph); dc (75.5 MHz,
CDCl) 19.5 (C(CH,),), 24.7 (C(CH,),), 27.3 (C(CH,),), 34.2,
41.7 (C(CH,),CH,), 48.4 (NCH,CH,SO0,), 52.7 (NCH, CH,SO0,),
53.7 (2 x morpholine-C), 60.9 (C(CH,),CH,CH.,), 67.1, 78.0
(CH,0), 128.0, 130.0, 134.3, 135.9.

tert-Butyl 4-{2-[4-(tert-butyldiphenylsilanyloxy)-2,2-dimethyl-
butoxysulfonyl]-ethyl }-piperazine-1-carboxylate (3b). Following
the general procedure B, reaction of ethenesulfonate es-
ter 1 (733 mg, 1.64 mmol) with tert-butyl piperazine-1-
carboxylate (600 mg, 3.22 mmol, in 8 c¢cm?® dichloromethane)
in dichloromethane (50 cm?®) afforded, after purification by
medium pressure chromatography (15% acetone-hexane), the title
compound (985 mg, 95%) as a light yellow oil (Found: C, 62.8; H,
8.4; N, 4.4. C;3H5,N,O4SSi requires C, 62.6; H, 8.3; N, 4.4%); Vi
(film)/cm™" 1691, 1358, 1247, 1164, 1107, 1001, 955, 823, 738 and
702; dy (300 MHz, CDCL,) 0.89 (6 H, s, (CH;),C), 0.97 (9 H, s,
(CH;);0), 1.39 O H, s, (CH,);C), 1.54 2 H, t, J 6.7), 2.33 (4 H,
brs), 2.76-2.81 (2 H, m), 3.15-3.20 (2 H, m), 3.35 (4 H, br s), 3.67
(2H,t,J6.7),3.90 (2 H,s), 7.29-7.39 (6 H, m, Ph), 7.57-7.60 (4 H,
m, Ph); dc (75.46 MHz, CDCl;) 19.5, 24.6, 27.3, 28.8, 34.2, 41.7,
44.0, 48.5, 52.3, 53.1, 60.8, 78.0, 80.1 128.0, 130.0, 134.2, 135.9,
155.0.

2-(4-Acetylpiperazin-1-yl)-ethanesulfonic acid 4-(tert-butyl-
diphenylsilanyloxy)-2,2-dimethylbutyl ester (3c). Following
the general procedure B, reaction of ethenesulfonate ester 1
(738 mg, 1.65 mmol) with N-acetylpiperazine (716 mg, 5.6 mmol)
in dichloromethane (50 cm?®) afforded, after purification by
medium pressure chromatography (40% acetone-hexane), the
title compound (806 mg, 85%) as a light yellow oil (Found: C,
62.5; H, 8.2; N 4.4. C;,H,4N,O;SSi requires C, 62.7; H, 8.1; N,
4.9%); Vi (film)/cm™ 1636, 1427, 1355, 1165, 1105, 996, 953,
822, 739 and 702; 6y (300 MHz, CDCl;) 0.90 (6 H, s, (CH5),0),
0.97 9 H, s, (CH;);C), 1.53 (2 H, t, J 6.7), 2.0 (3 H, s, CH,;),
2.35-2.40 (4 H, m), 2.80 (2 H, dd, J 6.4, 8.5), 3.18 (2 H, m), 3.37
(2 H, dd, J 6.6, 11.7), 3.52-3.55 (2 H, m), 3.66 (2 H, t, J 6.6),
3.90 (2 H, s), 7.29-7.39 (6 H, m, Ph), 7.57-7.61 (4 H, m, Ph); o
(75.46 MHz, CDCl,) 19.5, 21.3, 24.6, 27.3, 29.7, 34.2, 41.7, 48.5,
52.1, 60.8, 78.0, 128.0, 130.0, 134.3, 135.9, 169.1.

2-[4-(2-Methoxyethyl)-piperazin-1-yl]-ethanesulfonic acid 4-
(tert-butyldiphenylsilanyloxy)-2,2-dimethylbutyl ester (3d). Fol-
lowing the general procedure B, reaction of ethenesulfonate ester 1
(720 mg, 1.61 mmol) with 1-(2-methoxyethyl)-piperazine (611 mg,
4.2 mmol) in dichloromethane (50 cm?) afforded, after purification
by medium pressure chromatography (30% acetone-hexane), the
title compound (889 mg, 93%) as an oil (Found: C, 62.6.; H,
8.6; N, 4.6. C;;H5,N,O;SSi requires C, 63.0; H, 8.5; N, 4.7%); Vi
(film)/cm™" 1354, 1165, 1105, 956, 8.22, 738 and 702; Jy (300 MHz,
CDCl;) 0.89 (6 H, s, (CH3),C), 0.97 O H, s, (CH;);C), 1.52 (2 H,
t,J 6.7),2.47-2.82 (9 H, m), 2.79 (2 H, dd, J 6.4, 8.9), 3.17 2 H,
dd, J 6.4,8.9),3.28 3 H, s), 3.44 (2 H, m), 3.65 (2 H, t, J 6.7),
3.88 (2 H, s), 7.29-7.39 (6 H, m, Ph), 7.57-7.60 (4 H, m, Ph); o
(75.46 MHz, CDC,) 19.5, 24.6, 27.3, 34.2, 41.7, 48.5, 52.2, 53.2,
53.8, 58.1, 59.0, 60.8, 70.9, 78.0, 128.0, 130.0, 134.3, 135.9.

2-|4-(2-Hydroxyethyl)-piperidin-1-yl]-ethanesulfonic acid 4-
(tert-butyldiphenylsilanyloxy)-2,2-dimethylbutyl ester 3e).
Following the general procedure B, reaction of ethenesulfonate
ester 1 (767 mg, 1.72 mmol) with 4-(2-hydroxyethyl)-piperidine
(579 mg, 4.5 mmol) in dichloromethane (50 cm?®) afforded,
after purification by medium pressure chromatography (30%
acetone—hexane), the title compound (836 mg, 84%) as a light
yellow oil (Found: C, 64.0.; H, 8.6; N, 2.3. C;; HyNO;SSi requires
C, 64.7; H, 8.6; N, 2.4%); v, (film)/cm™" 1352, 1165, 1103, 955,
737 and 702; dy (300 MHz, CDCl;) 0.89 (6 H, s, (CH;),C), 0.97
(9 H, s, (CH;);0), 1.17-1.65 (9 H, m), 1.98 (2 H, br t), 2.77 (4 H,
m), 3.20 (2 H, m), 3.59-3.68 (4 H, m), 3.89 (2 H, s), 7.32-7.39
(6 H, m, Ph), 7.58-7.60 (4 H, m, Ph); d. (75.46 MHz, CDCl,)
19.5, 24.6, 27.3, 32.7, 34.2, 39.7, 41.7, 48.7, 52.5, 54.0, 60.8, 78.0,
128.0, 130.0, 134.3, 135.9; HRMS (EI*) C;;H,,NO;SSi requires
575.3101, found 575.3095.

2-Pyrrolidin-1-yl-ethanesulfonic  acid  4-(tert-butyldiphenyl-
silanyloxy)-2,2-dimethylbutyl ester (3f). Following the general
procedure B, reaction of ethenesulfonate ester 1 (738 mg,
1.65 mmol) with pyrrolidine (382.8 mg, 5.4 mmol) in
dichloromethane (50 cm?®) afforded, after purification by
medium pressure chromatography (20% acetone-hexane), the
title compound (695 mg, 81%) as a light yellow oil (Found: C,
64.5; H, 8.5; N, 2.6. C,xH;;NO,SSi requires C, 64.95; H, 8.4;
N, 2.7%); Ve (film)/cm™" 1354, 1165, 1106, 956, 822, 737 and
701; 6y (300 MHz, CDCl;) 0.89 (6 H, s, (CH;),C), 0.97 (9 H, s,
(CH;);0), 1.52(2H,t,J 6.7Hz), 1.71-1.75 (4 H, br s), 2.48 (4 H,
brs), 2.89 (2 H, dd, J 6.5, 9.0), 3.23 (2 H, dd, J 6.6, 9.0), 3.65
(2H,t J6.7),3.89 (2H,s), 7.29-7.39 (6 H, m, Ph), 7.58-7.61
(4 H, m, Ph); d. (75.46 MHz, CDCl;) 19.5, 24.1, 24.6, 27.3, 34.2,
41.7,50.0, 50.1, 54.1, 60.8, 78.0, 128.0, 130.0, 134.3, 135.9.

2-[(2-Dimethylaminoethyl)-methylamino]-ethanesulfonic acid 4-
(tert-butyldiphenylsilanyloxy)-2,2-dimethylbutyl ester (3g). Fol-
lowing the general procedure B, reaction of ethenesulfonate ester
1 (716 mg, 1.60 mmol) with N,N,N'-trimethylethane-1,2-diamine
(414 mg, 4.1 mmol) in dichloromethane (50 cm?) afforded, after
purification by medium pressure chromatography (40% acetone—
hexane + 5-7% Et;N), the title compound (717 mg, 81%) as a
yellow oil (Found: C, 63.1; H, 8.8; N 4.9. C,iH,N,0,SSi requires
C, 63.5; H 8.8; N 5.1%); vy, (film)/cm™' 1352, 1165, 1103, 956,
822, 738 and 701; oy (300 MHz, CDCl;) 0.89 (6 H, s, (CH;),C),
0.97 9 H, s, (CH;);C), 1.52 (2 H, t, J 6.7), 2.21 (9 H, s, NCH,),
2.26-2.50 (7H, m), 2.85 (2 H, dd, J 6.2, 8.8), 3.18 (2 H, dd, J 6.2,
8.8),3.65 (2 H, t, J 6.7), 3.89 (2 H, s), 7.29-7.39 (6 H, m, Ph),
7.58-7.61 (4 H, m, Ph); d. (75.46 MHz, CDCl;) 19.5, 24.6, 27.3,
34.2,41.6,42.5,46.0,48.5,51.9,55.7,57.9,60.8, 77.9, 128.0, 129.9,
134.3,135.9.

2-[Bis-(2-hydroxyethyl)-amino]-ethanesulfonic  acid  4-(tert-
butyldiphenylsilanyloxy)-2,2-dimethylbutyl ester (3h). Following
the general procedure B, reaction of ethenesulfonate ester 1
(738 mg, 1.65 mmol) with diethanolamine (452 mg, 4.3 mmol)
in dichloromethane (50 cm?®) afforded, after purification by
medium pressure chromatography (30% acetone-hexane), the
title compound (629 mg, 69%) as an oil (Found: C, 60.2; H,
8.2; N, 2.5. CxH;sNO4SSi requires C, 60.9; H, 8.2; N, 2.5%);
Vmax (film)/cm™ 1348, 1163, 1103, 951, 822, 738 and 702; oy
(300 MHz, CDCl;) 0.89 (6 H, s, (CH),C), 0.97 (9 H, s, (CH;),0),
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1522 H, t,J 6.7),2.59 (4 H, t, J 6), 3.00 2 H, t, J 6.1), 3.16
(2 H, t,J6.1), 3.56 (4 H, m), 3.66 2 H, t, J 6.7), 3.91 (2 H, s),
7.29-7.39 (6 H, m, Ph), 7.57-7.61 (4 H, m, Ph); dc (125 MHz,
CDCly) 19.0, 24.1, 26.8, 33.7, 40.8, 48.2, 48.5, 56.5, 59.4, 60.3,
77.9,127.7, 129.8, 133.5, 135.5.

2-Morpholin-4-yl-ethanesulfonic acid (4a). Following the gen-
eral procedure C, reaction of sulfonate ester 3a (248 mg,
0.47 mmol) in THF (10 cm®) with TBAF (1 M in THEF,
464 mg, 0.51 mmol) in THF (10 cm®) afforded a mixture of 4a
and tetrabutylammonium species. Purification by ion exchange
chromatography gave the title compound (66-72%) as a white
solid, mp 277-280 °C (decomp.) (Found: C, 35.6; H 7.0; N 7.1.
C¢H;NO,S + % H,O requires C, 35.8; H, 6.9; N, 7.0%); Vi
(film)/cm~" 1458, 1262, 1219, 1169, 1121, 1080, 1032, 978, 870,
822, 793 and 762; oy (300 MHz, D,0) 3.23-3.48 (8 H, m), 3.67-
3.86 (4 H, brs); dc (125 MHz, D,0) 45.45, 52.88, 53.27, 64.62.

4-(2-Sulfoethyl)-piperazine-1-carboxylic acid tert-butyl ester
(4b). Following the general procedure C, the reaction of sulfonate
ester 3b (261 mg, 0.41 mmol) in THF (10 cm?) with TBAF (1 M in
THF, 413 mg, 0.46 mmol) in THF (10 cm?) afforded a mixture of
4b and tetrabutylammonium species. Purification by ion exchange
chromatography gave the title compound (91 mg, 75%) as a white
solid, mp 228-229 °C (Found: C, 43.9; H, 7.5; N, 9.4. C,,H,,N,O;-
S + 0.5 H,O requires C, 43.6; H, 7.6; N, 9.2%); vy (film)/cm™
1693, 1406, 1365, 1227, 1158, 1070, 1036, 1008, 964, 934, 862, 802
and 756; oy (300 MHz, D,O) 1.35 (9 H, s), 3.26-3.51 (12 H, m);
dc (75.48 MHz, D,0) 28.4,41.4,45.7, 52.7, 53.2, 83.7, 156.3.

2-(4-Acetylpiperazin-1-yl)-ethanesulfonic acid (4c). Following
the general procedure C, reaction of sulfonate ester 3¢ (229 mg,
0.4 mmol) in THF (10 cm?) with TBAF (1 M in THF, 399 mg,
0.44 mmol) in THF (10 cm®) afforded a mixture of 4¢ and
tetrabutylammonium species. Purification by ion exchange chro-
matography gave the title compound (77 mg, 82%) as a pink
solid, mp 291-293 °C (decomp.) (Found: C, 39.6; H, 6.8; N, 11.7.
C;H,;N,O,S + % H,O requires C, 39.7; H, 6.9; N, 11.6%); Vi
(film)/cm™" 1629, 1426, 1277, 1216, 1153, 1080, 1049, 997, 962,
838, 804, 764 and 721; J, (300 MHz, D,O) 2.06 (3 H, s, CH}),
3.27-3.48 (6 H, m), 3.50 (2 H, m), 3.79 (2 H, br s); d. (125 MHz,
D,0) 21.0, 39.4, 44.0, 45.7, 52.4, 53.0, 173.5.

2-[4-(2-Methoxyethyl)-piperazin-1-yl]-ethanesulfonic acid (4d).
Following the general procedure C, reaction of sulfonate ester
3d (282.6 mg, 0.478 mmol) in THF (10 cm®) with TBAF (1 M in
THF, 475 mg, 0.53 mmol) in THF (10 cm®) afforded a mixture of
4d and tetrabutylammonium species. Purification by ion exchange
chromatography gave the title compound (110 mg, 91%) as a
pink solid, mp 210-212 °C (Found: C, 41.9; H, 7.9; N, 10.8.
CyH5N,O,S + % H,O requires C, 41.8; H 8.1; N 10.8%); Vi
(film)/cm~" 1332, 1267, 1225, 1165, 1118, 1078, 1040, 965 and
760; 6,(300 MHz, D,0) 2.92-3.17 (8 H, m), 3.17-3.20 (6 H, m),
3.27 (3 H, s, CH3;), 3.5-3.65 (2 H, m); 6.(125 MHz, D,0) 47.9,
50.13, 51.94, 52.64, 56.5, 59.2, 66.55.

2-[4-(2-Hydroxyethyl)-piperidin-1-yl]-ethanesulfonic acid (4e).
Following the general procedure C, reaction of sulfonate ester
3e (274 mg, 0.476 mmol) in THF (10 cm®) with TBAF (1 M in
THF, 469 mg, 0.52 mmol) in THF (10 cm®) afforded a mixture of
4e and tetrabutylammonium species. Purification by ion exchange

chromatography gave the title compound (91 mg, 81%) as a beige
solid, mp 249-251 °C (Found: C,44.7; H, 8.0; N, 5.9. C,H,,NO,S +
0.25 H,O requires C, 44.7; H, 8.1; N, 5.8%); Vi (film)/cm™" 3372,
1451, 1221, 1164, 1038, 962, 941, 916, 816 and 758; 6,;(300 MHz,
D,0) 1.39-1.46 (4 H, m), 1.89-1.94 (2 H, m), 2.90 (1 H, dt, J 2.4,
J 12.9), 3.19-3.56 (9H, m); J. (125 MHz, D,0) 30.0, 30.5, 37.9,
459, 53.0, 54.2, 59.7.

2-Pyrrolidin-1-yl-ethanesulfonic acid (4f). Following the gen-
eral procedure C, reaction of sulfonate ester 3f (244 mg,
0.471 mmol) in THF (10 cm?’) with TBAF (I M in THF,
469 mg, 0.52 mmol) in THF (10 cm?) afforded a mixture of 4f
and tetrabutylammonium species. Purification by ion exchange
chromatography gave the title compound (66 mg, 78%) as a white
solid, mp216-218 °C (Found: C, 38.6; H,7.1; N, 7.5. C;H;;NO;S +
0.5 H,O requires C, 38.3; H, 7.5; N, 7.4%); Vi (film)/cm™"' 1455,
1215, 1163, 1032 and 911; oy (300 MHz, D,O) 1.84-2.08 (4 H,
m), 2.98-3.06 2 H, m), 3.18 2 H, t, J 7.3), 344 2 H, t, J 7.3),
3.56-3.64 (2 H, m); o (125 MHz, D,0) 23.54, 47.40, 51.22, 55.47.

2-[(2-Dimethylaminoethyl)methylamino]-ethanesulfonic acid
(4g). Following the general procedure C, reaction of sulfonate
ester 3g (255 mg, 0.46 mmol) in THF (10 cm?) with TBAF (1 M in
THF, 462 mg, 0.51 mmol) in THF (10 cm®) afforded a mixture of
4g and tetrabutylammonium species. Purification by ion exchange
chromatography gave the title compound (90 mg, 92%) as a
yellow oil (Found: C, 36.9; H, 8.8; N, 11.8. C;H;N,O;S + H,O
requires C, 36.8; H, 8.8; N, 12.3%); v, (film)/cm™" 1647, 1467,
1175, 1034 and 731; 64 (300 MHz, D,0O) 2.31 (3 H, s), 2.80 (6 H,
s), 2.82-2.92 (4 H, m), 3.02-3.07 (2 H, m), 3.22 (2 H, t, J 6.6); Jc
(75.48 MHz, D,0) 41.87, 44.06, 48.7, 51.6, 52.8, 55.5.

2-|Bis-(2-hydroxyethyl)-amino]-ethanesulfonic acid (4h). Fol-
lowing the general procedure C, reaction of sulfonate ester 3h
(260 mg, 0.472 mmol) in THF (10 cm?) with TBAF (1 M in THF,
469 mg, 0.52 mmol) in THF (10 cm?) afforded a mixture of 4h
and tetrabutylammonium species. Purification by ion exchange
chromatography give the title compound (91 mg, 90%) as a white
solid, mp 159-160 °C (Found: C,32.9;H,7.0; N, 6.4. C,;H,;;NO,S +
0.5 H,O requires C, 32.4; H, 7.3; N, 6.3%); Vyuy (film)/cm™" 3389,
3044, 1327, 1158, 1088, 1032, 961, 891, 862, 758 and 735; oy
(300 MHz, D,0) 3.27 (2 H, t, J 7.0), 3.33-3.37 (4 H, m), 3.62
2 H, t, J 6.9), 3.81-3.85 (4 H, m); d. (125 MHz, D,0) 45.41,
50.90, 55.95, 56.32.
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The penam nucleus can be modified to behave as a -lactamase-dependent ‘prodrug’ by incorporation
of a vinyl ester side chain at the 6-position. Enzyme-catalysed hydrolysis of the -lactam ring uncovers

the thiazolidine-ring nitrogen as a nucleophile that drives a rapid intramolecular displacement on the
side chain. Attachment of 7-hydroxy-4-methylcoumarin as the releasable group of this side chain
generated a penicillin structure that can function as a fluorescence-based reporter substance/diagnostic
for the presence of low levels of B-lactamase enzyme in solution. Mechanistic details of the reaction
pattern are documented and the scope and limitations of exploiting the structural modification are

discussed.

Introduction

B-Lactams remain the frontline antibiotics for combating infec-
tions caused by Gram-negative bacteria. Their efficacy, however,
is being compromised increasingly by the dissemination of B-
lactamase enzymes throughout this bacterial population.! While
many serine-based fB-lactamases are susceptible to inhibition by
compounds such as clavulanic acid and sulbactam, the emergence
of metallo-f-lactamases poses a new challenge, as these are not
susceptible to such inhibitors, and the newer generation of these
enzymes act on a broad variety of B-lactam structures—penicillins,
cephalosporins and carbapenems. B-Lactamase-dependent pro-
drugs provide a potential strategy to counter the spread of [3-
lactamases by exploiting their presence, rather than blocking
their action.? Both the cephalosporin and carbapenem nucleus
incorporate an inherent reactivity pattern that allows these to
be readily configured as B-lactamase-dependent prodrugs. Thus,
elimination of the 3'-substituent in cephalosporins (Scheme 1a),
and of the 2'-substituent in carbapenems, is triggered by scission
of the B-lactam; this reactivity has been explored mainly in
the development of cephalosporin—quinolone conjugates.** De-
spite the accumulation of detailed biological activity data, the
cephalosporin—quinolone conjugates have not been launched as
therapeutic agents.¥ Nonetheless, the strategy of developing B-
lactamase-dependent prodrugs remains valid and, in this context,
we have explored the chemistry of the penam nucleus with the
aim of incorporating a latent ‘prodrug’ reactivity that is triggered
by scission of the B-lactam ring. A generic modification that
achieves this is attachment of an unsaturated linker, with an
electron-deficient centre bearing a moderately nucleofugic group,
at the 6-position of penicillin. Structures 1 and 2 are prototypic
examples: enzyme-catalysed scission of the B-lactam ring brings
two potential nucleophiles into play—the thiazolidine-ring sulfur
and nitrogen atoms—resulting in a rapid intramolecular reaction
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+ Electronic supplementary information (ESI) available: 'H NMR spectral
sequences for reaction of 7' and 20" with B-lactamase enzyme; Gaussian
energy values for addition of methoxide to the o-face of an ethylidene
B-lactam unit. See DOI: 10.1039/b614758e
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with loss of the nucleofugic group (Scheme 1b).>¢ The efficacy of
the displacement is due to the syn juxtaposition of the nucleophile
and electron-deficient centre on the unsaturated linker® of the
ring-opened structure, leading to formation of a five-membered
ring: this type of molecular construct gives rise to reactions of
very high effective molarity.” Tt proved difficult to prepare S-
aminosulfenimino structures (Scheme 1, 1) with leaving groups
other than a small set of arylsulfonamides.® As a result we
turned our attention to penicillin structures bearing a vinylester
side chain. Penicillin structures bearing this side chain, and with
the thiazolidine ring sulfur in the sulfone oxidation state, have
previously been found to act as B-lactamase inhibitors, whereas
the corresponding sulfides are not inhibitors.” In the context of
our work, the vinyl ester side chain was seen as an alternative to
the S-aminosulfenimine moiety and one offering better scope
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for synthetic variation of the leaving group. In a preliminary
communication® we reported on the preparation and reaction
of a variety of compounds of structure type 2 bearing distinct
leaving groups; in this paper we expand on the chemistry of these
penicillins and on the scope and limitations of their capability to
act as B-lactamase-dependent prodrugs.

Results and discussion

An efficient route to structure type 2 is via reaction of oxo-
penicillin derivative 3 with a Wittig reagent (Scheme 2) as originally
developed by Buynak.” The benzhydryl esters 4-7 were prepared
using commercially available Wittig reagents and, where required,
the corresponding sodium salts were obtained by removal of the
benzhydryl group.® Preparation of 8 was achieved by removal
of the allyl group of 5 followed by DCC mediated coupling of
the resulting free acid with 7-hydroxy-4-methylcoumarin (below
referred to as coumarin) and, finally, removal of the benzhydryl
group. This structure is a potential reporter molecule/diagnostic
for the presence of B-lactamase enzyme as 8 is non-fluorescent,
whereas coumarin itself is highly fluorescent.

The reaction pattern shown in Scheme 3a was initially validated
for the benzhydryl esters 4 and 5 in a reaction system of CH;OH-
0.2 M NEt; for 40 min at r.t. (nominally 18 °C); the ring-fused
y-lactam 10 was formed exclusively and was fully characterised.®
This isomer, with the unsaturated bridgehead position, was found
to be 3.74 kcal mol™' more stable (optimised structures, 6—
311G level, Gaussian 03) than 9; the isomerisation is driven,
presumably, by initial deprotonation at the bridgehead carbon
of 9 in the basic reaction medium. With the ¢-butyl derivative

6 the reaction stopped after ring opening (6a was isolated and
characterised);® it would appear that the size of 7-butyl group
impedes the intramolecular displacement. The B-lactam ring of
the ethylidene structure 7 was remarkably stable and remained
totally unchanged under the above reaction conditions; ester
exchange of the benzhydryl group was the only process observed
after 3 h. This stability was also observed for the corresponding
sodium salt 7' in aqueous buffer (see below) and indicates that the
exocyclic methyl group, juxtaposed syn to the lactam carbonyl,
provides a significant barrier to nucleophilic attack. Indeed, the
tetrahedral intermediate formed by addition of methoxide to the
a-face of an ethylidene B-lactam unit was found to be 2.1 kcal
mol~" less stable (optimised structures, 6-311G level, Gaussian 03)
than the corresponding methylidene intermediate, when compared
with the respective starting materials. Such a difference in
activation energies would lead to a reduction in reaction rate of
over two orders of magnitude. (The ethylidene structural feature
is present in asparenomycins''—naturally occurring carbapenem
structures—and may contribute to their stability.)

The reactivity patterns of the salts 4, 7 and 8 in aqueous buffer
(D,O, pH 7.2, 25 °C) both in the absence and presence of f3-
lactamase enzyme were examined and the results are presented
below. In the absence of enzyme 4 had a half-life of 5 days.
The reaction products were identical to those of the enzyme-
catalysed hydrolysis (see following), which confirms that the -
lactam ring is hydrolysed more readily that the aliphatic ester
group. The time course of the reaction of 4 in the presence
of B-lactamase enzyme was followed by '"H NMR spectroscopy
(see Fig. 1). The spectral sequence shows the initial formation of
an intermediate and conversion of this to a single final product
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o (0] o (iii) o
CO,Bzh COR" COR"
3 4 R=Me,R =H,R'=Bzh 8 R=Coumarin, R = H,R" = Bzh
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6 R=tButyl, R =H, R"=Bzh

7 R=Et,R' =Me, R"

Bzh
+
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Scheme 2 Synthetic route: (i) ROC(O)CR'=PPh;, —55 °C; (ii) (a) AICl;, —84 °C, (b) NaHCO;, freeze dry; (iii) (a) 5, Pd(PPh;),, sodium p-toluene

sulfinate, THF-H,O, (b) 7-hydroxy-4-methylcoumarin, DCC.
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Scheme 3 Reaction pattern of: (a) benzhydryl esters in CH;OH-0.2 M NEt;, (b) sodium salt 4 in D,O buffer (pH 7.2), 25 °C in the presence of

B-lactamase enzyme.
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Fig. 1 '"H NMR spectra of (a) 4 in D,O buffer (0.02 M phosphate, p
B-lactamase enzyme in a citrate buffer.

with the co-production of methanol. The key indicator that the
intermediate is the ring-opened structure 4'a, is the large upfield
shift in the o-CH; resonance® (Fig. 1b,c); there is also a small
upfield shift in the methyl ester resonance and a distinct change in
the H-5 and H-8 resonances. The conversion of 4a to 9 with the
concomitant product of methanol is clearly seen in the sequence of
spectra (b) — (¢) — (d) (Fig. 1). For the end product (Fig. 1d), the
downfield shift of the a-methyl resonance (compared with that of
the ring-opened structure 4'a) is notable and is consistent with the
re-formation of a ring-fused bicyclic structure, while the relatively
short reaction time for the whole transformation precludes simple
hydrolysis of the methyl ester group of 4a. The "C-NMR and
high-resolution mass spectra of the product isolated after workup
are consistent with structure 9'.

Unlike the case of the benzhydryl esters 4 and 5, the y-lactam
isomer obtained here was 9'; the aqueous reaction medium was
not sufficiently basic to deprotonate the bridgehead carbon atom
and, in addition, the carboxylate side chain should impede the
deprotonation.

H 7.2, 25 °C) and (b) 7.5 min, (c) 38 min, (d) 50 min following addition of

The ethylidene salt 7' showed remarkable stability in aqueous
buffer and was unchanged after 14 days (this parallels the earlier
observation on the stability of B-lactam ring of ester 7 in CH;OH-
0.2M NEt;). Nonetheless, B-lactamase-catalysed hydrolysis of 7'
was effective and this led cleanly to the formation of 9” and the
co-production of ethanol. (The formation of 9" confirms the Z
stereochemistry of the side chain of 7'.) During the course of the
reaction build up, the corresponding ring-opened structure was
not observed.' Tt is interesting to note that the vinyl methyl group,
which exerts such a dramatic effect on nucleophilic attack at the
lactam carbonyl, does not impede the intramolecular nucleophilic
displacement at the side chain carbonyl.

B-Lactamase-catalysed hydrolysis of 8 led cleanly to the for-
mation of 9" and the co-release of coumarin; the corresponding
ring-opened structure was not observed during the course of the
reaction. In the absence of enzyme 8 was much more labile than
the aliphatic derivative 4, giving a half-life of 90 min in the
buffer system. This lability was associated with direct hydrolysis
of the aromatic ester side chain rather than with hydrolysis of
the B-lactam ring. The "H NMR spectra of the end products
of hydrolysis of 8 in the absence and presence of B-lactamase
enzyme are shown in Fig. 2: in the presence of enzyme the
products were coumarin and y-lactam 9, while in the absence
of enzyme the products were coumarin and B-lactam 11 (the
high-resolution mass spectra of the product isolated after workup
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Fig. 2

'"H NMR spectra of the hydrolysis products of 8 (a) 50 min after addition of B-lactamase enzyme, and (b) after 12 h in D,O buffer (0.02 M

phosphate, pH 7.2, 25 °C). The peaks labelled C correspond to free 7-hydroxy-4-methylcoumarin in both spectra.

Table 1 Hydrolytic stability and relative efficiency as p-lactamase sub-
strates of 4,7 and 8

Relative rate of turnover Half-life in 0.02 M phosphate

Structure by B-lactamase enzyme® buffer, pH 7.2, 25 °C
q 1 7 days*

7 0.5 >14 days?

8 20 1.5he

Benzylpenicillin  1260° —

“ Penicillinase Type 1 from B. cereus.® The specific activity with benzylpeni-
cillin was 1872 pmol min~' mg~' protein. ¢ Hydrolysis of the B-lactam ring.
4 No hydrolysis occurred within 14 days. ¢ Hydrolysis of the aryl ester side
chain.

is consistent with structure 11 (see the Experimental section)).
A summary of some of the key data on 4, 7" and 8 is given in
Table 1.

The release of coumarin from 8 was also monitored by
fluorescence spectroscopy. The time course of the fluorescence
emission of a 1.4 mM solution of 8 (phosphate buffer, pH 7.2),
when treated with various amounts of B-lactamase enzyme, is
shown in Fig. 3. It is clear that 8 can act as a reporter molecule
for the presence of quite low amounts (~6 units)'? of f-lactamase
enzyme in solution. When 8 was treated with a solution containing
B-lactamase-producing E. coli cells”® the rate of fluorescence
emission was not faster than that associated with background
hydrolysis of 8 itself, whereas, when treated with cell lysate
the rate of fluorescence emission was considerably faster. These
observations indicate that 8 cannot efficiently permeate the outer
membrane of E. coli.

Although aryl esters are more readily hydrolysed than aliphatic
esters, the lability of the ester side chain of 8, compared to that of
4, was unexpected. The relatively short half-life of 8 in aqueous

40000
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Fig. 3 Increase in fluorescence emission as a function of time observed
for a 1.4 mM solution of 8 in the presence of (a) 0, (b) 6, (c) 30, and
(d) 60 units of B-lactamase enzyme (penicillinase type 1).

buffer was a drawback as it restricted the type of releasable prodrug
group that could be usefully incorporated and evaluated (e.g
triclosan). It was envisaged that an aryl sulfonate side chain would
avoid this limitation and that such a structure might be obtainable
via a Horner—Wittig-Emmons reaction of the required sulfophos-
phonate with 3 (Scheme 4). Whereas this method was successful
in producing the alkyl sulfonate derivative 16 (26% yield) it
did not yield the aryl sulfonate 17. The problem was the lack
of reactivity of phenylmethanesulfonate anion as a nucleophile
in general, and specifically toward diphenylchlorophosphate' to
produce 15. Treatment of 13 with n-BuLi followed by CH,I failed
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to produce any methylated product (a similar process with 12
rapidly produced methylethane sulfonate). The breakdown of 13
in the presence of n-BuLi to generate sulfene'® and phenoxide was
not the reason for this lack of nucleophilic behaviour as treatment
of 13 with n-BuLi followed by quenching with D,O lead to the
recovery of a substantial amount of deuterated phenylmethane
sulfonate. As a similar problem is likely to be associated with the
anion of 15, this approach was not pursued further. A phosphonate
side chain was considered as a final alternative. Treatment of 3
with the anion derived from tetraethylbisphosphonate produced
the penicillin derivative 18; as this was obtained in only a 1% yield
(after purification) no further evaluation was undertaken.

i i) I 1l (i)
ROﬁCHg — ROﬁCHzP(OPh)z P

o z
12R =CH, 14R =CH, 16 R=CH,; CO2Bz
13R=Ph 15R = Ph 17R=Ph

Scheme 4 (i) (a) n-BuLi, (b) CI(O)P(OPh),, —78 °C; (ii) (a), n-BuLi,
(b)3, —78 °C.

The release of methanol from the cephalosporin salts 19" and 20’
was also studied and the key findings are summarised in Scheme 5.
Cephalosporin 19" was as stable as the corresponding penicillin
4 with respect to background hydrolysis and also behaved as a
B-lactamase substrate. Loss of methanol from the ring-cleaved
structure 19a was considerably faster than that observed in
background hydrolysis, thus indicating anchimeric assistance. The
finding that loss of methanol from the ring-cleaved sulfoxide 20'a
was slower than from 19'a, identifies the dihydrothiazine sulfur

Buffer only, ty, =5 days

» CH;OH + Coproducts

C
CH3;O0 O 0

typ= P

Enz 172 R
Fast 58h ¢}

D

U

> OAc ¢
T

- AcO’ - CH3;0H

19" CO: 19'a Co.

C
CH;O0 O o

Enz te= P
Fast 24h o)

D

u

OAc ¢

T

AcO’ CH3;0H

20’ 20'a

Scheme 5 Rates of methanol release from cephalosporin structures 19’
and 20

as the nucleophile providing this assistance, and not the imine
nitrogen; the coproduct(s) were not identified. Treatment of the
desacetoxy cephalosporin salt 21" with fB-lactamase enzyme led
quantitatively to the release of methanol and the formation of the
v-lactam 22 (Scheme 6); the ring-opened structure was observed
here as it was with 4a.'® With a half-life of 55 min for the
displacement the enamine nitrogen of 21'a is more nucleophilic,
toward the side chain carbonyl, than the dihydrothiazine sulfur,
but is less nucleophilic by about a factor of 5, that the amine
nitrogen in the ring-opened penicillin 4'a.

(¢}
CH3 CH3
S,
B-lactamase
—_—
Fast P>
CO,
21'a 2
tin= 55 min
~ s
COo, CH3;0H

Scheme 6 y-Lactam formation from desacetoxy cephalosporin structure
21.

y-Lactam salt 23, obtained from 10 by removal of the benzhydryl
group, was screened for antibiotic and P-lactamase-inhibitory
activity. While no antibiotic activity was observed, 23 was found to
show weak inhibition (50% at 100 uM) of the metallo-fB-lactamase
CphA from Aeromonas hydrophilia."®

CH:0
O S
2
o Coy

23

Conclusions

Engineering the penicillin nucleus to act as a viable B-lactamase-
dependent prodrug presents a distinct challenge compared with
that of achieving the same capacity in cephalosporins. Ideally, the
intact structure must behave as an antibiotic in its own right and, in
addition, the ‘prodrug’ component must behave as an independent
antibiotic when released following scission of the B-lactam ring.
The 7-amino- and 3'-substituents of cephalosporins makes it easier
to achieve this: the 7-amino substituent (not-releasable) can be
used to obtain normal B-lactam antibiotic activity, while the 3'-
substituent can be chosen to act as an independent antibiotic when
released. In the case of a penicillin bearing either a vinyl ester or
S-aminosulfenimine side chain (Scheme 1; 1 and 2, respectively),
this group must allow for normal B-lactam antibiotic activity of
the intact structure, and it must also carry the releasable moiety
that can function as an independent antibiotic. In all cases the
releasable antibiotic component must have biological activity and
clearance profiles that are compatible with those of a fB-lactam;
this is a concern in the case of the cephalosporin—quinolone
conjugates.” In our work we have identified the chemical basis
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of modifying the penam unit so as to incorporate a latent prodrug
reactivity that is triggered by the action of a f-lactamase enzyme.
One functional implementation of this is the coumarin derivative
8 which can act as a fluoresence-based reporter molecule for the
presence of low levels of B-lactamase enzyme in solution.

Experimental
Benzhydryl-6-(Z)-[1-ethoxycarbonylethylidene]penicillanate (7)

Benzhydryl-6-oxopenicillinate 3° (1.04 g, 2.73 mmol) was dis-
solved in dichloromethane (13 mL). The solution was cooled
to —55 °C under nitrogen. To this cooled solution (1-ethoxy-
carbonylethyledene)triphenylphosphorane (931.4 mg, 2.57 mmol)
in dichloromethane (30 mL) was added dropwise over 30 min.
Stirring was continued for a further 10 min. Analysis by TLC
(50 : 50, ethyl acetate-hexane) indicated disappearance of the
3 and the formation of a new product of higher R; value. The
solution was allowed warm to room temperature and was washed
with water (20 mL), the organic layer was separated, dried and
concentrated under reduced pressure to leave crude 7. Purification
by chromatography (silica gel, hexane—ethyl acetate 60 : 40) yielded
7 as a waxy, yellow oil (737 mg, 1.63 mmol, 63%). ESI-HRMS
for C,,H»NOsS: [M + H]*!' caled: 466.1688, found: 466.1709. o
(270 MHz, CDCl,) 1.27 (s, 3H, 0-CHj;), 1.33 (t, J = 7.2 Hz,
3H, CH,CH,;) 1.56 (s, 3H, B-CH;), 2.20 (s, 3H, CH,;), 4.25 (q,
J = 7.2 Hz, 2H, CH,CH;) 4.64 (s, 1H, H-3), 5.95 (s, 1H, H-5),
6.93 (s, IH, CH(Ar),), 7.22-7.42 (m, 10H, ArH); d. (67.93 MHz,
CDCl;) 14.13, 14.45, 25.59 (CH,CH, 0, CH;CH=, ¢-CHy,), 33.67
(B-CHj;), 61.77, 63.41, 69.89, 70.34 (C-2, C-3, C-5, CH;CH,0),
78.31 (CH(Ar),), 127.03,127.52,128.16, 128.34, 128.55, 128.62 (C,
Ar), 139.17, 139.23 (C, Ar), 149.05 (C-6), 165.10, 167.02, 167.82
(3 x C=0).

Sodium-6-(Z)-[1-ethoxycarbonylethylidene|penicillanate (7')

7 (200 mg, 0.442 mmol) was dissolved in dichloromethane
(16 mL) and was cooled under nitrogen to —84 °C. A solution
of aluminium trichloride (240 mg, 1.80 mmol) in nitromethane
(1.5mL) was added in one portion to the cooled penicillin solution
at which point the solution became intensely yellow. After stirring
for 20 min, ethyl acetate (75 mL) and 5% sodium hydrogen
carbonate (75 ml) were added successively whilst maintaining the
temperature at —84 °C. The resulting slushy mixture was allowed
to reach room temperature, the two layers were separated and the
aqueous layer was filtered through celite. The filtrate was extracted
with ethyl acetate (20 ml). The aqueous extract was collected and
ethyl acetate (30 mL) was layered on top, the pH was adjusted to
2.2, and extracted with the ethylacetate. The aqueous layer was
extracted with a second portion of ethyl acetate (30 mL). The
organic extracts were combined, dried and concentrated under
reduced pressure to leave the free acid of 7 as a pale yellow solid
(98 mg, 0.305 mmol, 69%). ESI-HRMS for C,;H;NO;S: [M-H]™!
caled: 298.0749, found: 298.0744; 5, (300 MHz, CDCl;) 1.35 (t,
J=6.9Hz, 3H, CH,CH,) 1.58 (s, 3H, 0-CH};), 1.62 (s, 3H, B-CHj;),
2.21 (s, 3H, CH;), 4.27 (m, J = 6.9 Hz, 2H, CH,CH,) 4.57 (s, |H,
H-3), 5.93 (s, 1H, H-5), 8.11 (br s, 1H, OH). The free acid of 7
(83 mg, 0.258 mmol) was dissolved in ethyl acetate and extracted
with aqueous sodium hydrogen carbonate (20.6 mg, 0.245 mmol)

and the resulting aqueous layer was lyophilised to leave 7' as a
yellow solid (67.2 mg, 0.209 mmol, 85%) dy (270 MHz, D,0) 1.30
(t, J = 7.2 Hz, 3H, CH,CH,;) 1.48 (s, 3H, a-CHs;), 1.55 (s, 3H,
B-CH;), 2.11 (s, 3H, CH;), 4.18-4.31 (m, 2H, CH,CH;) 4.33 (s,
1H, H-3), 5.96 (s, IH, H-5).

Sodium-6-(Z)-(methylumbelliferyl)carbonylmethyl-
idenepenicillanate (8")

Benzhydryl ester 8° (135 mg, 0.232 mmol) was treated as described
above. The free acid of 8 (73 mg, 0.175 mmol, 76%), recovered as a
pale yellow solid, was dissolved in ethyl acetate and extracted with
aqueous sodium hydrogen carbonate (13.25 mg, 0.157 mmol) and
the resulting aqueous layer was lyophilised to leave 8 as a yellow
solid. oy (270 MHz, D,0) 1.54 (s, 3H, a-CHj;), 1.61 (s, 3H, -CHs),
2.51 (s, 3H, CH;Ar), 4.46 (s, 1H, H-3), 6.17 (s, 1H, H-5), 6.42 (s,
1H, C(O)CH=C, side chain), 6.66 (s, IH CH=C, coumarin), 7.27
(dd, J =1.86,8.91 Hz, 1H, ArH, coumarin), 7.33 (d, / = 1.86 Hz,
ArH, coumarin), 7.89 (d, / = 8.91 Hz, 1H, ArH, coumarin).

Diphenylphosphorylmethanesulfonate (14)

Methylmethane sulfonate (800 pL, 9.44 mmol) was dissolved in
dry THF (24 mL) and the resultant solution was purged with
nitrogen for 5 min. The solution was then cooled to —78 °C
and 2 M n-BuLi in pentane (5.2 mL, 10.38 mmol) was added.
Diphenylchlorophosphate (1076 pL, 5.2 mmol) was added after
stirring the butyllithium solution at —78 °C for 15 min. The
resultant solution was maintained at —78 °C for 30 min and
then at —50 °C for 60 min. Ammonium chloride (555.44 mg,
10.58 mmol) in H,O (6 mL) was added and the mixture was
warmed to room temperature. The mixture was diluted with water
(50 mL) and extracted with dichloromethane (2 x 60 mL). The
combined organic extracts were washed with water (3 x 40 mL),
dried over MgSQ,, filtered and concentrated to yield a white solid
(1.82 g). The crude material was recrystallised from diethyl ether—
dichloromethane to give the 14 as a white solid (1.04 g, 3.03 mmol,
58%). Mp 82-83.5 °C; found C, 48.87; H, 4.23%. C,;H;;O,PS
requires C, 49.12; H, 4.42%; 6y (270 MHz, CDCl;) 4.04 (s, 3H,
CH,), 4.04 (d, J = 17.32 Hz, 2H, -CH,-P), 7.20-7.34 (m, 10H,
ArH); dc (75.47 MHz, CDCl;) 46.94 (d, J = 144.28 Hz, CH,-
P, inverted in DEPT135), 57.68 (CH;0), 120.61, 120.54, 126.03,
126.01, 130.06, 130.04, (C, Ar), 149.56, 149.69 (C, Ar).

Benzhydryl-6-(Z)-methoxysulfonatemethylidenepenicillanate (16)

Diphenylphosphorylmethanesulfonate (14) (1.51 g, 2.57 mmol)
was dissolved in THF (8 ml) and cooled under nitrogen atmo-
sphere to —78 °C. 2 M n-BuLi (1.28 ml, 2.57 mmol) was added
and the mixture was stirred for 15 minutes at —78 °C. 3 (1.04 g,
2.73 mmol) was added to the cold mixture and was allowed to
stir at this temperature for a further 10 min. Analysis by TLC
(50 : 50, ethyl acetate-hexane) indicated disappearance of the oxo-
compound and the formation of a new product of higher R; value.
The solution was allowed warm to room temperature and was
washed with water (20 mL), the organic layer was separated, dried
and concentrated under reduced pressure to leave crude 16 as
a brown oil. Purification by chromatography (silica gel, hexane—
ethyl acetate, 70 : 30) yielded 16 (339.5 mg, 0.657 mmol, 26%).
Mp 54-56 °C; found C, 58.42; H, 4.92; N, 2.94%. C,;H,;NO,S,
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requires C, 58.34; H, 4.90; N, 2.96%; v,,., (KBr)/cm™' 1779, 1745;
ou (270 MHz, CDCl;) 1.26 (s, 3H, 0-CH3), 1.57 (s, 3H, B-CHs;), 3.92
(s,3H,-OCH;), 4.47 (s, 1H, H-3), 6.04 (s, 1H, H-5), 6.68 (s, 1H, CH
side chain), 6.95 (s, 1H, CH(Ar),), 7.32-7.36 (m, 10H, ArH); d.
(67.93 MHz, CDCl;) 25.26 (a-CHs), 33.73 (B-CH,), 57.47 (CH;0),
64.36, 68.46, 70.82 (C-2, C-3, C5), 78.68 (CH(Ar),), 118.63 (side
chain C(O)C=), 127.04, 127.53, 128.31, 128.50, 128.63, 128.69 (C,
Ar), 138.79, 138.89 (C, Ar), 156.08 (C-6), 163.98, 163.99, 166.19
(3 x C=0).

Benzhydryl-6-(Z)-diethoxyphosphonatemethylidenepenicillanate
as)

Tetraethylmethylenediphosphonate (425.7 uL, 1.71 mmol) was
dissolved in THF (8 mL) and cooled under nitrogen atmosphere
to —78 °C. 2 M n-BuLi (0.856 mL, 1.71 mmol) was added and
the mixture was stirred for 15 minutes at —78 °C. 3 (0.98 g,
2.56 mmol) was added to the cold mixture and was allowed to
stir at this temperature for a further 10 minutes. Analysis by
TLC (50 : 50, ethyl acetate-hexane) indicated disappearance of
the oxo-compound. The solution was allowed warm to room
temperature and was washed with water (20 mL), the organic layer
was separated, dried and concentrated under reduced pressure
to leave a brown oil. Purification by chromatography (silica gel,
hexane—ethyl acetate, 70 : 30) gave a mixture of products. This
purification step was repeated to yield a pure sample 18 (~10 mg,
~1%). ESI-HRMS for C,sH;\NO4PS: [M + Na]*!' calcd: 538.1429,
found: 538.1422; 6, (270 MHz, CDCl;) 1.26 (s, 3H, 0-CHj;), 1.35
(t, J = 5.44 Hz, 3H, -(OCH,CH,),), 1.36 (t, J = 5.44 Hz,
3H, (OCH,CH,);), 1.56 (s, 3H, B-CH;), 4.08-4.21 (m, 4H —
(OCH ,CH;), overlapping with (OCH,CH,)y), 4.64 (s, 1H, H-3),
5.98 (t, J = 1.24 Hz, 1H, H-5), 6.24 (dd, J = 1.24, 13.36 Hz, 1H,
CH sidechain), 6.95 (s, 1H, CH(Ar),), 7.23-7.44 (m, 10H, ArH).

Benzhydryl-7-[(Z)-(methoxycarbonyl)methylidene)]-
cephalosporanate-1-sulfoxide (20)

Benzhydryl-7-oxocephalosporanate, prepared as described for
3, (1.027 g, 2.35 mmol) was dissolved in dichloromethane
(15 mL). The solution was cooled to —84 °C under nitrogen. To
this cooled solution methyl(triphenylphosphoranylidene)acetate
(740 mg, 2.21 mmol) in dichloromethane (30 mL) was added
dropwise over 30 min. Stirring was continued for a further 10 min.
Analysis by TLC (50 : 50, ethyl acetate—hexane) indicated disap-
pearance of the oxo-compound and the formation of a new prod-
uct of higher R; value. The solution was allowed warm to room
temperature and was washed with water (20 mL), the organic layer
was separated, dried and concentrated under reduced pressure to
leave crude as a brown oil. Purification by chromatography (silica
gel, hexane-ethyl acetate, 70 : 30) yielded the benzhydryl ester Wit-
tig product benzhydryl-7-[(Z)-(methoxycarbonyl)methylidene)]-
cephalosporanate (19)—a yellow—green glassy gel (485.7 mg,
0.984 mmol, 45% yield)—as a mixture of A’ and A* isomers
(approx. 70 : 30): For characterisation purposes (see below) a small
sample of each isomer was obtained by chromatography (silica
gel, hexane-ethyl acetate, 70 : 30); for the subsequent sulfoxide
formation and reduction—required to obtain a larger sample of
the A® isomer—the isomer mixture of 19 was used. A? isomer: dy
(270 MHz, CDCl;) 1.96 (s, 3H, —C(O)CH,), 3.82 (s, 3H, CH;0),

4.57 (d, J = 12.62 Hz, 1H, H-3,), 4.64 (d, J = 12.62 Hz, 1H,
H-3'p), 5.24 (d, J = 1.48 Hz, 1H, H-4), 5.74 (d, J = 1.48 Hz,
1H, H-6), 6.33 (d, J = 0.99 Hz, 1H, H-2), 6.48 (d, / = 0.99 Hz,
1H, C(O)CH), 6.91 (s, 1H, CH(Ar),), 7.25-7.38 (m, 10H, ArH); d¢
(67.93 MHz, CDCl;) 20.75 (-C(O)CHs), 51.40, 52.64, 53.67, 65.76
(C-4,CH;0, C-6,C-3),79.28 (CH(Ar),), 114.99119.15, 124.26 (C-
3,C-2,C(O)CH=), 126.85,127.19, 128.40, 128.54, 128.76, 128.84,
(CAr), 138.95,138.99 (C Ar), 155.03 (C-7), 158.10, 164.21, 166.46,
170.52 (4 x C=0). See below for characterisation data on the A’
isomer.

Sulfoxide formation

The A*/A° mixture, (485.7 mg, 0.98 mmol) was dissolved in
dichloromethane (29 ml) and the solution was cooled to 0 °C.
m-Chloroperoxybenzoic acid, 86% (256.6 mg, 1.49 mmol) was
dissolved in dichloromethane (4 mL) and was added dropwise
to the cold cephalosporin solution. The solution was stirred at
0 °C for 40 min and reaction progress was monitored by TLC. A
cold solution of 10% sodium sulfite (7.1 mL) and 0.1 M sodium
hydrogen carbonate (7.1 mL) was added and the biphasic mixture
was stirred at 0 °C for 10 min. The layers were separated. The
organic layer was washed with 0.1 M sodium hydrogen carbonate
(3 x 7mL) and 20% NaCl solution (10 mL), dried over magnesium
sulfate and concentrated under vacuum to yield the benzhydryl
sulfoxide ester 20—a yellow solid (349.2 mg, 0.685 mmol, 70%
yield) as a mixture of a/f-sulfoxide isomers. For characterisation
purposes (see below) a small sample of each isomer was obtained
by chromatography (silica gel, ethyl acetate-hexane, 80 : 20); for
the subsequent reduction process the isomer mixture of 20 was
used. B-TIsomer (20) (less polar material):'” found C, 61.27; H, 4.59;
N, 2.60%. C,xHx;NO;S requires C, 61.29; H, 4.55; N, 2.75%; oy
(270 MHz, CDCl;) 2.08 (s, 3H, —C(O)CHs;), 3.55 (d, J/ = 16.49 Hz,
1H, H-2,), 3.84 (d, J = 16.49 Hz, 1H, H-2;), 3.87 (s, 3H, CH;0),
4.99 (d, J = 14.65 Hz, 1H, H-3,), 5.16 (d, J = 14.65 Hz, 1H,
H-3'p), 5.26 (d, J = 1.47 Hz, 1H, H-6), 6.62 (d, J/ = 1.47 Hz, 1H,
C(O)CH), 6.97 (s, 1H, CH(Ar),), 7.25-7.50 (m, 10H, ArH); J
(67.93 MHz, CDCl;) 20.66 (-C(O)CHj3), 51.15, 52.97, 62.00 (C-2,
CH;O0, C-3, C-6), 80.10 (CH(Ar),), 119.82 (C(O)CH=), 126.86,
127.24, 127.36, 128.31, 128.34, 128.58, 128.66, (C-3, C-4,C Ar),
131.48, 138.84 (C Ar), 148.41 (C-7), 157.12, 159.33, 163.40, 170.23
(4 x C=0). a-Isomer (20) (more polar material): found C, 60.90;
H, 4.53; N, 2.55%. Cy,xH,;;NOgS requires C, 61.29; H, 4.55; N,
2.75%; 0w (270 MHz, CDCl;) 2.02 (s, 3H, -C(O)CH,), 3.30 (d,
J =19.42 Hz, 1H, H-2,), 3.84 (d, / = 19.42 Hz, 1H, H-2;), 3.85
(s, 3H, CH;0), 4.69 (d, J = 13.92 Hz, 1H, H-3,), 5.21 (d, J =
13.92 Hz, 1H, H-3'), 5.18 (d, J = 1.47 Hz, 1H, H-6), 6.63 (d, J =
1.47 Hz, 1H, C(O)CH), 7.00 (s, 1H, CH(Ar),), 7.26-7.50 (m, 10H,
ArH).

Benzhydryl-7-|(Z)-(methoxycarbonyl)methylidene)]-
cephalosporanate (19, A* isomer) by sulfoxide reduction

The o/B-isomer mixture of 20 (182.4 mg, 0.358 mmol) was dis-
solved in DMF (8 ml) and cooled to —40 °C. Phosphorus trichlo-
ride (63 puL, 0.72 mmol) was added. The mixture was allowed
to warm from —40 to —10 °C while stirring under nitrogen. The
reaction mixture was added to cold water (21 mL) and the product
19 (A’ isomer) precipitated out immediately. The precipitate,
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a yellow solid, was collected by vacuum filtration, washed with
water and dried over P,Os for 3 days, (142.2 mg, 0.288 mmol, 80%).
Found C, 63.15; H, 4.61; N, 2.67%. C,xH»;NO,S requires C, 63.28;
H, 4.70; N, 2.84%; vy, (KBr)/cm™ 1781, 1732; 6, (300 MHz,
CDCl;) 2.02 (s, 3H, -C(O)CH,), 3.39 (d, J = 18.60 Hz, 1H, H-2,),
3.62(d,J =18.60 Hz, 1H, H-2;), 3.84 (s, 3H, CH;0),4.76 (d, J =
13.51 Hz, 1H, H-3',), 4.98 (d, J = 13.51 Hz, 1H, H-3';), 5.49 (d,
J =1.20 Hz, 1H, H-6), 6.48 (d, J = 1.20 Hz, 1H, C(O)CH), 6.99
(s, 1H, CH(Ar),), 7.22-7.48 (m, 10H, ArH).

Sodium-7-(Z)-methoxycarbonylmethylidenecephalosporanate (19’)

Removal of the benzhydryl ester of 19 (A* isomer), (86 mg,
0.174 mmol), was effected as described above for 7" above. The salt
19 was obtained as a pale yellow solid (40.1 mg, 0.115 mmol, 66%).
Free acid: ESI-HRMS for C,;H;NO,S: [M-H] ' calcd: 326.0033,
found: 326.0319; v, (KBr)/cm™' 3440, 1784, 1773, 1723; oy
(270 MHz, CDCl;) 2.12 (s, 3H, —-C(O)CHs), 3.45 (d, J/ = 18.80 Hz,
1H, H-2,), 3.67 (d, J = 18.80 Hz, 1H, H-2;), 3.85 (s, 3H, CH;0),
4.96(d,J=13.85Hz,1H,H-3'4),5.15(d, /= 13.85Hz, |H, H-3';),
5.52 (s, 1H, H-6), 6.50 (s, 1H, C(O)CH); 6 (67.93 MHz, CDCl;),
dc 20.80(-C(O)CH;), 27.86, 52.67, 57.85, 63.27 (C-2, C-6, CH;0,
C-3),80.10 (CH(Ar),), 117.99 (C(O)CH=), 126.24, 126.90, 151.90
(C-3,C-4,C-7),158.09, 163.16,163.91, 171.20 (4 x C=0). Sodium
salt 19': 6y (270 MHz, D,0) 2.11 (s, 3H, -C(O)CHj;), 3.43 (d, J =
18.3 Hz, 1H, H-2,), 3.73 (d, J = 18.3 Hz, 1H, H-2;), 3.84 (s, 3H,
CH;0), 4.74 (d, J = 12.6 Hz, 1H, H-3',), 4.89 (d, J = 12.6 Hz,
1H, H-3'y), 5.65 (s, 1H, H-6), 6.58 (s, |H, C(O)CH).

Sodium-7-(Z)-methoxycarbonylmethylidenecephalosporanate
sulfoxide (p-isomer) (20")

Removal of the benzhydryl ester of 20 (B-isomer), (137.4 mg,
0.270 mmol), was effected as described above for 7' above. For
the free acid: d4 (270 MHz, CDCl;) 2.13 (s, 3H, -C(O)CH;), 3.64
(d, J = 16.58 Hz, 1H, H-2,), 3.88 (s, 3H, CH;0), 3.98 (d, J =
16.58 Hz, 1H, H-2;), 5.03 (d, J = 14.60 Hz, 1H, H-3',), 5.21 (d,
J =14.35Hz, 1H, H-3'), 5.39 (d, J = 1.24 Hz, 1H, H-6), 6.62 (d,
J = 1.48 Hz, 1H, C(O)CH). The salt 20" was obtained as a pale
yellow solid (42.2 mg, 0.115 mmol, 43%). dy4 (270 MHz, D,0) 2.12
(s, 3H, —-C(O)CH,), 3.82 (d, J = 16.34 Hz, 1H, H-2,), 3.83 (s, 3H,
CH;0), 4.23 (d, J/ = 16.34 Hz, 1H, H-2;), 5.61 (d, J = 1.22 Hz,
1H, H-6), 6.74 (d, J = 1.22 Hz, 1H, C(O)CH).

Sodium-7-(Z)-methoxycarbonylmethylidenedesacetoxy-
cephalosporanate (21’)

Benzhydryl-7-(Z)-methoxycarboylmethylidenedesacetoxycepha-
losporanate (21) was prepared, starting from commercially avail-
able 7-aminodesacetoxycephalosporanic acid, by the methodology
given above for 19. The benzhydryl ester (367 mg, 50%) was
obtained as a mixture of A’ and A® isomers (37 : 63) which
were separated by chromatography. A® isomer: mp 58-60 °C;
ESI-HRMS for C,,H,,NO;S: [M + H]*' calcd: 436.1219, found:
436.1235; v, (KBr)/cm™ 1781 (lactam), 1732; 64 (270 MHz,
CDCl;) 2.12 (s, 3H, CH,), 3.23 (d, J = 18.06 Hz, 1H, H-2,),
3.51 (d, J = 18.06 Hz, 1H, H-23), 3.83 (s, 3H, OCH,), 5.48 (d,
J = 1.73 Hz, 1H, H-6), 6.44 (d, J = 1.24 Hz, 1H, C(O)CH)
6.96 (s, IH, CH(Ar),), 7.21-7.51 (m, 10H, ArH); . (67.93 MHz,
CDCl,), 20.22 (CHj;), 31.69 (C-2), 52.49 (OCH;), 57.96 (C-6),

79.20 (CH(Ar),), 116.36 (C(O)CH=), 123.80, 127.14, 127.55,
128.02, 128.06, 128.47, 128.56 (C-3, C Ar), 133.23, 139.52, 139.64
(C-4, C Ar), 153.59 (C-7), 157.75, 161.32, 164.21 (3 x C=0).
This ester was treated with aluminium chloride as described
above for 7' to remove the benzhydryl group and give the free acid
of 21’ (40 mg, 0.149 mmol, 69%): ESI-HRMS for C,;H; NOsS:
[M-H]" calcd: 268.0280, found: 268.0292; 6,; (270 MHz, CDCl;)
2.26 (s, 3H, CHj;), 3.29 (d, J = 18.56 Hz, 1H, H-2,), 3.62 (d, J =
18.56 Hz, 1H, H-2;), 3.84 (s, 3H, OCH,), 4.83 (brs, 1H, OH), 5.51
(d, J = 0.62 Hz, 1H, H-6), 6.46 (d, J = 0.99 Hz, 1H, C(O)CH).
The free acid (30.3 mg, 0.113 mmol) was dissolved in ethyl acetate
and extracted with aqueous sodium hydrogen carbonate (8 mg,
0.096 mmol) and the resulting aqueous layer was lyophilised to
leave 21’ as a bright yellow solid (22 mg, 0.076 mmol, 79%); Vy.x
(KBr)/cm™' 1746 (lactam), 1704; 5,; (270 MHz, D,0) 1.95 (s, 3H,
CH,),3.27(d,J =18.31 Hz, 1H, H-2,), 3.70 (d, / = 18.06 Hz, 1 H,
H-23), 3.81 (s, 3H, OCH,), 5.61 (s, IH, H-6), 6.52 (s, |H, C(O)CH).

Fluorescence measurement

Coumarin salt 8 (0.124 mg, 2.8 x 10~* mmol) in 0.02 M phosphate
buffer (200 uL), pH = 7.2 at 25 °C was combined with varying
amounts (0, 6, 30, 60 units) of penicillinase type 1. The fluorescence
emission at 448 nm (excitation wavelength 360 nm) was recorded
as a function of time on a TECAN, GENios Pro instrument.

Kinetic analysis

"H NMR spectra were recorded in D,O buffers (0.02 M phosphate,
pH 7.2) at 25 °C. Penicillinase type 1 from B. cereus (Sigma) was
used for enzyme-catalysed hydrolysis.

2,2-Dimethyl-5-0x0-2,3,5,7a-tetrahydro-pyrrolo|2,1-b]thiazole-3,
7-dicarboxylic acid (9')

See ref. 6 for full characterisation (*H, *C NMR spectra and ESI-
HRMS).

2,2,6-Trimethyl-5-0x0-2,3,5,7a-tetrahydro-pyrrolo|2,1-b]-
thiazole-3,7-dicarboxylic acid (9”)

Following completion of the kinetic analysis run of the -
lactamase-catalysed hydrolysis of 7': oy (270 MHz, D,0) 1.56
(s, 3H, a-CH;), 1.57 (s, 3H, B-CHj;), 2.02 (d, J = 1.5 Hz, 3H,
CH,;), 4.16 (s, 1H, H-3), 5.90 (s, 1H, H-8). After lyophilisation:
ESI-HRMS for C,;H;;NO;S: [M-H]! calcd: 270.0436, found:
270.0432.

6-(Z)-Carboxymethylidenepenicillanic acid (11)

Following completion (12 h) of the buffer-catalysed hydrolysis of
8:Jy (270 MHz, D,0) 1.48 (s, 3H, a-CHj;), 1.54 (s, 3H, p-CHj;),
4.28 (s, 1H, H-3), 5.92 (s, 1H, H-5), 6.31 (s, 1H, C(O)CH=C,
sidechain). After lyophilisation: ESI-HRMS for C,;H, NO;S:
[M-H]' calcd: 256.0280, found: 256.0285.

3-Methyl-6-0x0-6,8a-dihydro-2 H-pyrrolo|2,1-b][1,3]thiazine-4,
8-dicarboxylic acid (22)

Following completion of the kinetic analysis run of the f-
lactamase-catalysed hydrolysis of 21": 6y (270 MHz, D,0) 1.95
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(s, 3H, CH;), 3.29 (d, J = 17.81 Hz, 1H, H-2,), 3.73 (d, J =
17.81 Hz, 1H, H-2;), 5.31 (s, LH, H-9), 6.60 (s, |H, H-7). Distilled
water (20 mL) was added, the solution was acidified to pH 2.2 and
extracted with ethyl acetate (2 x 20 mL). The organic layer was
dried and concentrated under reduced pressure to leave the free
acid of 22 as a yellow solid: ESI-HRMS for C,,H,NO;S: [M-H]™!
caled 254.0123 found 254.0130; y; (270 MHz, (CD;),CO) 2.06 (s,
3H, CH;), 2.96 (br s, 1H, OH), 3.40 (d, J/ = 17.81 Hz, 1H, H-2,),
3.84 (d, J = 17.81 Hz, 1H, H-2;), 5.48 (d, J = 0.87 Hz, 1H, H-9),
6.92 (d, J = 1.24 Hz, 1H, H-7).

2,2-dimethyl-5-0x0-2,3,5,6-tetrahydropyrrolo|2,1-b|thiazole-3,
T-dicarboxylic acid 7-methyl ester (23)

The benzhydryl ester 10 was treated as described above for
7. The free acid of 23 was obtained as a yellow glassy solid
(49 mg, 0.181 mmol, 66%); mp 51-52 °C (dec); ESI-HRMS
for C;;H;;NO;S: [M—H]™" calcd 270.0436 found 270.0439; vy,
(KBr)/cm™' 3438, 1733, 1687; oy (270 MHz, CDCl;) 1.65 (s, 3H,
a-CHj;), 1.76 (s, 3H, B-CHs;), 3.55 (d, J = 23.26 Hz, 1H, H-6,),
3.65(d, J =23.26 Hz, 1H, H-6;), 3.75 (s, 3H, OCH,), 4.42 (s, lH,
H-3), 6.00 (br's, 1H, OH); 6. (67.93 MHz, CDCl;), 25.30 (0-CHs),
32.99 (B-CHs), 40.27 (CH,), 51.52 (CH;0), 62.41, 65.00 (C-2, C-
3), 97.21 (C-7), 156.27 (C-8), 164.20, 169.32, 173.31 (3 x C=0).
The free acid (31 mg, 0.114 mmol) was dissolved in ethyl acetate
and extracted with aqueous sodium hydrogen carbonate (9.1 mg,
0.108 mmol) and the resulting aqueous layer was lyophilised to
leave as a dark green solid (27.4 mg, 0.093 mmol, 82%): dy
(270 MHz, D,0) 1.59 (s, 3H, o-CHj;), 1.72 (s, 3H, B-CH;), 3.64
(s, 2H, CH,), 3.76 (s, 3H, OCHs;), 4.29 (s, 1H, H-3).
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Per(6-guanidino-6-deoxy)-cyclodextrins 4a, 4b and 4¢ are novel derivatives, resulting from
homogeneous introduction of the guanidino group at the primary side of a-, - and y-cyclodextrins. The
products were obtained from the corresponding amino derivatives, as direct guanidinylation of the
known bromo-cyclodextrins provided mixtures. The new compounds were fully characterized by NMR
spectroscopy and other analytical methods, and their interaction with guest molecules was studied.
Strong complexation with 4-nitrophenyl phosphate (NPP) disodium salt was observed (Kyinging ~5 X
10* M), whereas the non-phosphorylated substrate nitrobenzene (NB) formed a very weak complex.
2D ROESY spectra revealed cavity inclusion in both cases, however the orientation of NPP was
opposite to that of NB, such that the phosphate group is oriented toward the primary side facing the
guanidine groups. The strong affinity of 4 towards the phosphorylated guest suggested that interaction
with DNA was possible. The new compounds were found to completely inhibit the migration of ultra
pure calf thymus DNA during agarose gel electrophoresis, whereas no effects were observed with
guanidine alone or with the plain cyclodextrins. Further, the condensation of DNA into nanoparticles
in the presence of 4b was demonstrated by atomic force microscopy, confirming strong electrostatic
interaction between the biopolymer and the multicationic products 4. The strong guanidine—phosphate
interactions between 4 and DNA were therefore attributed to the clustering of the guanidine groups in
the primary area of the cyclodextrin. Cavity effects could not be assessed.

Introduction

Since the publication of the classical paper by Boger, Corcoran and
Lehn,' the chemistry of the cyclic oligosaccharides, cyclodextrins
(CDs), has advanced considerably to provide a variety of well-
characterized derivatives.” CDs are cyclic oligosaccharides capable
of encapsulating hydrophobic guest molecules in their cavity.
Being oligomers of a-D-glucose, CDs are characterised by a set
of primary hydroxyl groups directed towards the one side of the
macrocyclic structure, and a set of secondary hydroxyl groups
directed towards the other (Scheme 1).

There are numerous difficulties associated with the regioselective
functionalization of CDs, which involve non-uniform, incomplete
or over-substitution, separation of partially substituted products,
purification of the products from starting materials and finally
comprehensive characterization. Reliable procedures affording
cleanly substituted, well-characterized per-6-substituted deriva-
tives continue, therefore, to be in need. Furthermore, the prepara-
tion of per-substituted cyclodextrins bearing charged groups has
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DOI: 10.1039/b614899a

Scheme 1 Representation of the o-, -, y-cyclodextrin macrocycles with
n=06,7,8, respectively.

received particular attention® since the presence of a geometrically
defined charged region on the primary or the secondary side may
present a significant alternative receptor to the cavity itself. For
ionic cyclodextrins purification and identification problems can be
considerably larger than outlined above. Several per-(6-anionic-6-
deoxy)-derivatives have been reported, which are of interest due to
either their unique inclusion properties as drug carriers® or for-
mation of nanotubes when the secondary side is substituted with
complementary cationic groups.**¢ Positively charged derivatives,
on the other hand, can act as interesting biomimetic molecules.*
The family of per(6-amino-6-deoxy)cyclodextrins, known for
some time,*** constitute a class of compounds that provide both
free amine and ammonium groups at neutral pH and behave as
biomimetic catalysts.* Although mono- and di-guanidino BCD
derivatives have been prepared’ as probes for interaction with
phosphorylated amino acids, the per-guanidino CDs are not
known, despite the possibly for more intriguing properties they
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NH

.HC1
6B 6N 6, NH, 6
(gon) (9Br), (2N), (6Nm) H/KNHZ g
i i iii iv
OHnO“n OHHOHH OHHOHn OHHOHH OHnOHn
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Scheme 2 Synthesis of per(6-guanidino-6-deoxy)CDs: (i) DMF, Ph;P, Br,, 60 °C, 45 min, then cyclodextrin addition, 75-80 °C, 18 h, MeONa, MeOH;
(ii)) DMF, NaNj3, Nal, 110 °C, 18 h; (iii) DMF, Ph;P, stir 1.5 h, conc. NH,OH, 18 h; (iv) DMF, 1 H-pyrazole-1-carboxamidine-HCl, diisopropylethylamine,

70°C, 18 h, N,.

might present as positively charged, basic oligosaccharides. There
is an exceedingly large amount of recent research directed toward
the interactions of positively charged macromolecules, mainly
polymers,* but also liposomes,” and dendrimers® with DNA,
that result in DNA transfection. Some of the most successful
cationic polymers®* bear cyclodextrin rings linked together by
cationic spacer chains. The present work shows that novel per(6-
guanidino-6-deoxy)cyclodextrins 4 (Scheme 2) display very strong
binding towards phosphorylated and very weak binding towards
non-phosphorylated guest molecules. Furthermore, they interact
with DNA and actually compact it into nanoparticles, a basic
requirement for its entry inside cells.

Results and discussion
Synthesis and characterization

The synthesis of hexakis-, heptakis-, and octakis(6-guanidino-
6-deoxy-)-o-, B- and y-cyclodextrin, respectively, is shown in
Scheme 2. Using literature procedures®***’ the natural o-, B- and
y-cyclodextrins were first converted to the corresponding per(6-
bromo-6-deoxy)-derivatives (1). Direct guanidinylation was con-
sidered as an attractive short route to the desired products. Thus,
guanidine hydrochloride was converted to free base with either
sodium hydroxide or barium hydroxide or sodium methoxide in
methanol and allowed to react with compounds 1 in dimethylfor-

mamide at either 55-60 °C or 75-80 °C. The results varied, as the
substitution was incomplete and several times the major product
was the corresponding per(6-chloro-6-deoxy)-derivative, along
with starting material, whereas the formation of per(3,6-anhydro)-
cyclodextrins® under the basic reaction conditions could not be
excluded. The same reaction was attempted starting from guani-
dine nitrate also without success. Thus, a longer but efficient route
was followed (Scheme 2), where compounds 1 were converted to
per(6-azido-6-deoxy)-cyclodextrins (2),"*+7# then to per(6-amino-
6-deoxy)-cyclodextrins (3),"+7% and finally to per(6-guanidino-6-
deoxy)cyclodextrins 4a—c, after treatment of 3 with 1 H-pyrazole-
I-carboxamidine hydrochloride as the guanylating reagent.*® The
final products were purified with either chloroform washing (4a)
or membrane dialysis (4b, 4c) whereupon small molecules such as
reactants and solvents were removed. A very useful indication for
the sequential functional group transformations were the chemical
shifts of the carbon atoms C6 of the primary side, which changed
from ~62 ppm in the natural CDs to ~34 ppm in la—c, ~51 ppm
in 2a—c, ~39 ppm in 3a—c and ~42 ppm in 4a—c.

The new products were fully characterised using NMR spec-
troscopy. The '"H NMR and *C NMR spectra of 4a, 4b, and
4c in D,0O correspond to per-substituted cyclodextrins having
C6, C7 and C8 symmetry, respectively (Fig. 1a). The guanidino
group protons, absent in D,O, emerged in DMSO-d¢ as two
broad singlets at 7.8 ppm and 7.2 ppm (the amino group
of precursor 3b appeared at 8.24 ppm in DMSO-ds) with a
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Fig. 1

(a) Partial '"H NMR spectra of 4a—c in D,O; (b) "H-"°N correlation spectrum of 4b in DMSO-d, with the signals of the guanidino group.
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peak area ratio of about 1 : 4, corresponding to (C6-NH) and
[-C(=NH)NH,-HCI], respectively. This assignment was based on
the 2D "H-"N correlation spectrum (Fig. 1b), where connectivity
of these proton signals with the "N signals at 78.5 ppm and
72.3 ppm, respectively, was shown. The latter appeared at an
area ratio of roughly 1 : 2, therefore correspond to one and two
nitrogen atoms, respectively. Moreover, the guanidino protons at
7.8 ppm (C6-NH) J-coupled with the protons H6 and H6' in
COSY spectra in DMSO, verifying substitution on C6 (see also
Supporting informationt).

Furthermore, electrospray ionization mass spectra revealed the
molecular ion in either positive [(MH)* at m/q 1423] or negative
ion mode [(M + Cl)~ at m/q 1457], whereas the base peak at m/qg
204 was identified as the heptakis protonated molecular ion [(M +
7H*)/7]. Similarly, derivatives, 4a and 4c¢ were characterised
in detail. The compounds were isolated as the corresponding
hydrochloride salts, as spectrophotometric analyses of chloride
ions! and elemental analyses showed, holding at least as many
Cl~ anions as the number of guanidino groups. Treatment of
the products with a chloride anion exchanging resin ensured the
presence of a constant number of anions in the compounds after
each preparation.

Attempts were made to measure the pK, of 4 by monitoring the
displacements of the *C NMR signal of C6 while varying the pH.!!
The compounds, however, precipitated at pH 10, therefore the
apparent (assuming all ionizations identical) pK, can realistically
be placed close to 10, in contrast to the high pK, of guanidine itself
(12.5). The products, therefore, are protonated at neutral pH. It has
been found that the pK, of the amino cyclodextrins ranges from
7.9 to 8.2,** much reduced relative to that of the parent amines
(e.g. methylamine pK, = 10.67), a feature commonly observed
in biological host molecules and in polycationic polymers which
catalyse proton transfer reactions. This property is thought to be
due to electrostatic through bond effects.” The pK, values for the
guanidino cyclodextrins 4a—c seem to be similarly reduced by at
least two units compared to guanidine. Indeed, large pK, shifts are
observed for lysine active sites of natural enzymes allowing them
to be active at pH 7, where alkylamines, being fully protonated, are
unable to act as nucleophiles or general base catalysts.’> The same
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feature has been demonstrated for amino cyclodextrins, which
act as biomimetic catalysts due to cooperativity of cavity binding
and the electrostatic effects.” Interestingly, in the pH range of
6.5-9.5 a complicated "H NMR spectrum was observed for the
amine 3a whereas outside this range the spectrum was a nearly
first-order, easily assignable spectrum (Supporting Informationt).
The apparent pK, of 3a lies in the pH range where the complex
"H NMR spectra were observed. Apparently, partial protonation
of the primary side amino groups resulted in various stable
forms of the hexakis(6-amino-6-deoxy)-a-cyclodextrin, separately
observable in the NMR spectrum. This NMR behaviour has not
been reported previously."*

Binding behaviour of per-guanidino cyclodextrins with nitrobenzene
and its 4-phosphate disodium salt substituted analogue

Binding of selected guest molecules into the cavity of the new
hosts was examined with 'H NMR spectroscopy. Shielding of
the signals of the cavity protons of 4b (Scheme 1), H3 and HS5,
in the presence of excess nitrobenzene (NB) guest was observed
in aqueous solution. Specifically Ady; was 0.081 ppm and Adys
was 0.113 ppm, signifying inclusion. Moreover, strong cross-peaks
were observed in the corresponding 2D ROESY spectrum between
the protons o- to the nitro group of the guest and H3, H5 and H6 of
4b, and between the m-protons of the guest and H3 of 4b (Fig. 2a),
whereas the p-protons did not exhibit any interaction. The above
suggest that the guest is enclosed in the cavity and the nitro group
is located close to the primary side of 4b. Next, a phosphate
substituted nitrobenzene, 4-nitrophenyl phosphate disodium salt
hexahydrate (NPP), was examined using *'P NMR in the presence
of excess 4b. A large shift in the phosphorous signal was observed
(A0 = 0.185 ppm), compared to that of the guest alone, as well as
some peak broadening, that can be ascribed to multiple guanidine—
phosphate interactions. Addition of excess guest to 4b, caused its
cavity protons to shift appreciably (Ady; = 0.151 ppm, Adys =
0.364 ppm), showing that the guanidino groups of the host and
the phosphate group of the guest interact via cavity insertion of the
phenyl part, although external interaction is possible with excess
NPP. Indeed, the corresponding 2D ROESY spectrum (Fig. 2b)
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Fig.2 Partial 2D ROESY NMR spectra in D,0 of (a) nitrobenzene-4b; (b) 4-nitrophenyl phosphate disodium salt-4b and model representations of the

respective inclusion complexes.
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showed that the protons o- to the nitro group display a stronger
cross-peak with the H3 than with HS. In contrast, the protons m-
to the nitro group, display a stronger cross-peak with the HS than
with H3. This leads to a binding model where the phosphate group
is directed toward the primary side and the nitro group toward the
secondary side of 4b Thus inside the cavity of 4b the guests NB
and NPP assume opposite orientations.

Titration of aqueous solutions of 4b with NB and NPP gave a
quantitative measure of the strength of binding of the host toward
plain or phosphate containing substrates. Thus, the additions of
NB into a 1 mM solution of 4b resulted in continuous (therefore
fast exchange between formed complex and its free components)
shielding of the cavity protons, but the shifts were very small
at this concentration, reaching Ady; = 0.011 ppm and Adys =
0.017 ppm at the 1 : 1 equivalent point. The shielding continued
past this point and seemed to curve after 1 : 2 equivalents,
indicating guest/host stoichiometry higher than 1. Data fitting
using the 1 : 1 binding model™* was unsuccessful, too. It can
be concluded, however, based on the very minute shifts, that the
binding constant is small, at the limits that can be measured
using NMR spectroscopy. In contrast, titration of a 1 mM
aqueous solution of 4b with NPP resulted in very large shifts
accompanied by signal broadening of the cavity protons, namely
Ady; = 0.180 ppm and Adys = 0.340 ppm at the 1 : 1 equivalent
point. Data fitting, attempted despite errors in the shifts due to
broad signals, gave an acceptable estimate for the binding constant
of 1 : 1 complex, 50460 M~' £ 9370, with goodness of fit R* =
0.9368. This value shows very strong binding, a combined effect of
cavity inclusion and guanidinium—phosphate interactions. In fact,
abinding constant of ~5 x 10* M~! corresponds to —AG ~6.4 kcal
mol~', higher than any of the literature reported binding energies
of aryl phosphates with A,C or A,D-bis-guanidinium substituted
cyclodextrins.* The presence of seven guanidinium ions in 4b
apparently presents a strong advantage toward complexation with
the phosphate anion. In conclusion, the strong interactions of
the guanidino groups on the primary side of the cyclodextrin
with the phosphate group of the guest induce a turnaround in
the orientation of the nitro group in NPP, relative to NB, inside
the cavity.

The above results show clearly that guanidinylated cyclodextrins
bind tightly to phosphorylated substrates. Therefore, investigation
of the binding behaviour of 4a—c toward DNA was considered, as
a recent report has shown' that amino cyclodextrins can be used
in DNA transfection studies.

Binding behaviour of per-guanidino cyclodextrins with DNA

The influence of compounds 4a—c on double-stranded DNA,
was examined using agarose gel electrophoresis and atomic force
microscopy (AFM).

Electrophoresis experiments. A decrease of DNA migration
up to complete inhibition was observed during agarose gel
electrophoresis in the presence of various quantities of 4a, 4b and
4c. Fig. 3 displays the migration of calf thymus DNA in the various
lanes, visualised by the fluorescence of the intercalated ethidium
bromide. In the control experiments, the following were used:
AHindIII as a marker of molecular weight of DNA in lane 1, DNA
alone (lanes 2 and 9), guanidine hydrochloride (lane 3) and aCD,
BCD and yCD (lanes 4, 8 and 13, respectively) in concentrations

9 10 11 12 13 14 15 16

Fig. 3 Electrophoresis of calf thymus DNA in a double agarose gel in the
presence of 4a—c and control compounds: Lane 1, AHindIII-DNA; Lanes
2 and 9, DNA alone; Lane 3, guanidine hydrochloride; Lane 4, aCD; Lane
8, BCD; Lane 13, yCD; Lanes 5, 6, 7, DNA : 4a mass : charge ratio of 5 :
1,2:1and I : I, respectively; Lanes 10, 11, 12, DNA : 4b mass : charge
ratioof 5:1,2: 1 and 1 : 1, respectively; Lanes 14, 15, 16, DNA : 4¢ mass :
chargeratioof 5:1,2: 1 and I : 1, respectively.

equivalent to those of 4a—c used next. In the remaining lanes
solutions of compounds 4 were mixed with DNA solution in order
to achieve a DNA : 4 mass : charge ratio” of 5:1,2: 1l and 1:
1, respectively, for 4a (lanes 5, 6, 7), 4b (lanes 10, 11, 12), or 4¢
(lanes 14, 15, 16). During electrophoresis and in the presence of
the control compounds (lanes 3, 4, 8, 13), DNA migration was
not differentiated as compared to its migration in lanes 2 and 9,
therefore no interaction between DNA and these compounds can
be inferred. On the contrary, in the presence of 4a, DNA was com-
pletely stalled at a DNA : 4a mass to charge ratio of 1 : 1 (lane 7),
whereas at 2 : 1 its inhibition was not complete (weak band, lane 6)
and at 5: 1 the DNA migration was only partially reduced (lane 5),
compared to the control experiments. For 4b, complete DNA
inhibition of migration was observed at a ratio of 2: 1 (lane 11) and
naturally at 1 : 1 (lane 12), whereas at a ratio 5 : 1 DNA migrated
only slightly (lane 10). Finally, DNA migration was completely
retarded by 4c at all ratios tested (5:1,2:1and 1: 1, lanes 14—
16). Moreover, absence of nearly all fluorescence was observed at
1 : 1 (lane 16), which indicates exclusion of ethidium bromide.
In order to decide if this was a result of displacement of the
latter by 4a—c, the same experiment was repeated without ethidium
bromide. The gel was visualised at the end of the electrophoresis
with SYBR® Gold (used to visualize DNA after development).
No DNA migration was revealed in lanes 7, 10-12 and 14-16, as
above, indicating that change of the DNA charge was the cause of
inhibition observed in the presence of compounds 4.

Interaction with 4a, 4b and 4c is expected to take place through
guanidino—phosphate interactions, resulting in modification of
the DNA charge and therefore a change in the structure of the
macromolecule. This property is augmented as the number of
guanidino groups on the CD torus increases from six to eight.
Thus, the minimum DNA : compound mass : charge ratio required
for the complete inhibition of DNA gel migration is 1 : 1 for
4a, 2 : 1 for 4b and 5 : 1 for 4c. This can be attributed to
the fact that a higher local concentration of positively charged
guanidino groups results in more efficient charge neutralization
of the DNA molecule, resulting in serious restructuring of the
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macromolecule. This is a clear example of how the clustering of
guanidino groups together defines an area for stronger, additive
multivalent interactions'® presumably with the phosphate groups
of DNA, a feature frequently observed in biological systems. One
such system is represented by protamines, small proteins whose
role is to pack DNA in sperm heads."” They are rich (>50%) in
arginines, forming sequences of five, six or seven consecutive such
residues.'® These proteins, highly hydrophilic and basic, have been
found by ESI-MS to bear less charges than anticipated,”” due
to electrostatic interactions between successive arginines. Further-
more, protamines interact with the major groove'“* through core
a-helices, ' establishing interactions with the negatively charged
phosphate groups. The rigid, guanidino compounds 4a—c bare
similarities with the protamine characteristics, since they feature
six, seven or eight consecutive guanidino groups clustered in a
fixed area of 5-8 A in diameter (comparable to the diameter of
an o helix), therefore it is reasonable to propose similar mode of
interaction with DNA.

Finally, comparison of the electrophoretic behaviour of the
amino cyclodextrins 3a—c with the guanidines 4a—c showed that
even at 1 : 1 DNA : 3b mass : charge ratio complete inhibition of
DNA migration was not observed.

Atomic force microscopy (AFM). Plasmid DNA (pcDNA;,
5446 bases) was used for the AFM experiments, in an effort to
image the effect compounds 4 have on the macroscopic structure
of DNA. The latter, buffered with HEPES-NaOH at pH 7.4, was
immobilized on freshly cleaved mica substrates. The negatively
charged DNA is known to bind on the surface irreversibly using the
divalent metal cations, Mg**, Ni** of mica." The image obtained
(Fig. 4, left) using the tapping mode showed fibre-like formations
producing a “network” on the surface. Incubation of DNA in
the presence of 4b for 1 h followed by AFM imaging revealed the
formation of globular particles (Fig. 4, right) of sizes ranging from
80-140 nm, in complete contrast to the previous image. Scanning
in several different areas of the surface did not show presence of
the previously observed fibres.
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Fig. 4 AFM images of plasmid DNA alone (left) and after incubation
with 4b (right).

The guanidino cyclodextrins are apparently able to induce
condensation of DNA to nanosized particles, a very desirable
feature, prerequisite for transporting of DNA through cell mem-
branes. As it has been recently calculated, even a small number
of charge neutralizations of DNA, such as that provided by an
arginine group, can bend DNA.? The present work shows that
even small, oligocationic molecules, such as 4a—c can be potent
in condensing DNA. In a previous report, heptakis(6-amino-6-
deoxy)-B-cyclodextrin and several pyridylamino- and imidazolyl-

B-cyclodextrins have been shown' to complex with plasmid DNA,
facilitate cell permeation and be effective in DNA transfection
requiring, however, large N : P (nitrogen : phosphate) ratios which
correspond to cyclodextrin : DNA mass ratios of 100 or higher. For
a comparison, we found that a mass ratio of 70 : 1 for heptakis(6-
amino-6-deoxy)-fB-cyclodextrin : DNA was necessary to achieve
mobility inhibition of DNA during electrophoresis. Compounds
4a—c are effective at actual cyclodextrin : DNA mass ratios of
6-1.6, indicating high potency.

The present derivatives are therefore, powerful examples of non-
polymeric oligocationic materials that effectively condense DNA,
presumably via non-specific guanidine—phosphate interactions. It
is suggested that the well defined cyclodextrin shape that enables
concentration of many guanidino groups in the same region is
responsible for the observed strong effect on DNA. Influence of
the cavity, although considered improbable, cannot be assessed.
Crystallisation efforts are in progress.

Experimental
Hexakis(6-guanidino-6-deoxy)-a-cyclodextrin hydrochloride (4a)

Hexakis(6-amino-6-deoxy)cyclodextrin (3) as the free base (50 mg,
0.052 mmol), was dispersed in dry dimethylformamide (0.6 ml)
and to the mixture 1 H-pyrazolecarboxamidine hydrochloride (2.3
eq., 0.72 mmol, 0.11 g) and N,N-diisopropylethylamine (DIPEA)
(4.65 eq., 1.45 mmol, 0.20 ml) were added. The whole was stirred
at 70 °C for 8 h under a nitrogen atmosphere and then a second
addition of the same quantities of 1H-pyrazolecarboxamidine
hydrochloride and DIPEA as before, followed. Heating at 70 °C
and stirring continued for a further 14 h under nitrogen. Then,
diethyl ether (15 ml) was added dropwise and the suspension
formed was stirred for 2 h. The solvent was decanted and the
collected sticky solid was dissolved in a very small amount of
water (0.3 ml). Addition of ethanol resulted in the precipitation
of a white substance, which was filtered and dried under vacuum.
This precipitate was redissolved in water, the pH was adjusted to
8.5 with sodium hydrogen carbonate and the solution was washed
with chloroform (3 x 5 ml), and then treated with Dowex Type I
resin (Cl~ exchanger) and lyophilized. Yield 56%. "H NMR
(500 MHz, D,0, 298 K): ¢ 5.04 (d, J = 3.2 Hz, 6H, H1), 3.98
(br m, 6H, HYS), 3.92 (t, J = 8.4 Hz, 6H, H3), 3.57 (m, 12H, H6,
H2), 3.49 (m, 12H, H4, H6') ppm; '"H NMR (500 MHz, DMSO,
298 K) ¢ 7.85 (br s, 6H, C6-NH), 7.18 (br s, 24H, C(=NH)-
NH,-HCI], 5.66 (d, J = 7.15 Hz, 6H, OH2), 5.51 (br s, 6H,
OH3) 4.95 (d, J = 3.1 Hz, 6H, H1), 3.89 (br m, 6H, H5), 3.78
(br t, J = 8.5 Hz, 6H, H3), 3.50-3.40 (m, 12 H, H6, H¢'), 3.40—
3.30 (br, m, 12H, H2, H4) ppm; “C NMR (125 MHz, D0, 298
K) 0 158.22 (-C=), 101.76 (C1), 82.76 (C4), 73.10 (C5), 71.76
(C2), 71.42 (C3), 42.75 (C6) ppm; ESI-MS (positive ion mode),
caled: M* 1219.2. Found: m/¢204.2 ((M + 6H*]/6, 100%) (Found:
C, 33.0, H, 6.5, N, 18.2. C;,H;0,,N;-6HCI-6H,0-C,H,N, (1H-
pyrazolecarboxamidine) requires C, 33.4, H, 6.2, N, 18.6%).

Heptakis(6-guanidino-6-deoxy)-p-cyclodextrin (4b)

The title compound was obtained using heptakis(6-amino-6-
deoxy)-B-cyclodextrin (3b) (0.667 g, 0.59 mmol) using the same
equivalents of reagents as described above for 4a. A white solid
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was collected, which was purified in a dialysis membrane (Sigma
benzoylated tubing) for 48 h, treated with Dowex Type I resin and
lyophilized (64%). "H NMR (500 MHz, D,0, 300 K) ¢ 5.20 (d,
J = 3.3 Hz, 7TH, H1), 4.00 (t, J = 9.7 Hz, 7TH, HYS), 3.92 (t, J =
9.5Hz, 7H, H3), 3.65 (dd, J = 3.5 Hz, J/ = 9.5 Hz, 7H, H2), 3.61
(d, J = 14.9 Hz, 7H, H6), 3.43-3.41 (m, 14H, H4, H6') ppm; 'H
NMR (500 MHz, DMSO-d,, 300 K) 6 7.87 (br, s, 7H, C6-NH),
7.24 [br, s, 21H, C(=NH)-NH,], 5.97 (br, s, 7TH, OH2), 5.85 (br, s,
7H, OH3) 4.96 (br s, 7H, H1), 3.83 (br, m, 7H, HS5), 3.64 (br,
m, 7H, H3), 3.53 (m, 7H, H6), 3.44-3.35 (br, m, 21H, H6', H2,
H4) ppm; "C NMR (125 MHz, D,0, 300 K) ¢ 158.2 (C=), 102.2
(C1), 82.9 (C4), 72.8 (C5), 72.1 (C2), 71.2 (C3), 42.6 (C6) ppm;
N NMR (50.66 MHz, 1.5 M in D,0, 300 K, D1 = 60 s) § 78.5
(=NH), 72.3 (-NH,) ppm. ESI-MS (positive ion mode), calcd:
M+ = 1422.4. Found: m/q 204.3 (M + 7TH*]/7, 100%), 1423
(MH*, 5%). Exact mass (MALDI) for [C,Hy O5;N,,-HCI-Na]*
caled 1480.6006. Found 1480.7453 (Found: C, 31.0; H, 5.8;
N, 15.4. CyuHy OxN,-8HCI-9H,O requires C, 31.4; H, 6.3;
N, 15.7%).

Octakis(6-guanidino-6-deoxy)-y-cyclodextrin (4c)

The title compound was obtained using octakis(6-amino-deoxy)-
v-cyclodextrin (3¢) (0.561 g, 0.44 mmol) using the same equivalents
of reagents as described above for 4a. A white solid was recovered,
which was purified in a dialysis membrane (Sigma benzoylated
tubing) for 48 h, treated with Dowex Type I resin and either
lyophilized or water was evaporated to dryness (48%). '"H NMR
(500 MHz, D,O, 300 K) ¢ 5.14 (br, 8H, HI), 4.05 (m, 8H,
HS5), 3.90 (t, J/ = 9.3 Hz, 8H, H3), 3.63 (dd, J = 3.6 Hz, J =
9.8 Hz, 8H, H2), 3.58 (d, / = 14.5 Hz, 8H, H6), 3.54-3.45
(m, 16H, H4, H6') ppm; “C NMR (125 MHz, D,O, 300 K),
158.0 (C=), 101.0 (C1), 81.0 (C4), 73.0 (C5), 72.9 (C2), 72.8
(C3), 41.0 (C6) ppm; ESI-MS (positive ion mode) calcd: M* =
1625.6. Found m/q 204.3 (M + 8H*]/8, 100%), 408 (M +
4H*]/4, 12%), 543 (IM + 3H*]/3, 17%), 813 (IM + 2H']/2,
7%); Exact mass (MALDI) caled for [CssH 0403, N,,-4HCI-NaJ* =
1791.6213. Found: 1791.6920 (Found: C, 33.9; H, 6.4; N, 16.2.
Cs56H 0,05, N,,-8HCI-5H, 0 requires C, 33.5; H, 6.1; N, 16.7%)).

Agarose gel electrophoresis

Ultrapure calf thymus DNA (~8.6 MDa, >13 kb, Sigma) (1 ul of
a 12.5 pg per 50 pl solution in doubly distilled, autoclaved water)
was mixed with increasing volumes (2, 5, 10 pl) of solution (0.1045
mM) of 4a, 4b or 4c¢ in order to achieve a DNA : compound mass :
charge ratio of 5: 1, 2 : 1 and 1 : 1, respectively. Each mixture
was diluted with water to a total volume of 20 pl and incubated
for approximately 45 min at room temperature. Control samples
with guanidine hydrochloride (10 pl of 0.1706 mM solution,
DNA : compound mass : charge ratio 1 : 1) and aCD, BCD,
vyCD (10 pl of 0.1045 mM solutions) were prepared in the same
way. After incubation, 2 pl of a dye (0.4% Bromophenol Blue,
67% sucrose) were added to each sample that was then loaded in
a 1% agarose gel containing 10 ug ethidium bromide [10 mg ml™!
per 100 ml TAE buffer (40 mM Tris-acetate, | mM EDTA)] and
electrophoresed, using AHindIII as the molecular weight marker
(lane 1). For exact volumes of solutions used, see supporting infor-
mation.}

Atomic force microscopy

Samples were examined using a Digital Instruments Multimide
AFM with Nanoscope III controller, operating in Tapping mode.
The Si AFM tips, having a typical radius of curvature of
7 nm, and mounted on cantilevers with a resonant frequency of
approximately 300 kHz, were supplied by NANOSENSORS. The
images had a 512 x 512 pixel resolution with the scan range
varying between 1 pm x 1 pm and 6 um x 6 pm. The tip was
operated at a scan rate of 1-3 Hz (lines s7'). AFM images of
the plasmid pcDNA; (5446 bases) alone and in the presence of 4b
were collected. 1 pl of pcDNA; solution (4.4 pg ul~") was diluted to
100 ul with HEPES-NaOH buffer (pH 7.4) resulting in a 44 ng pl™!
solution. The buffer solution was prepared with ultrapure water
(18.2 MQ) and filtered through a 0.22 um Millipore filter prior to
use. For the DNA condensation studies, 10 pul of pcDNA; solution
were mixed with 10 pl solution (6 x 10~ M) of 4b and left for
incubation for 1 h at room temperature. Then 5 ul of the above
mixture were placed on a mica surface and left to dry under a
stream of air for 30 min. For the control experiment, 5 pl of
pcDNA; solution were used in the same way.
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A full account of studies which led to the efficient asymmetric synthesis of (—)-aphanorphine 1 is
reported. Two routes to the key cyclic sulfamidate intermediate 5 are described, the first was based on a
chiral auxiliary approach and the second utilised asymmetric hydrogenation methodology. A range of
C(3)-substituted lactams (4, 22 and 25) were synthesised and evaluated as precursors for Pd(0)
catalysed entries (based on (i) a-arylation of a lactam enolate and (ii) reductive Heck reaction) to the
3-benzazepine core of 1. These approaches were less effective than an aryl radical cyclisation which

allowed the completion of a synthesis of 1 in 12 steps from anisaldehyde.

Introduction

(—)-Aphanorphine 1 is a tricyclic alkaloid isolated from the
freshwater blue-green alga Aphanizomenon flos-aquae.* The struc-
tural resemblance of 1 to benzomorphan analgesics* such as
pentazocine 2 and eptazocine 3 has led to widespread synthetic
attention culminating in several approaches to both racemic and
enantiopure 1.3

HO

Mé
Pentazocine 2

(-)-Aphanorphine 1

HO NMe

Mé
Eptazocine 3

As part of a programme to develop cyclic sulfamidates as N-
heterocycle building blocks, we have recently outlined versatile
methodologies for the synthesis of a range of enantiopure 5- and
6-ring N-heterocyclic derivatives.* In particular, the reactions of
1,2- and 1,3-cyclic sulfamidates with functionalised enolates offer
a facile and modular entry to a-functionalised pyrrolidinones and
piperidinones respectively (Scheme 1).** We have investigated the
incorporation of a variety of functionalities at C(3), including
esters, phosphonates and sulfides, which then provide a handle
for further manipulation and access to other highly functionalised
lactam variants.

In order to define further the scope and robustness of this
cyclic sulfamidate based methodology we recently reported an
efficient asymmetric entry to (—)-aphanorphine 1.5 In this paper
we describe full studies directed towards this target molecule and
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in so doing also provide a further demonstration of the versatility
of the heterocyclic strategy that we have developed.

Results and discussion

Our initial approach to (—)-aphanorphine is outlined in Scheme 2
and called for the formation of o-methylated lactam 4 as a
precursor for the construction of the core ring system via a
palladium-catalysed a-arylation reaction to form the C(1)-C(9a)
bond associated with 1. Lactam 4 would in turn be synthesised
from cyclic sulfamidate 5 which would be derived from amino
acid derivative 6.

o}
MeN Me
1
Br H
o_.o
\
MeHN_ _CO,Et 87
MeN” "O
R
MeO
MeO Br
6 Br 5

Scheme 2 Retrosynthetic analysis of (—)-aphanorphine 1.

Our first generation approach to cyclic sulfamidate 5 is depicted
in Scheme 3. Bromination of p-anisaldehyde was achieved in 62%
yield in accordance with the procedure described by Durst which
employs Comins’ methodology for directed ortho-lithiation of
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Scheme 3  Reagents and conditions: i, n-BuLi, trimethylethylenediamine, THF, —20 °C, then n-BuLi, —20 °C, then CBr, (62%) (see Table 1), —78 °C to
r.t.; ii, NaBH,, MeOH, THEF, r.t.; iii, PBr;, Et,0, 0 °C to r.t. (95% from 7a); iv, (S,S)-(+)-pseudoephedrine sarcosinamide, LDA (1.95 eq.), LiCl (6 eq.),
THEF, 0 °C, 1 h then bromide 8 (1.05 eq.), 0 °C, (77%); v, NaOH, MeOH, H,O, reflux, then Boc,0, NaHCO;, dioxane, 0 °C to r.t., (99%); vi, EtCO,Cl,
Et;N, THF, 0 °C, then NaBH,, H,O; vii, TFA, CH,Cl,, (85% from 10); viii, SOCI,, imidazole, Et;N, CH,Cl,, 0 °C; ix, RuCl; (0.15 mol%), NalO,, H,0,

EtOAc, 0 °C (81% from 12).

Table 1 Brominating agents screened for the formation of 7a

Table 2 Optimisation of oxidation conditions for the synthesis of 5

Entry” Brominating agent Yield® Entry* Solvent NalO, eq. Scale Time Yield®
1 Br, 18% (+ 70% SM) 1 1:1MeCN-H,O0 1.5 0.78 mmol 2.5hrs 14%
2 BrCH,CH,Br 6% (+ 81% SM) 2 1:1MeCN-H,O0 1.0 0.26 mmol 50 min  55%
3 CBr, 62% (+ 22% SM) 3 1:1MeCN-H,O0 1.0 1.14 mmol 30min 18%
4 BrCCl,CCl,Br 42% (+ 11% SM & 30% 7b)* 4 2:1 MeCN-H,O 1.0 0.98 mmol 20 min  40%
5 1:1EtOAc-H,O 1.0 0.80 mmol 10min 82%

“ All reactions were performed on a 1.00 mmol scale. * Isolated yield (SM =
starting material). “7a and 7b were not separable by chromatography,
distillation or crystallisation.

“ All reactions were performed at 0 °C using 0.15 mol% RuCl,. * Isolated
yield.

aromatic aldehydes.® A screen of commonly employed electrophilic
brominating agents revealed CBr, to be optimal (Table 1, entry 3).}

Aldehyde 7a was reduced (NaBH,) and brominated (PBr;)
to afford benzyl bromide 8 in 95% yield over the two steps.f
We initially chose to employ an auxiliary controlled protocol to
install the key stereocentre present in sulfamidate 5; Myers has
previously outlined the use of pseudoephedrine sarcosinamide as
a precursor to N-methylated amino acid derivatives.” Accordingly,
alkylation of the dianion derived from (S,S)-(+)-pseudoephedrine
sarcosinamide with bromide 8 generated adduct 9 in 77% yield
and in approximately 92% d.e. (as estimated by HPLC analysis of
peracetylated material).§ Direct hydrolytic cleavage (H,O, dioxane,
reflux) of the auxiliary was possible but we were only able to
isolate the corresponding amino acid in moderate (45%) yield. In
addition, attempted reduction of this species with LiAlH, to the
requisite amino alcohol 12 was unsuccessful due to concomitant
reductive debromination. We therefore chose to employ Myers’
alternative base-induced auxiliary cleavage protocol and, after

1 1,2-Dibromotetrachlorocthane was effective on a smaller scale
(0.3 mmol) and only traces of chlorinated adduct 7b were observed (<10%).
On a larger scale, chlorination is most likely promoted by inferior reaction
exotherm control during addition of the brominating agent.

i Bromination is best conducted using reagent grade Et,O; anhydrous Et,O
slows the reaction and results in slightly diminished yields of 8 (85% vs.
95%).

§ We have been unable to enrich this d.e. by chromatography or crystalli-
sation.

requisite Boc protection, were able to isolate adduct 10 in
excellent yield (99%). Reduction of this substrate (to 11) was
successful under mixed anhydride conditions and, following Boc
deprotection, amino alcohol 12 was isolated in 85% overall yield
from 10. This material was converted to cyclic sulfamidate 5 via the
corresponding cyclic sulfamidite 13 in good overall yield (81%).
Critically, the use of EtOAc-H,0? as solvent for the oxidation step
was absolutely essential.§ When we employed a more commonly
used MeCN-H,O solvent system, yields of 5 were significantly
lower (14-55%) and irreproducible, presumably due to competing
oxidation of the 4-methoxybromobenzyl substituent (Table 2). It
therefore appears that the chemoselectivity and/or reactivity of
the oxidation step can be tailored via judicious choice of reaction
solvent. At this stage we were able to determine the enantiopurity
of 5as 90% e.e. by chiral HPLC (using the corresponding racemate
as a standard); this reflects upon the diastereoselectivity of the
alkylation step (8 — 9). The route outlined in Scheme 3 proceeds
in 9 steps and in 29% overall yield.

Given the level of enantiomeric excess (90%) associated with 5
and the length of the sequence, we chose to focus upon an alterna-
tive hydrogenation strategy to synthesise the key amino alcohol 12.
Condensation of bromide 7a with ethyl isocyanoacetate afforded
Knoevenagel adduct 14 in 41% yield and as a mixture of geometric

€ The oxidation step is most efficient on a small scale (100 mg; 82%) but
can be conducted on larger scales (2 g) although yields were more variable
(57-74%).
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isomers (1 : 1 E-Z) (Scheme 4). Unfortunately we were unable to
achieve reduction of this substrate (to give 15) with a variety of
RhL* systems.” * Hydrogenation of an N-Boc variant 16 was,

however, successful (Scheme 5).
H (0]
i
_N
OEt , Ji'j?)LoEt
MeO Br
5

14 11E2Z 1

MeO

Scheme 4  Reagents and conditions: i, Ta, NaH, THF, 0 °C to r.t. (41%).

o) o}
BocHN BocHN
(i) OMe i) OMe
7a — ——
MeO Br MeO Br
16 17

>99:11 ZE >98 %e.e.

Scheme 5 Reagents and conditions 1, BocNHCH(PO(OMe,))CO,Me,
N,N,N',N'-tetramethylguanidine (TMG), CH,Cl, (99%); ii, [((R,R)-Et-
DuPHOS)Rh(COD)]BF, (1.5 mol%), H, (5 bar), MeOH (100%).

Reaction of bromide 7a with Boc-a-phosphonoglycine trimethyl
ester in the presence of TMG yielded Boc protected dehydroamino
ester 16 in essentially quantitative yield and as a single geometric
isomer (>99 : 1 Z-E) which was assigned on the basis of extensive
literature precedent.' Reduction of this species was possible and,
of the catalysts evaluated (Table 3), a Rh-Et-DuPHOS system
delivered the best conversion and asymmetric induction (>98%
e.e. as determined by chiral HPLC) to afford amino acid derivative
17 in quantitative yield."

Reduction of both the ester and N-Boc moieties of 17 directly to
amino alcohol 12 with LiAlH, was not possible, due again to con-
comitant debromination. We therefore examined the possibility of
an N-methylation,” Boc deprotection and chemoselective (0 °C)
ester reduction sequence. Although we were able to obtain amino
alcohol 12 in 77% yield over these three steps, it was evident upon
conversion to the cyclic sulfamidate 5 (62% e.e.) and analysis by
chiral HPLC that some epimerisation had occurred, presumably
during the base-mediated N-methylation step (Scheme 6).

An alternative strategy for the conversion of amino ester 17
to the target amino alcohol 12 was devised (Scheme 7).

Table 3 Hydrogenation catalysts screened for the conversion of 16 — 17

Entry* Catalyst eel Yield®

1 ((R,R)-Et-DuPHOS)Rh(COD)|BF,  >98% 100%
((S,S)-i-Pr-DuPHOS)Rh(COD)]BF, n.d. 8% (+ 92% 16)

3 ((R,R)-Me-BPE)Rh(COD)|BF, 55%  100%

“ Reaction conditions: catalyst (1.5 mol%), H, (5 bar), r.t., MeOH, 36 h.
® Determined by chiral HPLC using a racemic standard prepared with
Wilkinson’s catalyst. ¢ Isolated yield.

* The reason for the failure of this reaction is at present unclear.’

MeHN
17 (U (ii)
— 12— 5
>98 % e.e. —_—

62 % ee.
MeO Br

Scheme 6 Reagents and conditions: i, NaH (1.2 eq.), Mel, DMF, r.t. then
TFA (82%); ii, LiAlH,, THF, 0 °C, (93%).

Chemoselective reduction of ester 17 with LiAIH, (0 °C) proceeded
smoothly to afford alcohol 18 in 96% yield with the Ar—Br bond
(and N-Boc group) still intact. Treatment of this species with NaH
effected cyclisation to cyclic carbamate 19. Once this step was
complete, as judged by TLC, methyl iodide and further NaH were
added to achieve methylation to afford 20.1+ This intermediate
was cleaved hydrolytically and the resulting amino alcohol 12 was
isolated in 92% overall yield. Conversion of 12 to cyclic sulfamidate
5 proceeded smoothly using our previously developed conditions
and at this stage the enantiopurity of 5 was confirmed as >98%
e.e. by chiral HPLC. This sequence allowed us to synthesise the
key intermediate 5 in 48% overall yield over 7 steps from p-
anisaldehyde (compare against Scheme 3).

Attention now turned to the synthesis of a-methyl lactam 4. Al-
though we have previously reported reactions of structurally rep-
resentative cyclic sulfamidates with stabilised enolates as a route
to C(3)-substituted lactams, the direct introduction of a-alkyl
groups, via simple alkyl ester enolates, has been unsuccessful.*
Sulfamidate 5 did, however, react efficiently with the sodium
enolate of o-methyl diethyl malonate to deliver lactam 21 after
hydrolysis (to cleave the intermediate N-sulfate) and lactamisation
(Scheme 8). Hydrolysis and subsequent decarboxylation afforded
lactam 4 as a 2 : 1 mixture of diastereomers in 65% yield
from cyclic sulfamidate 5; this sequence was conducted efficiently
without purification of intermediate 21. Attempted cyclisation by
exposure of lactam 4 to a variety of Pd-catalysed c-arylation
protocols was unsuccessful.”® At lower temperatures (<100 °C)
starting material remained intact and at higher temperatures
(110-140 °C) only debromination was observed under a variety
of conditions, including those previously employed by Cossy
to a-arylate piperidinones.’*** We also briefly investigated the
possibility of cyclisation via a benzyne intermediate by treating
4 with 2 equivalents of LITMP but this led to decomposition."

More stabilised enolates are generally better coupling partners
for Pd-catalysed o-arylation. To this end we treated cyclic sulfami-
date 5 with diethyl malonate to afford a-ester lactam 22 in 80%
yield and as a 2 : 1 mixture of diastereomers. This species did
indeed undergo successful Pd-catalysed cyclisation at higher tem-
peratures to afford tricycle 23 but the reaction was disappointingly
inefficient.1} A screen of Pd source (Pd(OAc),, Pd(dba),), solvent
(DMF, dioxane, p-xylene, toluene), base (Cs,CO;, -BuONa, -
BuOK), temperature (100-150 °C) and ligand (dppf, dppp, dppe,
Xantphos, BINAP) failed to rectify this problem and at best we
were able to obtain the tricyclic adduct 23 in only 17% yield
(Scheme 8). In all cases, the main byproducts were debrominated

+1 The intermediacy of 19 and 20 is inferred although analogous interme-
diates have been isolated on a model des-bromo series.

11 At lower temperature (<100 °C) either oxidative addition of Pd(0) into
the Ar-Br bond is slow or cyclisation does not occur.
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Scheme 7  Reagents and conditions: i, LIAIH,, THF, 0 °C (96%); ii, NaH, THF; iii, NaH, Mel, THF; iv, NaOH, MeOH, reflux (92% from 18).
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Scheme 8 Reagents and conditions: i, methyl diethylmalonate, NaH, DMF, 40 °C then 5 M HCI; ii KOH, dioxane, reflux, then p-xylene, reflux (65%
from 5); iii, diethylmalonate, NaH, DMF, r.t. then 5 M HCI (80%); iv, Pd(dba), (12 mol%), dppp (18 mol%), --BuOK, PhMe, 130 °C (17%).

and decarboxylated adducts. Decarboxylation could potentially
occur either via hydrolysis of ester of 22 to the corresponding
acid (due to adventitious water) or via a Krapcho-type process
promoted by released bromide.'*§§

A potentially more robust approach to 1 involves Pd catalysed
cyclisation via an alkene (i.e. an intramolecular reductive Heck
reaction). Cyclic sulfamidate 5 thus reacted with the potassium
enolate of triethylphosphonoacetate to afford, after hydrolysis and
lactamisation, o-phosphono lactam 24 in 84% yield (2 : 1 d.r.
at C(3)) (Scheme 9). This compound then underwent efficient
Horner—Wadsworth-Emmons reaction with paraformaldehyde to

[0}
i
5 (i) MeN PO(OEY),
MeO
24
Br (i)
H
i ‘
(i) NMe
MeO MeO Br
e}
25
(iv)
H
ref. 3g NMe
MeO R HO
Me Me
27 (-)- Aphanorphine 1

Scheme 9 Reagents and conditions: i, (EtO),OPCH,CO,Et, -BuOK,
THEF, 40 °C then 5 M HCI (84%); ii, NaH, paraformaldehyde, THF (74%);
iii, Bu;SnH-AIBN (added over 1.5 h), PhH, reflux (62% + 18% of 30); iv,
LiAlH,, THF (93%).

88 An attempt was made to sequester released bromide by addition of
AgOTf but this led to decomposition.

afford exo-alkene 25 in 74% yield; in our hands 25 proved to be
sensitive to chromatography and was used in subsequent stages
without purification. Exposure of 25 to reductive Heck conditions
did not lead to cyclisation but routinely resulted in debromination
and/or double bond isomerisation within the starting material."”
However, the desired cyclisation could be achieved under radical
conditions. Generation of the requisite aryl radical by slow
addition (over 1.5 h) of a solution of Bu;SnH and AIBN in
PhH to 25 under high dilution conditions resulted in cyclisation
to deliver the target tricycle 26 in 62% yield. Reduction of the
lactam carbonyl using conditions previously reported by Funk on
a synthesis of racemic 1 yielded amine 27 ([a]2 +8.3 (¢ 0.5, CHCL,);
lit. [a]¥ +8.1 (¢ 1.2, CHCL),” [a]? +9.4 (¢ 0.3, CHCL),Y [a]¥ +8.7
(¢ 1.06, CHCl;)*). This constitutes a formal asymmetric synthesis
of (—)-1; O-demethylation of amine 27 has been reported by a
number of groups in yields ranging from 57-86%.

The aryl radical cyclisation (25 — 26) is noteworthy, particularly
in light of previous related work by Ishibashi¥™ who used a
similar strategy to access the tricyclic core of 1. In their system
a thio-substituted radical acceptor, as in 28, was required to
achieve an efficient cyclisation (Scheme 10). Model studies on the
corresponding des-methoxy series had shown that in the absence of
such an activating group, 1,5-hydrogen atom abstraction competed
leading to the isolation of endo-alkene 29. We also observe the
formation of a similar byproduct 30 but in our system there is no
requirement for additional activation of the alkene to achieve an

\COzMe

NCbz

Scheme 10
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efficient cyclisation to form 26. Interestingly the amount of 30 does
increase if the Bu;SnH is added over a shorter time period (e.g.
addition over 45 minutes affords 26 in 50% yield along with 25%
of 30). This observation strongly suggests that 1,5-hydrogen atom
abstraction may not be the only pathway corresponding to the
formation of 30 and that direct isomerisation may also contribute.
We have also briefly investigated using TMS;SiH to carry out this
cyclisation but this has proved to be less efficient.’®

Conclusions

In summary, we have demonstrated the applicability of cyclic
sulfamidate 5 as a key intermediate for the facile synthesis and
evaluation of a range of cyclisation precursors leading to the
tricyclic core of 1. The availability of enantioenriched alkylating
agents, such as 5, was also demonstrated by applying two efficient
and general literature methods for the asymmetric synthesis
of amino acids. Pd-catalysed cyclisation of the three different
precursors investigated was largely unsuccessful and is perhaps
a reflection of the steric demands of forming the C(1)-C(9a) bond
associated with 1. Aryl radical cyclisation was, however, effective
and allowed the completion of an efficient asymmetric synthesis
of 1 in 15% overall yield in 12 steps from a commercial starting
material. This demonstration of the versatile and modular nature
of this cyclic sulfamidate mediated lactam methodology should
open the way to its application in other target directed projects.

Experimental
General

General experimental details have been reported recently.*-
Experimental procedures associated with the synthesis of (—)-1
which were included as Electronic Supporting Information within
ref. 5 have been omitted from here.

19

(2-Bromo-4-methoxyphenyl)methanol. To a solution of 7a
(10.0 g, 46.5 mmol) in THF (10 mL) and MeOH (10 mL) at
r.t. was added NaBH, (879 mg, 23.25 mmol) portionwise over 5
minutes, causing vigorous gas evolution. The reaction mixture was
stirred at r.t. for 1.5 h and then concentrated in vacuo. The residue
was dissolved in Et,O (100 mL), water (100 mL) and aq. 2 M HCl
(10 mL) and the organic portion was isolated, washed with water
(2 x 70 mL), dried (Na,SO,) and concentrated in vacuo to afford
the alcohol (10.09 g, 100%) as a colourless 0il; vy, /cm™" (film)
3329 (br), 1603 (m), 1490 (m), 1234 (s), 1030 (s); oy (400 MHz,
CDCl;) 3.80 (3H, s, ArOCH;), 4.69 (2H, d, J = 6.5, Ar CH,0H),
6.87 (1H, dd, J = 9.0 and 3.0, C5-H), 7.12 (1H, d, J = 3.0, C3-
H), 7.35 (1H, d, J = 9.0, C6-H), a signal attributable to -OH
was not observed. The spectroscopic properties of this compound
were consistent with the data available in the literature.

20

2-Bromo-1-bromomethyl-4-methoxybenzene 8. To an ice-
cooled (0 °C) solution of alcohol (10.09 g, 46.5 mmol) in Et,O
(150 mL) was added PBr; (8.61 mL, 90.6 mmol) (N.B. anhydrous
conditions impair the reaction efficiency). The mixture was placed
under a N, atmosphere and allowed to warm slowly to r.t.
overnight. The resulting orange solution was then cautiously

poured into vigorously stirred ice-cooled (0 °C) water (200 mL)
and the organic portion was isolated, washed with saturated aq.
NaHCO; solution (100 mL) and then brine (100 mL), dried
(Na,SO,) and concentrated in vacuo to afford bromide 8 (12.37 g,
95%) as a colourless crystalline solid; m.p. 58-59 °C (Et,O) [Lit.*
59-60 °C (CCl,~hexanes)]; vp/cm™' (film) 1602 (s), 1494 (m),
1245 (s), 1029 (m); oy (400 MHz, CDCl;) 3.80 (3H, s, ArOCH),
4.61 (2H, s, ArCH,Br), 6.84 (1H, dd, J = 9.0 and 2.5, C5-H),
7.12 (1H, d, J = 2.5, C3-H), 7.36 (1H, d, J = 9.0, C6-H. The
spectroscopic properties of this compound were consistent with
the data available in the literature.

(R)-3-(2-Bromo-4-methoxyphenyl)- N-((1S5,25)-2-hydroxy-1-
methyl-2-phenylethyl)- V-methyl-2-methylaminopropionamide 9.
Anhydrous LiCl (8.90 g, 210 mmol, obtained by heating
commercially available LiCl at 150 °C and 0.01 mmHg for 12 h)
was added to a 3 necked, 500 mL round bottomed flask fitted
with a thermometer. The reaction vessel was then evacuated
(0.01 mmHg) and, with vigorous stirring, the LiCl was further
dried using a heatgun. The vessel was allowed to cool to r.t. and
then purged with N,. (S,S)-(+)-Pseudoephedrine sarcosinamide’
(8.11 g, 34.4 mmol) was added and the contents of the flask were
suspended in anhydrous THF (75 mL) and cooled to 0 °C. The
mixture was then deoxygenated by careful evacuation followed
by N, purge (3 cycles). In a separate flask LDA solution was
prepared as follows. Anhydrous diisopropylamine (9.64 mL,
68.76 mmol) was dissolved in anhydrous THF (30 mL) and the
resulting solution was cooled to 0 °C and then deoxygenated
(see earlier). n-BuLi in hexanes (2.49 M, 67.08 mmol) (N.B. the
molarity of the n-BuLi solution was accurately determined using
the procedure of Watson and Eastham,* as recommended by
Myers) was then added dropwise, via syringe, over 8 minutes
and the mixture was stirred at 0 °C for 20 minutes. The LDA
solution was then added dropwise via cannula (5 mL THF line
wash) to the flask containing the sarcosinamide-LiCl slurry over
28 minutes to form a bright yellow suspension (N.B. the addition
rate was maintained such that the internal temperature of the
receiving flask did not exceed 5 °C). The mixture was stirred at
0 °C for 35 minutes and then a solution of bromide 8 (10.1 g,
36.1 mmol) in anhydrous THF (20 mL) was added dropwise via
syringe over 10 minutes (N.B. the addition rate was maintained
such that the internal temperature of the receiving flask did not
exceed 5 °C). The mixture was stirred at 0 °C for a further 3 h,
during which time it became almost colourless. The mixture was
then poured into aq. 1 M HCI (200 mL) and diluted with EtOAc
(200 mL). The aqueous portion was isolated and the organic
portion was washed with aq. 1 M HCI (200 mL). The combined
aqueous portions were then basified to pH 14 by addition of aq.
12.5 M NaOH (during this addition the solution temperature
was maintained below 25 °C by use of an ice bath). The mixture
was then extracted with CH,Cl, (5 x 200 mL) and the combined
organic extracts were dried (K,CO;) and concentrated in vacuo
to afford a pale yellow oil. This crude residue was then purified
by FCC (EtOAc-MeOH-Et;N 74 : 3 : 3) to yield the product
9 (11.55 g, 77%, 92% d.e.) as a colourless foam. Crystallisation
of this material was unsuccessful under a variety of conditions
and diastereomeric enrichment could also not be achieved
conveniently by chromatography. NMR analysis of this material
was complex due to the presence of two diastercomers, each
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existing as a mixture of rotamers (one major and one minor)
and so full characterisation is presented for the major rotamer
of the major diastereomer only; v,,,./cm™" (film) 3318 (br), 1604
(s), 1492 (m), 1241 (m), 1027 (m), 907 (m); oy (400 MHz, CDCl;)
0.77 3H, d, J = 7.0, CH-CH,), 2.14 (3H, s, NCH;), 2.52 (3H, s,
NCH,), 2.67 (1H, dd, J = 13.0 and 9.0, C3-H), 3.04 (1H, dd,
J = 13.0 and 6.0, C3-H), 3.71 (3H, s, ArOCH,), 3.76 (1H, dd,
J = 9.0 and 6.0, C2-H), 4.47 (1H, d, J = 8.0, CHOH), 4.70
(1H, m, CH-CH,), 6.69 (1H, dd, J = 8.5 and 2.5, ArCH), 7.03
(1H, d, J = 8.5, ArCH), 7.04 (1H, d, J = 2.5, ArCH), 7.10-7.36
(5H, m, ArCH), signals attributable to -OH and -NHCH; were
not observed; d: (100 MHz, CDCl;) 14.2 (CH-CH;), 30.5 and
344 (NCH; x 2), 39.5 (C-3), 55.5 (ArOCH;), 56.2 (CH-CH,),
59.2 (C-2), 75.7 (COH), 1134, 117.8 and 124.9 (ArC x 3),
126.7, 127.8 and 128.4 (ArCH x 5), 129.0 (ArC), 132.4 (ArCH),
142.3 and 159.0 (ArC x 2), 176.1 (C-1); m/z (CI*) 435 and
437 (IM + HJ*, 100 and 73%); HRMS: (CI*) Found: [M + HJ]*
435.1284, C,;HxN,O;”Br requires 435.1283; Anal. Calcd for
C,;HxN,O;Br: C, 57.94; H, 6.25; N, 6.43. Found: C, 58.31;
H, 6.17; N, 6.25%. Characteristic '"H NMR signals for minor
rotamers/diastereomers: 2.22, 2.34, 2.36, 2.58, 2.82 and 2.88
(6 x NCH, signals). The diastereomeric purity of this compound
was estimated by HPLC of a peracetylated derivative (Ac,O,
pyridine) of 9 (Chiralpak AD-H, isocratic hexanes-i-PrOH 80 :
20, 1.0 mL min~', 25 °C); #z (major) = 10.2 min and #; (minor) =
8.2 min.

(R)-3-(2-Bromo-4-methoxyphenyl)-2-(tert-butoxycarbonyl-methyl-
amino)propionic acid 10. NaOH pellets (2.88 g, 71.9 mmol) were
added to a solution of alkylation adduct 9 (7.136 g, 16.37 mmol)
in MeOH (46 mL) and water (33 mL) and the resulting mixture
was heated at reflux (ca. 90 °C oil bath temperature) for 22.5 h.
The mixture was then cooled to r.t. and MeOH was removed
in vacuo causing the formation of a pseudoephedrine precipitate.
The mixture was diluted with water (150 mL) and extracted
with CH,Cl, (2 x 150 mL). The combined organic extracts were
then washed with water (150 mL). The aqueous portions were
combined and concentrated to ca. 150 mL. Dioxane (200 mL)
and NaHCO; (6.04 g, 71.9 mmol) were added and the resulting
fine suspension was cooled to 0 °C prior to the addition of Boc,O
(4.29 g, 19.7 mmol). The mixture was stirred at 0 °C for 50 minutes
and then subsequently stirred at r.t. for 2 h. The mixture was then
diluted with water (200 mL) and extracted with EtOAc (200 mL).
The organic portion was extracted with aq. 0.2 M NaHCO;,
(150 mL) and the aqueous portions were combined before being
acidified to pH 3 by careful addition of aq. 1 M HCI. The solution
was then extracted with EtOAc (3 x 250 mL) and the organic
extracts were combined, washed with water (200 mL) and then
brine (100 mL), dried (Na,SO,) and then concentrated in vacuo
to afford acid 10 (6.08 g, 99%, 3 : 2 rotamer ratio 4-B) as a pale
yellow oil; [a]¥ +73.3 (¢ = 1.8, CHCL); v, /cm™ (film) 2976 (br),
1697 (s), 1494 (s), 1243 (m), 1150 (s); oy (400 MHz, CDCl,) 1.34
(9H, s, NCH,CO,C(CH,); of 4), 1.42 (9H, s, NCH,CO,C(CH,);
of B), 2.69 (3H, s, NCH;Boc of B), 2.77 (3H, s, NCH;Boc of 4),
3.05(1H,dd, J = 14.0 and 11.0, C3-H of 4), 3.26 (1H, s, J = 13.5
and 10.5, C3-H of B), 3.37-3.47 (2H, m, C3-H of A and B), 3.78
(6H, s, ArOCH; of A and B), 4.64-4.79 (2H, m, C2-H of A and
B), 6.76-6.82 (2H, m, ArCH), 7.03-7.16 (4H, m, ArCH)), signals
attributable to CO,H were not observed; d. (100 MHz, CDCl;)

28.2 (NCH;CO,C(CH;); of A), 28.3 (NCH;CO,C(CHs;); of B),
33.1 (NCH;Boc of A), 34.2 (C-3 of B), 34.6 (NCH;Boc of B),
34.9 (C-3 of A), 55.5 (ArOCH; of B), 55.6 (ArOCH; of A), 59.6
(C-2 of A), 60.2 (C-2 of B), 80.7 (NCH;CO,C(CH5;); of B), 80.8
(NCH;CO,C(CH;); of A), 113.5 (ArCH of A4), 113.6 (ArCH of
B), 117.9 (ArCH of B), 118.3 (ArCH of A), 124.7 (2 signals) and
128.6 (2 signals) (ArC x 4), 131.7 (ArCH of A4), 131.9 (ArCH of
B), 154.9 (ArC of A), 156.1 (ArC of B), 159.0 (NCH,CO,C(CH;);
of B), 159.1 (NCH;CO,C(CH,); of 4), 175.6 (CO,H of B), 176.1
(CO,H of A); m/z (CI*) 390 and 388 (IM + H]J*, 18 and 20%), 290
and 288 ([M + H-Boc]*, 93 and 100); HRMS: (CI*) Found: [M +
H]J* 388.0753, C,H,;NOs”Br requires 388.0760.

(E) and (Z) 3-(2-Bromo-4-methoxyphenyl)-2-formylamino-
acrylic acid ethyl ester 14. To a suspension of NaH (60%
dispersion in mineral oil, 223 mg, 5.58 mmol) in anhydrous THF
(5 mL) at 35 °C was added, via syringe, a solution of ethyl
isocyanoacetate (526 mg, 4.65 mmol) and bromide 7a (1.00 g,
4.65 mmol) in anhydrous THF (5 mL) dropwise over 5 minutes
to form an orange suspension which was stirred at r.t. for 3 h.
After cooling to 0 °C, aq. 1.6 M AcOH (5 mL) was added and the
mixture was concentrated in vacuo. The residue was dissolved in
CH,CI, (50 mL), washed with water (2 x 25 mL), dried (Na,SO,)
and concentrated in vacuo to afford an orange solid. Purification
by FCC (EtOAc—hexanes 1 : 1-1 : 0) afforded 14 (625 mg, 41%,
1 : 1 mixture of geometric isomers A—B) as a colourless solid;
Vma/cm " (solid) 3274 (br m), 2940 (br), 1694 (s), 1597 (s), 1488
(s), 1291 (m), 1235 (s), 1027 (s); oy (400 MHz, CDC;) 1.31-1.42
(6H, m, CO,CH,CH; of A and B), 3.77-3.82 (6H, m, ArOCH,
of A and B), 4.25-4.38 (4H, m, CO,CH,CH; of A and B), 6.79
(1H, d, J = 8.0, ArCH of B), 6.86 (1H, d, J = 8.0, ArCH of A),
7.11-7.19 (2H, m, ArCH of A and B), 7.36-7.52 (4H, m, ArCH
and C3-H), 7.55 (1H, br s, NH of B), 7.68 (1H, br s, NH of A),
8.10-8.19 (2H, m, NCOH of A and B);d. (100 MHz, CDCI;) 14.2
and 14.3 (CO,CH,CHj;), 55.6 and 55.7 (ArOCH,;), 62.1 and 62.4
(CO,CH,CHj;), 113.6, 114.3, 118.0 and 118.6 (ArCH x 4), 122.9,
124.8, 125.6, 125.8 (2 signals) and 126.5 (C-2 x 2 and ArC x 4),
126.3 (2 signals), 130.2 and 130.6 (ArCH x 2 and C-3 x 2), 159.1
(NCOH), 160.5 (2 signals) (ArC x 2), 163.8 (NCOH), 164.2 and
164.9 (CO,CH,CHj; x 2); m/z (CI*) 323 and 328 (IM + HJ*, 78%
and 80%), 284 (100), 282 (98); HRMS: (CI*) Found: [M + H]*
328.0179, C;;H,;sNO,”Br requires 328.0184.

(R)-3-(2-Bromo-4-methoxyphenyl)-2-methylaminopropionic acid
methyl ester. To anice-cooled (0 °C) solution of ester 17 (284 mg,
0.73 mmol) in anhydrous DMF (2.6 mL) was added Mel (92 pL,
1.47 mmol) and then NaH (60% dispersion in mineral oil, 38 mg,
0.95 mmol) to form a fine suspension which was stirred at r.t. for
14 h. TFA (0.75 mL) was then added and the mixture was stirred
for a further 22 h. The mixture was diluted with aq. 1 M HCl
(15 mL) and washed with Et,O (2 x 10 mL). The aqueous portion
was then neutralised with saturated aq. NaHCO, and extracted
with CH,Cl, (3 x 10 mL). The combined organic extracts were
dried (Na,SO,) and concentrated in vacuo to afford the amine
(180 mg, 82%) as a pale yellow oil; [a]¥ —13.6 (¢ = 0.9, CHCL,);
Ve /CM ™" (film) 2949 (m), 1734 (s), 1606 (s), 1495 (s), 1439 (m),
1242 (s), 1030 (s); on (400 MHz, CDCl;) 2.37 (3H, s, NHCH,),
2.97(1H,dd,J =13.5and 7.5, C3-H), 3.03 (1H, dd, J = 13.5 and
7.0, C3-H), 3.53 (1H, dd, J = 7.5 and 7.0, C2-H), 3.66 (3H, s,
CO,CH,;), 3.77 (3H, s, ArOCH,), 6.78 (1H, dd, J = 8.5 and 2.5,
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ArCH), 7.07-7.13 (2H, m, ArCH), no signal attributable to NH
was observed; d- (100 MHz, CDCl;) 34.7 (NHCH,;), 38.7 (C-3),
51.6 (CO,CH,;), 55.4 (ArOCH,), 63.2 (C-2), 113.4 and 118.0
(ArCH x 2), 127.8 and 128.7 (ArC x 2), 131.6 (ArCH), 158.8
(ArC), 174.8 (C-1); m/z (CI*) 303 ([M + H]*, 100%); HRMS: (CT*)
Found: [M + H]J* 302.0383, C,,H,;NO,”Br requires 302.0392. This
material was converted to amino alcohol 12 as follows: to an ice-
cooled (0 °C) solution of amine (113 mg, 0.37 mmol) in anhydrous
THF (2.1 mL) was added, via syringe, a solution of LiAlH, in THF
(1 M, 0.56 mmol) dropwise over 1 minute. The mixture was stirred
at 0 °C for 15 minutes and then quenched by sequential addition
of water (21 uL), agq. 4 M NaOH (21 pL) and then water (63 puL)
to form a colourless precipitate. The mixture was filtered through
Celite®, washing with CH,Cl, (20 mL), and concentrated in vacuo
to afford amino alcohol 12 (95 mg, 93%, 62% e.e.) as a pale yellow
wax. The enantiomeric purity of this material was determined
by conversion to cyclic sulfamidate 5 and subsequent analysis by
chiral HPLC.

(R)-3-(2-Bromo-4-methoxyphenyl)-2-methylaminopropan-1-ol 12.

Via Compound 10. To a solution of acid 10 (6.06 g, 16.1 mmol)
in THF (37 mL) at 0 °C was added Et;N (2.47 mL, 17.7 mmol)
and then ethyl chloroformate (1.70 mL, 17.7 mmol) causing the
immediate formation of a colourless precipitate. The mixture was
stirred at 0 °C for 50 minutes and was then filtered (washing
with THF (37 mL)). The filtrate was then added dropwise to an
ice-cooled (0 °C) suspension of NaBH, (1.53 g, 40.3 mmol) in
water (37 mL) causing vigorous gas evolution. The mixture was
stirred at 0 °C for 2.5 h and was then poured into aq. 0.5 M
HCI (120 mL) and extracted with CH,Cl, (3 x 100 mL). The
combined organic extracts were washed with brine (100 mL),
dried (Na,SO,) and then concentrated in vacuo to afford 11 as
a colourless oil. This residue was dissolved in CH,Cl, (30 mL) and
then TFA (30 mL) was added resulting in immediate bubbling. The
mixture was stirred at r.t. for 0.5 h and then concentrated in vacuo.
The residue was partitioned between CH,Cl, (100 mL), saturated
aq. NaHCO; (100 mL) and water (50 mL). The organic portion
was isolated and the aqueous portion was further extracted with
CH,CI, (2 x 80 mL). The combined organic extracts were then
dried (Na,S0O,) and concentrated in vacuo to afford amino alcohol
12 (3.77 g, 85%) as a colourless wax. This material was used for
the synthesis of cyclic sulfamidate 5 (90% e.e.) without further
purification.’

Characterisation of 12 (in >98% ec.e.) has been reported
previously.®

(5)-5-(2-Bromo-4-methoxybenzyl)-1,3-dimethylpyrrolidin-2-one
4. To a solution of methylated diethylmalonate (154 pL,
0.89 mmol) in anhydrous DMF (5 mL) was added, at r.t., NaH
(60% dispersion in mineral oil, 35 mg, 0.89 mmol) to form a
colourless solution. After 20 minutes sulfamidate 5 (142 mg,
0.42 mmol) was added and the mixture was heated at 40 °C
for 17 h. The mixture was then cooled to r.t. and aq. 5 M HCl
(0.45 mL) was added. After stirring for 3 h, the mixture was
neutralised with saturated aq. NaHCO; and stirred for a further
0.5 h prior to extraction with Et,O (3 x 20 mL). The combined
organic extracts were washed with water (3 x 20 mL), dried
(Na,S0,) and concentrated in vacuo to afford a pale yellow oil.
This residue was dissolved in dioxane (1 mL) and water (1 mL)
and KOH (33 mg, 0.58 mmol) was added. The mixture was then

heated at reflux for 1.5 h, cooled to r.t., diluted with aq. 1 M HCl
(20 mL) and extracted with CH,Cl, (3 x 20 mL). The combined
organic extracts were then dried (Na,SO,) and concentrated in
vacuo. The residue was dissolved in p-xylene (2 mL) and heated
at reflux for 14 h. The mixture was then cooled to r.t. and
concentrated in vacuo. The residue was then purified by FCC
(EtOAc—petrol 1 : 1) to afford the lactam 4 (87 mg, 65%, 2 : 1 d.r.
A-B) as a colourless oil; v, /cm™" (film) 1686 (s), 1605 (m), 1493
(m), 1242 (m), 1028 (m); J,; (400 MHz, CDCl;) 1.15 (3H, d, J =
7.0,C3-CH; of B), 1.21 (3H,d, J = 7.0, C3-CH; of A), 1.33 (1H,
ddd, J = 13.0,9.0 and 8.0, C4-H of 4), 1.59 (1H, ddd, J = 13.0,
9.0 and 8.0, C4-H of B), 2.06 (1H, ddd, J = 13.0, 8.5 and 2.5,
C4-H of B), 2.15 (1H, ddd, J = 13.0, 9.0 and 7.0, C4-H of A),
2.31-2.42 (1H, m, C3-H of A), 2.45-2.54 (2H, m, C3-H of B and
C5-CH, of A), 2.57 (1H, dd, J = 13.5 and 9.0, C5-CH, of B),
2.88 (3H, s, NCH; of B), 2.91 (3H, s, NCH; of A4), 3.18 (1H, dd,
J =13.5and 4.5, C5-CH, of B), 3.41 (1H, dd, J = 13.0 and 4.5,
C5-CH, of A), 3.67-3.75 (2H, m, C5-H of A and B), 6.81-6.84
(2H, m, ArCH), 7.70-7.13 (4H, m, ArCH); . (100 MHz, CDCl,)
16.3 and 16.9 (C2-CH; of 4 and B), 28.2 (NCH; of A), 28.5
(NCH; of B), 32.3 (C-4 of A), 33.6 (C-4 of B), 34.7 (C5-CH, of
B), 36.3 (C5-CH, of A4), 37.8 (C-3 of A), 40.0 (C-3 of B), 55.5
(2 signals) (ArOCH; of 4 and B), 57.7 (C-5 of B), 58.2 (C-5 of
A), 113.7 and 113.8 and 118.3 (2 signals) (ArCH x 4), 124.8,
124.9, 128.4 and 128.8 (ArC x 4), 131.7 (2 signals) (ArCH x 2),
159.0 (2 signals) (ArC x 2), 177.2 (C-2 of A), 177.8 (C-2 of B);
m/z (CI*) 314 and 312 ([M + H]*, 90 and 100%); HRMS: (CI*)
Found: [M + HJ* 312.0584, C,,H;,NO,”Br requires 312.0599.

(8)-5-(2-Bromo-4-methoxybenzyl)-1-methyl-2-oxopyrrolidine-3-
carboxylic acid ethyl ester 22. To a solution of diethylmalonate
(452 uL, 2.98 mmol) in anhydrous DMF (17 mL) was added
NaH (60% dispersion in mineral oil, 119 mg, 2.98 mmol) to form
a colourless solution which was stirred at r.t. for 30 minutes.
Sulfamidate 5 (500 mg, 1.49 mmol) was then added and the
mixture was stirred at r.t. for 15 h. Aq. 5 M HCI (1.5 mL) was
then added and, after stirring at r.t. for 3 h, the mixture was
neutralised with saturated aq. NaHCO; and extracted with Et,O
(3 x 25 mL). The combined organic portions were washed with
water (3 x 25 mL), dried (Na,SO,) and concentrated in vacuo to
afford a pale yellow oil which was purified by FCC (EtOAc—petrol
3 :2) to yield lactam 22 (441 mg, 80%, 2 : 1 d.r. 4-B) as a
colourless, amorphous solid; m.p. 58-60.5 °C (Et,0-CH,Cl,);
Vmax/CM~! (film) 1735 (m), 1690 (s), 1493 (m), 1241 (m), 1031
(m); oy (400 MHz, CDCl;y) 1.28 (3H, t, J = 7.0, OCH,CH; of
A), 1.33 (3H, t, J = 7.0, CO,CH,CH; of B), 2.00-2.24 (3H, m,
C4-H of A and B), 2.35 (1H, dt, J = 13.0 and 8.0, C4-H of A),
2.57 (1H, dd, J = 13.5 and 9.0, C5-CH, of A4), 2.68 (1H, dd,
J =13.5and 10.5, C5-CH, of B), 2.92 (3H, s, NCH; of A), 2.94
(3H, s, NCH,; of B), 3.24 (1H, dd, J = 13.5 and 4.5, C5-CH,
of A), 3.35-3.43 (3H, m, C5-CH, of B and C3-H of A and B),
3.79 (6H, s, ArOCH, of A and B), 3.74-3.86 (1H, m, C5-H of B),
3.86-3.94 (1H, m, C5-H of A), 4.24-4.29 (4H, m, CO,CH,CH;
of A and B), 6.80-6.86 (2H, m, ArCH of A and B), 7.07 (1H, d,
J =18.5, ArCH of A), 7.11-7.15 2H, m, ArCH of A and B), 7.25
(1H, d, J = 8.5, ArCH of B); dc (100 MHz, CDCl;) 14.1 and
14.2 (CO,CH,CHj; of A and B), 27.0 (C-4 of B), 27.8 (C-4 of A),
28.7 (2 signals) (NCH; of 4 and B), 38.3 (C5-CH, of B), 39.2
(C5-CH, of A), 47.3 (C-3 of A), 47.9 (C-3 of B), 55.6 (2 signals)
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(ArOCH; of A and B), 58.0 (C-5 of B), 58.5 (C-5 of A), 61.6
(CO,CH,CH; of A), 61.8 (CO,CH,CH; of B), 113.7, 113.9, 118.3
and 118.4 (ArCH x 4), 124.7, 125.0, 128.0 and 128.3 (ArC x
4), 131.6 and 132.3 (ArCH x 2), 159.2 (2 signals) (ArC x 2),
169.7, 169.9, 170.3 and 170.6 (C-2 and CO,CH,CH; of 4 and B);
m/z (CI*) 372 and 370 (M + HJ*, 87 and 100%); HRMS: (CI*)
Found: [M + H]" 370.0654, C,,H,,NO,”Br requires 370.0654;
Anal. Calcd for C,,H,)NO,Br: C, 51.91; H, 5.44; N, 4.12. Found:
C, 52.10; H, 5.70; N, 3.88%.

(15,9 R)-4-Methoxy-10-methyl-11-o0xo0-10-azatricyclo-[7.2.1.0*"]-
dodeca-2,4,6-triene-1-carboxylic acid ethyl ester 23. Bromide 22
(40 mg, 0.10 mmol), --BuOK (20 mg, 0.18 mmol, freshly sublimed
at 180 °C and ca. 0.01 mmHg), Pd(dba), (6.9 mg, 0.012 mmol)
and dppp (7.4 mg, 0.018 mmol) were placed in a re-sealable
tube, dissolved in anhydrous toluene (0.5 mL, degassed by three
freeze-pump-thaw cycles) and heated at 130 °C for 15 h. The
reaction mixture was then cooled to r.t., diluted with saturated aq.
NH,Cl solution (2mL) and extracted with EtOAc (3 x 2mL). The
organic extracts were dried (Na,SO,) and concentrated in vacuo
to afford a pale brown oil which was then purified by preparative
TLC (EtOAc-hexanes 1 : 1) to afford tricycle 23 (5.8 mg, 17%) as
a colourless oil; [a]¥ +40.0 (¢ = 0.4, CHCL); vy, /cm ™' (film) 1739
(s), 1695 (m), 1232 (m); Jy (400 MHz, CDCl;) 1.36 3H, t, J =
7.2, CO,CH,CH,), 2.27 (1H, d, J = 11.0, C1-CH,), 2.72 (1H,
dd, J = 11.0 and 5.5, C1-CH,), 2.83 (3H, s, NCH;), 2.94 (2H,
d,J =2.5,C8-H), 3.78 (3H, s, ArOCH;), 3.92 (IH, dt, J = 5.5
and 2.5, C9-H), 4.32-4.42 (2H, m, CO,CH,CH,), 6.79 (1H, dd,
J =8.5and 2.5, C5-H), 7.01 (1H, d, J = 8.5, C6-H), 7.22 (1H,
d, J = 2.5, C3-H); 6. (125 MHz, CDCl;) 14.4 (CO,CH,CH,),
27.9 (NCHj;), 29.8 (C-8), 37.9 (C1-CH,), 54.6 (ArOCH;), 55.4
(C-9), 56.2 (C-1), 61.5 (CO,CH,CHj;), 111.4 (C-3), 114.8 (C-5),
123.8 (C-7), 131.2 (C-6), 135.7 (C-2), 158.2 (C-4), 169.6 and
171.5 (C-11 and CO,CH,CHj;); m/z (CI*) 290 (M + HJ*, 100%);
HRMS: (CI") Found: [M + H]* 290.1382, C,4H,NO, requires
290.1392.
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Stereoselective synthesis, natural occurrence and CB; receptor binding
affinities of alkylamides from herbal medicines such as Echinacea sp.
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A divergent synthesis of 2E,4E,8E,10E)- and 2E,4E,8E,10Z)-N-isobutyldodeca-2,4,8,10-
tetraecnamides from pent-4-yn-1-ol allowed identification of the (2E,4E,8 E,10Z)-isomer for the first
time in Echinacea species. A short, stereoselective synthesis of the (2E,4E,8E,10Z)-isomer is also
described which allowed further biological evaluation of this material, and the demonstration that this
isomer does not occur in Spilanthes mauritiana as previously reported.

Introduction

Polyunsaturated isobutyl alkyl amides are found in a variety of
plants that posses interesting biological activities. The two tetraene
isomers 1 and 2 (Fig. 1), are the major lipophilic constituents
found in the two commonly used Echinacea species (E. purpurea
and E. angustifolia).! They have also been found in other medicinal
plants such as Salmea scandens,* and Asarum forbesii Maxim.? S.
scandens has various uses in traditional medicine, especially as an
anaesthetic for treating toothache,* while 4. forbesii Maxim has
been used for its analgesic, antitussive, anti-allergic and diuretic
effects.’ The 8E,10Z tetraene isomer 3 has also been reported to
occur in Spilanthes mauritiana, and the isolated compound was
demonstrated to be a potent mosquito larvicide.®

W

(E) (2
W/\)L N /\r
z) (8 3 o H
/\/\/\/\/k)'L
N /\r
4 H
Fig. 1 Four geometric isomers about the 8,10 double bonds of isobutyl-

dodeca-2(E), 4(E), 8, 10-tetraenamide are possible. Only 1, 2 and 3 were
identified in E. purpurea and E. angustifolia.

i
(E) (E)

E. purpurea and E. angustifolia are the most widely used species
in Echinacea derived herbal medicines and together form the basis
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of the Echinacea industry, on which an estimated $US500 million
dollars was spent in the USA alone in 2002.” These preparations
are popularly believed to act via modulating the cellular immune
system and frequently taken for prevention or treatment of cold
and flu like symptoms.® The phytochemical profile of E. purpurea
and E. angustifolia is well documented, consisting of caffeic acid
derivatives, mono and polysaccharides and a complex mixture
of alkyl amides. It is still unclear exactly which components are
responsible for the reported effects of Echinacea extracts, however
recent publications have focused on the alkyl amide constituents
found in commercial (mainly ethanolic) extracts. Although the
effectiveness of Echinacea in preventing viral illness has recently
been called into question,’ it is clear that the alkyl amides do
possess significant biological activities. The alkyl amides are
the only components of Echinacea extracts found to cross the
intestinal barrier,” and they have been reported to display anti-
inflammatory activity." Certain alkyl amides have also recently
been shown to act as full agonists at the cannabinoid type-2 (CB,)
receptor.'?

Analysis of the alkyl amides is typically performed using RP-
HPLC, but this fails to completely resolve the predominant
tetraenes 1 and 2, which are thus reported as a mixture. GCMS
analysis not only separates isomers 1 and 2, but also reveals
a third component (Fig. 2) with mass spectral fragmentation
characteristic of tetraene alkyl amides.” This third component
was suspected to be either 3 or 4, cis/trans isomers of 1 and
2. We identified tetraenes 1 and 2 by comparison to synthetic
standards available in our laboratory but identification of the third
component required the synthesis of 3 and 4.

Results and discussion

The simplest approach for rapid access to both 3 and 4 in
isomerically pure form was by a divergent synthesis that started
from pent-4-yn-1-ol, available in two steps from commercial
tetrahydrofurfural alcohol (Scheme 1).** THP protection, followed
by treatment with butyl lithium and then paraformaldehyde gave
propargyl alcohol 6, which after treatment with LiAlH, cleanly
provided the E-allyl alcohol 7. Consecutive Swern and Wittig
reactions resulted in a 1 : 1 mixture of 8a and 8b that could be
separated into the pure isomers by chromatography utilising silver
nitrate impregnated silica.” The stereochemistry of the dienes was

This journal is © The Royal Society of Chemistry 2007
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Fig. 2 GC/MS trace of E. angustifolia (A) and E. purpurea (B) root
extracts and synthetic standards (C). Mass spectrum of 3 (D).
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vii I)E 9a (R=H) vm)li 8b (R=H)

Scheme 1  Reagents and conditions: 1) SOCl,, pyridine, 84%; ii) NaNH,,
NH; lig, 91%; iii) DHP, TsOH, CH,Cl,, 88%; iv) a) "BuLi, THF, —78 °C;
b) (CHO),, 84%; v) LiAlH,, Et,0, reflux, 85%; vi) a) DMSO, (COCI),,
DCM, —78 °C, then Et;N; b) Ph;P=CHCH,;, Et,0, —78 °C; vii) silica
gel-AgNO; chromatography, 22% 8a, 18% 8b; viii) TsOH, MeOH, 91%
9a, 89% 9b.

readily ascertained by NMR. In the '"H NMR of 8a the two
hydrogens belonging to the newly formed Z-double bond were
easily distinguished (CDCl;, 6 5.37, dq and 6 5.97, br t), and
showed the 11 Hz coupling expected of a cis olefin. The hydrogens
of the newly formed E-double bond of 8b could only be clearly
identified in C4Dy, but displayed the 14 Hz coupling expected of a
trans alkene.

Alcohol 9a, obtained from subsequent THP deprotection of
8a, was converted into tetraene 3 in four steps as illustrated in
Scheme 2, with the final Wittig reaction employing phospho-
nium salt 12,' completing the installation of the isobutyl E,E-
dieneamide moiety. This provided 3 as a white crystalline solid
(mp 78-79 °C), previously only reported as an oil."” The same
methodology was also used to obtain tetraene 4 (mp 104-106 °C)
from 9b, and constituted the first reported complete synthesis of
this tetraene isomer. Tetraene 4 has been previously prepared by
isomerisation (I,/UV) of a mixture of 1 and 2, that were isolated
from Asiasarum heterotropoides,' and the reported *C NMR data
agrees with our synthetic compound.

(o]
S W\/\)J\
e ii) — X = OEt
10a
l iii))
3 v) WOH
11a

0
CI(Ph){F\)‘J\N/\(
12 M

Scheme 2 Reagents and conditions: i) DMSO, (COCl),, CH,Cl,, —78 °C,
then Et;N; ii) (EtO),POCH,COOELt, NaH, Et,0, 71%; iii) DIBAL, Et,O,
87%; iv) a) DMSO, (COCl),, CH,Cl,, —78 °C, then Et;N; b) 12, KOz-Bu,
THE, 0 °C, 63%.

When comparing our NMR data for 3 with the reported data for
the naturally occurring compound isolated from S. mauritiana,®
we noted obvious discrepancies in both the “C and 'H spectra.
In particular the “C chemical shift for C7 was reported as J
26.97 ppm compared with 6 32.1 ppm in our synthetic standard.
Upon comparison of the NMR data for all four synthetic tetraene
isomers, it was found that the data for natural material isolated
from S. mauritiana was in fact consistent with that of the Z,Z
isomer 1, and not the E.Z isomer 3 as the authors had claimed.®
Inspection of the "C NMR data from our synthetic tetraene
standards revealed that the stereochemistry of the 8,10-diene
moiety can be readily assessed by observation of the chemical shifts
of C7 and C12, as shown in Table 1. The shielding experienced by
allylic carbons adjacent to the cis double bond caused them to
resonate approximately 5 ppm upfield compared with their trans
counterparts, which is in accordance with literature observations.'

One other reported isolation of tetraene 3 from Leucanthemum
sp. has appeared in the literature,'” and although the 'H NMR data
reported matched our data for 3, no "C NMR or other physical
data was available for the natural compound. Thus this report"’

Table 1 "“C NMR chemical shift values of positions 7 and 12 of all four
synthetic tetraene alkyl amides (CDCl;)

Tetraene Tetraene Tetraene Tetraene
Position 1 (ppm) 2 (ppm) 3 (ppm) 4 (ppm)
C7 26.7 26.9 32.1 31.8
C12 13.1 18.3 13.3 18.0

170 | Org. Biomol. Chem., 2007, 5, 169-174

This journal is © The Royal Society of Chemistry 2007





should be regarded as tentative and the *C NMR data for 3 is
reported correctly for the first time in this communication.

A synthesis of 3 has also previously been reported,” but it
contains no mention of stereochemical purity of the material
obtained nor was ®C data supplied. Additionally, the '"H NMR
data was stated to correlate with that of the incorrectly assigned
material isolated from S. mauritiana. For this reason, and to supply
a larger quantity of material for biological testing (vide infra), we
undertook a stereospecific synthesis of 3. We proposed that a
Suzuki coupling® would provide the required stereocontrol in the
preparation of the key alcohol intermediate 9a. Thus, the boronate
ester 14 was prepared in excellent yield from protected pentynol
13. Upon coupling of 14 with cis-1-bromo propene under Suzuki
conditions® (Scheme 3), the diene 15 was produced as the sole
isolated product and was simply converted to the desired alcohol
(9a). This was readily converted to 3 via the method already
established (Scheme 2). In our hands, we found yields of the cross
coupled product 15 to be very disappointing in the presence of a
THP protecting group, but this was rectified by substitution with
the TBS moiety.

= i o\ /\/\/\
T~ "otBS —)> B X oTBS
13 0 14
ii)l '
i)
9a AT VNN
N OTBS
15

Scheme 3 Reagents and conditions: 1) catechol borane, 60 °C, 4 hr, 92%;
ii) Pd(PPh;),, NaOEt, benzene, 60 °C, 2 h, 77%; iii) MeOH, conc. HCI,
25°C, 91%.

With standards of the various alkyl amides 1-4 in hand,
GCMS analysis of Echinacea extracts, along with co-injections
with either 3 or 4, were undertaken. These studies revealed that
the third tetraene present in these extracts (Fig. 1) was indeed
the E,Z isomer 3 and that none of the E,E isomer 4 could be
detected in any Echinacea sample examined. This prompted us
to determine the relative proportions of the various tetraenes 1—
4 in several E. angustifolia and E. purpurea root samples from
Australia, Canada, Germany, New Zealand, USA and Kenya.
Not surprisingly, the levels of tetraenes differed between the two
species (Table 2). Unexpectedly, however, the relative abundance
of 1-3 differed within a species, especially in E. purpurea (Table 2).
However, not only did the levels of tetraenes in E. purpurea extracts

differ greatly between samples grown in different locations but
differences were found between plants grown in the same field!
There did not appear to be any obvious geographical trends that
could be correlated with the differences in respective tetraene
levels.

Due to the different abundance of the three isomers and
the variation between the two Echinacea species, we wished to
investigate the effect, if any, that double bond geometry had upon
biological activity of these isomers 1-4. We chose to examine
the binding affinity of each isomer for the CB,-receptor, as a
recent study has shown that the tetraene alkyl amide 1 binds more
strongly to this receptor than do endogenous cannabinoids.'?

These studies revealed that tetraene 1 is a high affinity binder
for the CB, receptor as it competitively inhibited binding of the
synthetic high affinity cannabinoid ligand ["H]CP55,940 (Table 1).
However, tetraenes 2 and 3, whilst binding to CB, exhibited much
lower affinities, possessing K; values approximately two orders of
magnitude higher than isomer 1. Interestingly, tetraene 4, which
has not been reported to occur naturally, showed no binding
affinity for the CB, receptor.

Conclusions

Concomitant use of GC/MS and pure synthetic tetraene
alkyl amides, has allowed the positive identification of the
(2E.AE.8E,10Z7) tetraene isomer in Echinacea for the first time.
The variation in the binding affinity for the CB, receptor observed
for the tetraene alkyl amides 1-3 raises the possibility that some
of the differences seen in the activity of Echinacea preparations
may be linked to the species used (E. purpurea or E. angustifolia)
and the fluctuating ratios of tetraenes that would be encountered.
Reporting the total tetraene content of an Echinacea preparation
may not be specific enough, and quantification of the individual
isomers may be required to truly allow comparison of biological
data with different extracts. It is expected that the short stereose-
lective synthesis of isomerically pure 3 and 4 reported here will aid
in providing pure material as a reference for the standardization
of Echinacea products.

Experimental
General conditions

All reactions involving air or moisture sensitive reagents were
carried out under a nitrogen atmosphere in oven pre-dried
glassware. Diethyl ether and THF were distilled from sodium-—
benzophenone prior to use; and dichloromethane was distilled
from calcium hydride. CDCl; and C,D, were purchased from

Table 2 Tetraene alkyl amide distribution in E. angustifolia and E. purpurea, and activity towards CB, receptor inhibition

% in E. angustifolia “ (n = 6)

% in E. purpurea® (n = 10)

K; CB,/nM (n=3)

1 10+3 32+ 14 57+9

2 80+ 5 62+ 12 9044 + 2985
3 10 £2 6+6 4535 £ 711
4 nd nd >100000

“Expressed as a percentage of the total tetraene alkyl amide content. In E. angustifolia this was 18.8 £ 9.8 mg g~' and in E. purpurea this was 4.4 +

4.0mg g
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Cambridge Isotope Laboratories. NMR was performed on either
a Bruker Avance 300 MHz, AV400 MHz or DRX500 MHz.
Chemical shifts (0) were referenced to internal solvent and are
reported relative to SiMe,. GC/MS analyses were performed using
a Shimadzu-17A GC equipped with J & W Scientific DB5 column
(internal diameter 0.2 mm/30 m) coupled to a Shimadzu QP5050
Mass Spectrometer (70 eV). Echinacea extracts obtained from
Mediherb Pty. Ltd. were prepared for GC/MS analysis by the
following general proceedure: 0.5 ml of solution was stripped of
solvent under vacuum (<0.1 mm) without external heating. Once
the solvent was removed (1-2 mins) the residue was re-dissolved in
methanol (0.1 ml) and refrigerated until analysis. GC parameters
were as follows: 1 = 0-2 mins oven temp = 100 °C; r = 2-11.375
mins oven temp = 100-250 °C, ramped at 16 °C/min; t = 11.375~
21 mins oven temp = 250 °C; f = 21 mins end run. Injector temp =
250 °C; interface temp = 270 °C; flow rate = 76.9 ml min~" helium;
split ratio = 22; injection volume = 2 pl.

2-Octa-4(E),6(E)-dienyloxy-tetrahydro-pyran (8a) and 2-octa-
4(E),6(Z)-dienyloxy-tetrahydro-pyran  (8b). Oxalyl chloride
(0.44 g, 3.5 mmol) was added to CH,Cl, (25 ml) and the solution
was cooled to —78 °C. DMSO (0.39 g, 5.0 mmol) was then added
dropwise and after complete addition the solution was stirred a
further 2 minutes before the dropwise addition of 7, (0.49 g,
2.45 mmol) dissolved in CH,Cl, (3 ml). Stirring was continued
at —78 °C for 30 minutes and then the reaction was warmed to
—10 °C for 5 minutes. The mixture was then cooled to —78 °C
and Et;N (1.41 g, 14 mmol) was slowly added. After the mixture
had returned to room temperature it was washed twice with water
(20 ml). The organic layer was dried (MgSO,) and the CH,Cl,
removed to give crude aldehyde (0.4 g), which was used in the
next step without delay. 04(300 MHz; CDCl;; Me,Si): 1.46-1.89
(m, 8H), 2.46 (q, 2H, J = 6.7 Hz), 3.89-4.06 (m, 2H), 4.23-4.40
(m, 2H), 4.59 (t, 1H, J = 3.9 Hz), 6.16 (qt, 1H, J = 1.5, 7.8 Hz),
6.89 (dt, IH, J = 6.9, 7.8 Hz), 9.52 (d, IH, J = 7.8 Hz).

Butyllithium (2.46 ml, 3.2 mmol of a 1.3M solution in hexanes)
was added dropwise to a suspension of ethyltriphenylphospho-
nium iodide (1.50 g, 3.6 mmol) in ether (20 ml) at room
temperature. The resulting deep orange solution was stirred for
a further 25 minutes, then cooled to 0 °C using an external ice-
bath. Next the crude aldehyde prepared above was dissolved in
ether (5 ml) and added dropwise over 2 minutes. After stirring
a further 20 minutes at 0 °C, water (20 ml) was added and the
mixture stirred vigorously for 5 minutes. The water was separated
and the ether layer washed with brine, then dried (MgSO,) and
evaporated. Then the residue was taken up in ether-hexane (1: 1,
50 ml) and passed through a short column of silica gel in order
to remove Ph;PO. The silica was rinsed well with solvent and
the combined filtrates were evaporated to leave a colourless oil
containing a roughly 1 : 1 mixture of 8a and 8b (220 mg) as
evidenced by GC/MS. Separation of the isomers was achieved by
column chromatography using silver nitrate impregnated silica gel
prepared from AgNO; (2.9 g) and silica gel 60 (22 g). Elution with
5% ethyl acetate in hexanes afforded 8b (92 mg, 18%) which eluted
first, followed by 8a (113 mg, 22%).

8b 01(300 MHz; CDCl;; Me,Si): 1.43-1.90 (m, 11H), 2.14 (q,
2H, J =7.8 Hz), 3.33-3.53 (m, 2H), 3.69-3.90 (m, 2H), 4.58 (t, 1 H,
J = 3.0 Hz), 5.50-5.62 (m, 2H), 5.95-6.07 (m, 2H). d.(75 MHz;
CDCl;; Me,Si): 17.9, 19.6, 25.6, 29.2, 29.5, 30.7, 62.2, 66.9, 98.8,

126.8, 130.7, 131.1, 131.6. 6,;,(500 MHz; C;D¢; Me,Si): 1.20-1.41
(m, 3H), 1.51-1.81 (m, SH), 1.58 (d, 3H, d, J = 7.0 Hz), 2.14 (q,
2H, J = 7.5 Hz), 3.31 (dt, 1H, J = 6.5, 9.5 Hz), 3.35-3.41 (m,
1H), 3.76-3.82 (m, 1H), 3.79 (dt, 1H, J = 6.5, 9.5 Hz), 4.56 (dd,
1H, J = 3.0, 3.0 Hz), 5.99-6.08 (m, 2H), 5.47 (dq, IH, J = 7.0,
14.0 Hz), 5.51 (dt, 1H, J = 7.0, 14.0 Hz). HRMS El(m/z): [M*]
calcd. for C;H,,0,, 210.1619; found, 210.1622.

8a (300 MHz; CDCl;; Me,Si): 1.42-1.87 (m, 11H), 2.20 (q,
2H, J = 7.2 Hz), 3.32-3.52 (m, 2H), 3.70-3.39 (m, 2H), 4.59 (t,
1H, J = 3 Hz), 5.38 (dq, 1H, J = 7.2, 11.1 Hz), 5.68 (dt, 1H,
J=17.5,15.0Hz), 598 (tq, IH, J = 1.2, 11.1 Hz), 6.36 (ddq, 1H,
J=1.2,10.8, 15 Hz). 6.(75 MHz; CDCl;; Me,Si): 13.2, 19.6, 25.5,
29.4,29.5,30.7,62.2,66.9,98.8, 124.0, 125.8, 129.4, 133.5. HRMS
El(m/z): [M*] calcd. for C,3;H»,0,, 210.1619; found, 210.1618.

Octa-4(E),6(E)-dien-1-01 (9b). 8b (82 mg, 0.39 mmol) was
dissolved in MeOH (4 ml) and p-TsOH (6 mg, 0.03 mmol) was
added. The mixture was stirred at room temperature for 2 hours
then aq. NaOH (1 ml, 1M) solution was added followed by water
(10 ml). The mixture was extracted repeatedly into ether, then the
ether layers were washed with brine and dried (MgSO,). The title
product (43 mg, 87%) obtained after evaporation of the ether was
sufficiently pure to carry on to the next step. d;;(300 MHz; CDCl;;
Me,Si): 1.62 (quint, 2H, J = 6.6 Hz), 1.71 (d, 3H, J = 6.3 Hz),
2.11 (q, 2H, J = 7.0 Hz), 2.22 (s, 1H), 3.60 (t, 2H, J = 6.6 Hz),
5.46-5.63 (m, 2H), 5.93-6.06 (m, 2H). d(75 MHz; CDCl;; Me,Si):
17.9, 28.8, 32.3, 62.2, 127.1, 130.8, 130.9, 131.5. HRMS EIl(m/z):
[M*] caled. for CgH,,0, 126.1045; found, 126.1042.

Octa-4(E),6(Z)-dien-1-0l (92). Prepared in 91% yield from 8a
utilizing the procedure used for synthesizing 9b. (400 MHz;
CDCl;; Me,Si): 1.63 (quint, 2H, J = 7.6 Hz), 1.69 (dd, 3H, J =
1.6, 7.2 Hz,), 2.15 (q, 2H, J = 7.6 Hz), 2.26 (s, 1H), 3.56 (t, 2H,
J = 6.4 Hz), 5.35 (dq, 1H, J = 6.8, 10.8 Hz), 5.61 (dt, 1H, J =
6.8, 15.2 Hz), 5.92 (tq, 1H, J = 1.6, 11.2 Hz), 6.32 (ddq, 1H, J =
1.2, 10.4, 11.2 Hz). 6.(100 MHz; CDCl;; Me,Si): 13.2,29.1, 32.2,
62.2, 124.3, 125.9, 129.2, 133.3. HRMS El(m/z): [M*] calcd. for
CsH,,0, 126.1045; found, 126.1048.

Deca-2(E),6(E),8(E)-trienoic acid ethyl ester (10b). Oxalyl
chloride (64 mg, 0.5 mmol) was added to CH,Cl, (12 ml) and
the solution was cooled to —78 °C. DMSO (62 mg, 0.8 mmol)
was then added dropwise and after complete addition the solution
was stirred a further 2 minutes before the dropwise addition of
9b (40 mg, 0.32 mmol). Stirring was continued at —78 °C for
30 minutes and then the reaction was warmed to —10 °C for
5 minutes. The mixture was then cooled to —78 °C and Et;N
(404 mg, 4.0 mmol) was added slowly. The reaction was allowed
to return to room temperature, then washed once with water (5 ml),
once withaq. HC1(5ml, 1M) and then once more with water (5 ml).
The organic layer was dried (MgSO,) and the CH,CIl, removed,
leaving the crude aldehyde (35 mg) which was used in the next step
without delay.

NaH (34 mg, 50% suspension in mineral oil, 0.7 mmol) was
suspended in ether (5 ml) and cooled to —10 °C. Then (diethoxy-
phosphoryl)-acetic acid ethyl ester (157 mg, 0.7 mmol) was added
dropwise (H, evolution) with stirring. After complete addition the
mixture was stirred a further 10 minutes and the crude aldehyde
solution prepared above was added slowly. After stirring a further
10 minutes at —10 °C, water (10 ml) was added. The organic layer
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was collected and the aqueous phase was extracted with hexanes.
The combined organic layers were washed thoroughly with water
and then once with brine. Drying (MgSO,) and evaporation of the
solvents left an oil which was purified by column chromatography
(silica gel 60, 10% ether in pentane) to give the title compound
(48 mg, 77% over 2 steps) as a colourless oil. 9,;(400 MHz; CDCl;;
Me,Si): 1.23 (t, 3H, J = 7.2 Hz), 1.68 (d, 3H, J = 6.4 Hz), 2.13~
2.28 (m, 4H),4.13(q, 2H, J = 7.2 Hz), 5.41-5.60 (m, 2H), 5.78 (dt,
1H, J = 1.6, 15.2 Hz), 5.91-6.02 (m, 2H), 6.90 (dt, 1H, J = 7.2,
15.2 Hz). (100 MHz; CDCl;; Me,Si): 14.1, 17.8, 30.8, 31.9, 59.9,
121.5, 127.5, 129.5, 131.2, 131.3, 148.1, 166.4. HRMS EI(m/z):
[M*] caled. for C,H O,, 194.1307; found, 194.1307.

Deca-2(E),6(E),8(Z)-trienoic acid ethyl ester (10a). Prepared
in 71% yield from 9a utilizing the procedure used for synthesizing
10b. 6,(300 MHz; CDCl;; Me,Si): 1.24 (t, 3H, J = 6.9 Hz), 1.69
(dd, 1H, J = 1.5, 6.9 Hz), 2.20-2.30 (m, 4H), 4.14 (q, 2H, J =
7.2 Hz), 5.36 (dq, 1H, J = 7.2, 10.8 Hz), 5.58 (dt, 1H, J = 6.3,
15.0 Hz), 5.80 (dt, 1H, J = 1.5, 15.6 Hz), 5.87-5.97 (m, 1H), 6.33
(dd, 1H, J = 10.8, 13.5 Hz), 6.92 (dt, 1H, J = 6.6, 15.6 Hz).
0c(100 MHz; CDCl;; Me,Si): 13.1, 14.1, 31.1, 31.9, 59.9, 121.7,
124.6, 126.3, 129.1, 131.9, 148.0, 166.4. HRMS El(m/z): [M*]
caled. for C,H,50,, 194.1307; found, 194.1306.

Deca-2(E),6(E),8(E)-trien-1-ol  (11b). DIBAL (67 mg,
0.46 mmol) was dissolved in ether (6 ml) and the solution cooled
to 0 °C. Then 10b (45 mg, 0.23 mmol) dissolved in ether (2 ml) was
added dropwise. After stirring at 0 °C for one hour, the mixture
was carefully quenched by the addition of water (0.2 ml), followed
by aq. HCI (3 ml, 1M). The mixture was stirred for 30 minutes,
then the organic layer was separated and the aqueous phase
extracted with ether. The combined ether layers were washed with
brine, dried (MgSO,) and evaporated. Purification of the residue
by column chromatography (silica gel 60, 20% ethyl acetate in
hexane) gave the title compound (28 mg, 82%) as a colourless
oil. 04(500 MHz; CDCl;; Me,Si): 1.71 (d, 3H, J = 6.5 Hz), 1.91
(s, 1H), 2.09-2.18 (m, 4H), 4.05 (d, 2H, J = 5 Hz), 5.47-5.70
(m, 4H), 5.95-6.03 (m, 2H). 6-(125 MHz; CDCl;; Me,Si): 17.9,
31.9,32.0,63.5,127.1, 129.3, 130.71, 130.74, 131.4, 132.2. HRMS
El(m/z): [M*] calcd. for C,,H O, 152.1201; found, 152.1197.

Deca-2(E),6(E),8(Z)-trien-1-0l (11a). Prepared in 87% yield
from 10a utilizing the procedure used for synthesizing 11b.
0u(500 MHz; CDCl;; Me,Si): 1.72 (dd, 3H, J = 1.5, 7.0 Hz),
1.90 (s, 1H), 2.10-2.22 (m, 4H), 4.06 (d, 2H, J = 4.5 Hz), 5.37
(dq, 1H, J = 7.0, 14.0 Hz), 5.60-5.71 (m, 3H), 5.95 (dt, 1H, J =
1.5,11.6 Hz), 6.33 (ddq, 1H, J = 1.5, 11.0, 15.0 Hz). 5-(125 MHz;
CDCl;; Me,Si): 13.2, 31.9, 32.3, 63.4, 124.3, 125.8, 129.2, 129.4,
132.1, 133.1. HRMS El(m/z): [M*] calcd. for C,,H O, 152.1201;
found, 152.1201.

Dodeca-2(E),4(E),8(E),10(E)-tetraenoic acid isobutyl-amide (4).
Oxalyl chloride (45 mg, 0.35 mmol) was added to CH,Cl, (7.5 ml)
and the solution was cooled to —78 °C. DMSO (55 mg, 0.7 mmol)
was then added dropwise and after complete addition the solution
was stirred a further 2 minutes before the dropwise addition of
11b (30 mg, 0.2 mmol). Stirring was continued at —78 °C for
30 minutes and then the reaction was warmed to —10 °C for 5
minutes. The mixture was cooled to —78 °C and Et;N (354 mg,
3.5 mmol) was added slowly. After returning to room temperature,
the reaction was diluted with CH, Cl, (8 ml), then washed once with

water (5 ml), once aq. HCI (5 ml, 1M) and once more with water
(5 ml). The organic layer was dried (MgSO,) and the CH,Cl,
removed to give the crude aldehyde (26 mg), which was diluted
with tetrahydrofuran (0.5 ml) and used in the next step without
delay.

KO#-Bu (39 mg, 0.35 mmol) was added in one portion to a
stirred suspension of 12'¢ (165 mg, 0.4 mmol) in THF (3 ml) at
room temperature. Stirring was continued for a further 20 minutes
at this temperature, then the mixture was cooled to 0 °C and
the crude aldehyde solution was added in one portion. Stirring
was continued at 0 °C for 30 minutes, then saturated ammonium
chloride solution (7 ml) was then added and the organic phase was
separated. The aqueous phase was extracted into ether, and the
combine organic phases washed with brine, dried (MgSO,) and
concentrated in vacuo. Purification by column chromatography
(silica gel 60, 20% ethyl acetate in hexane) yielded the title
compound (19 mg, 40%) as a white solid. Mp = 104-106 °C.
ou(500 MHz; CDCl;; Me,Si): 0.92 (d, 6H, J = 6.8 Hz), 1.72 (d,
3H, J = 6.4 Hz), 1.79 (sept, 1H, J = 6.8 Hz), 2.15-2.27 (m, 4H),
3.16 (dd, 2H, J = 6.4, 6.4 Hz), 5.46-5.64 (m, 3H), 5.76 (d, 1H,
J =15.2Hz), 5.96-6.09 (m, 3H), 6.14 (dd, 1H, J = 10.4, 15.2 Hz),
7.17 (dd, 1H, J = 10.4, 15.2 Hz). 6.(125 MHz; CDCl;; Me,Si):
18.0, 20.1, 28.6, 31.8, 32.8, 46.9, 122.1, 127.5, 128.6, 130.3, 131.1,
131.4,141.1, 142.0, 166.3. Anal. Calcd: C, 77.68; H; 10.19; N, 5.66;
Found C 77.46; H, 10.18; N, 5.84%.

Dodeca-2(E),4(E),8(E),10(Z)-tetraenoic acid isobutyl-amide (3).
Prepared in 43% yield as a white solid from 11a utilizing the
procedure used for synthesizing 4. Mp = 78-79 °C. 6,(500 MHz;
CDCl;; Me,Si): 0.92 (d, 6H, J = 6.8 Hz), 1.73 (dd, 3H, J = 2.0,
6.8 Hz), 1.78 (sept, 1H, J = 6.8 Hz), 2.20-2.30 (m, 4H), 3.15
(dd, 2H, J = 6.8, 6.8 Hz), 5.39 (dq, 1H, J = 7.2, 10.8 Hz), 5.57-
5.66 (m, 2H), 5.77 (d, 1H, J = 14.8 Hz), 5.95 (dd, 1H, J = 11.0,
11.5 Hz), 6.05 (dt, 1H, J = 6.7, 14.8 Hz), 6.15 (dd, 1H, J = 10.8,
15.2 Hz), 6.34 (dd, 1H, J =10.8, 15.2 Hz), 7.18 (dd, 1H, J = 10.4,
14.8 Hz). 0(125 MHz; CDCl;; Me,Si): 13.3,20.1, 28.6, 32.1, 32.8,
46.9, 122.2, 124.6, 126.1, 128.7, 129.2, 132.6, 141.0, 141.8, 166.3.
Anal. Caled: C, 77.68; H, 10.19; N, 5.66; Found C 77.36; H, 10.13;
N, 5.84%. MS (70 eV,%): m/z 247(M* 2.4), 167(15.3), 152(3.6),
128(2.0), 115(10.4), 81(100), 79(44.7), 66(34.7), 57(31.9).

tert-Butyldimethyl((4E,6 Z)-octa-4,6-dienyloxy)silane (15).
Catechol borane (0.62 g, 5.2 mmol) and 13, (1.0 g, 5.07 mmol)
were mixed together at 60 °C for 4 hours, by which time 'H
NMR analysis indicated complete consumption of the alkyne
and formation of the (E)-benzodioxole alkenyl borane (14).
on(300 MHz; CDCl;; Me,Si): 0.05 (s, 6H), 0.90 (s, 9H), 1.72
(pent, 2H, J = 6.6 Hz), 2.35 (br q, 2H, J = 6.6 Hz), 3.67 (t,
2H, J = 6.3 Hz), 5.80 (dt, 1H, J = 1.8, 18.3 Hz), 7.0-7.24 (m,
SH). A solution consisting of Pd(PPh;), (117 mg, 0.05 mmol)
and cis-1-bromopropene (0.605 g, 5.0 mmol) in benzene (8 ml)
was prepared, and the solution was stirred for 30 minutes at
25 °C. Then the alkenyl borane prepared above was added in
one portion followed by a solution of NaOEt in ethanol (5 ml,
2 M, 2 equivalents). The mixture was then stirred under reflux for
5 hours. After cooling to room temperature ag. NaOH (3 ml, 3M)
was added followed by aq. H,O, (0.3 ml, 30%) and the mixture
was stirred at room temperature for 2 hours. Water (25 ml)
was then added and the mixture was extracted into ether (2 x
15 ml). The combined ether layers were washed with brine, dried
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(MgSO,) and evaporated. Flash chromatographic purification
(5% ether in hexanes, silica gel 60) yielded the title compound
(0.96 g, 80%) as a colourless oil. 64400 MHz; CDCl;; Me,Si):
0.05 (s, 6H), 0.90 (s, 9H), 1.62 (pent, 2H, J = 6.4 Hz), 1.73 (dd,
3H,J=1.7,7.0 Hz), 2.18 (br q, 2H, J/ = 7.2 Hz), 3.62 (t, 2H, J =
6.4 Hz), 5.38 (dq, 1H, J = 7.0, 10.8 Hz), 5.66 (dt, I1H, J = 7.0,
14.6 Hz), 598 (br t, 1H, J = 11.2 Hz), 6.35 (ddq, I1H, J = 1.4,
11.0, 15.0 Hz). 6-(100 MHz; CDCl;; Me,Si): 5.3, 13.3, 18.3, 25.9,
29.1,32.4, 62.5, 124.0, 125.7, 129.4, 133.8. Anal. Calcd: C, 69.93;
H, 11.74. Found: C, 70.13; H, 11.63%.

Octa-4(E),6(Z)-dien-1-0ol (9a). 15 (0.63 g, 2.6 mmol) was
dissolved in MeOH (12 ml) and conc. HCI (0.3 ml) was added.
The solution was stirred at 25 °C for 35 minutes, then saturated
aq. NaHCO; (30 ml) was added and the mixture was extracted
into ether (3 x 15 ml) the combined ether layers were washed with
brine, dried (MgSO,), and evaporated. Flash chromatographic
purification (20% EtOAc in hexanes, silica gel 60) yielded the title
compound (290 mg, 90%) as a colourless oil. Spectroscopic data
were identical to that for 9a prepared above.

Echinacea sample preparation. Dried Echinacea roots were
obtained from several commercial sources. The roots were finely
ground and a liquid preparation obtained by centrifugation after
a 48 hour 1 : 5 extraction in 60% ethanol. The alkylamide fraction
was separated from the caffeic acid fraction by diluting 1 : 100
with water and fractionation on a solid phase extraction cartridge
(Strata C18-E; 55 um, 70 A; 500 mg 6 mL~'; Phenomenex, USA)
conditioned with 100% methanol (5 ml) then water (5 ml). The
caffeic acids were eluted from the column with water and 25%
methanol and then discarded. The alkylamide fraction was eluted
using 100% methanol.

Radioligand displacement assays on CB, receptors. For the CB,
receptor, binding experiments were performed in the presence of
0.08 nM of the radioligand [*H]-CP55,940 at 30 °C in siliconized
glass vials together with 3.8 pg of membrane recombinantly over-
expressing CB,, which was resuspended in 0.2 mL (final volume)
binding-buffer (50 mM TRIS-HCI, 2.5 mM EGTA, 5 mM MgCl,,
0.5 mg ml™! fatty acid free BSA, pH 7.4). Test compounds were
present at varying concentrations and the non-specific binding
of the radioligand was determined in the presence of 10 uM
CP55,940. After 90 min incubation, the suspension was rapidly
filtered through 0.05% polyethylenimine pre-soaked GF/C glass
fiber filters on a 96-well cell harvester and washed nine times
with 0.5 mL ice-cold washing-buffer (50 mM TRIS-HCI, 2.5 mM
EGTA, 5 mM MgCl,, 2% BSA, pH 7.4). Radioactivity on filters

was measured with a Beckman LS 6500 scintillation counter in
3 mL Ultima Gold scintillation liquid. Data collected from three
independent experiments performed in triplicates were normalized
between 100% and 0% specific binding for ["H]-CP 55,940. These
data were graphically linearized by projecting Hill-plots, which al-
lowed the calculation of ICs, values. Derived from the dissociation
constant (Kp) of PH]JCP-55,940 and the concentration-dependent
displacement (ICs, value), inhibition constants (K;) of competitor
compounds were calculated using the Cheng-Prusoff equation
[Ki =1Cs/(1 + L/Kp)].
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We report the nonenzymatic terminal labeling of oligoribonucleotide (ORN) by using template-directed
photoligation through 5-carboxyvinyl-2'-deoxyuridine (“YU) with high selectivity.

Introduction

Terminal labeling of RNA by using ligation methods is an
important technique in both basic and applied sciences. Template-
directed ligation has potential applications in RNA-based
biotechnologies,'” particularly as tools for preparing the chimeric
RNA-DNA strands, and for studying RNA structural and
functional analyses. For example, detection of bacterial RNAs
with single nucleotide resolution was performed by template-
directed ligation.* Thus, terminal labeling of RNA has become a
useful method for monitoring and investigating RNA. Although
DNA ligases are useful for the ligation of DNA, enzymatic
ligation methods for terminal labeling of RNA face limitations.
For example, DNA ligases show low activity with RNAs.>¢ In
addition, ligase methods are not likely to be useful in intact cellular
or tissue preparations, because it would be difficult to deliver the
ligase into cells. Synthesis of chimeric RNA-DNA strands such as
lariat RNAs have been reported; nevertheless, the methodologies
require the use of cyanogen bromide which is a highly toxic
and irritating reagent.” In our previously work, we reported
on the template-directed reversible photoligation with 5-vinyl-2'-
deoxyuridine (YU).? The advantage of using photons as reagents
for initiating photoligation is that no additional chemical reagents
need to be introduced into the system. A recent photoligation
method by using the RNA template showed higher activity than
the corresponding DNA template.® Here, we report on a terminal
labeling of ORN by using template-directed photoligation through
“U. We also describe the high selectivity of terminal labeling of
ORN by using solid-state assays.

Results and discussion

An oligodeoxynucleotide (ODN) containing VU, ODN(®VU) (5'-
d(“YUGCGTG)-3'), was synthesized by using the cyanoethylphos-
phoramidite of YU according to conventional DNA synthesis
(Fig. 1a).® ODN(®YU) was characterized by nucleoside com-
position and MALDI-TOF-MS (calcd 1878.27 for [M + HJ*;
found 1878.13). We determined the feasibility of terminal labeling
of RNA through ODN(“VU). When ODN(“VU) and ORN(U)
(5-r(UGUGCU)-3) were irradiated at 366 nm for 32 min in
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T Electronic supplementary information (ESI) available: Experimental
details. See DOI: 10.1039/b615715g
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Fig. 1 (a) Structure of 5-carboxyvinyl-2'-deoxyuridine, <VU. (b) Schem-
atic illustration of DNA photoligation at RNA terminal.

the presence of template ODN(A) (5-d(CACGCAAGCACA)-
3; Fig. 1b), HPLC showed the appearance of a peak relating
to ORN(U)ODN(VU) in 96% yield along with the disappearance
of the ODN(“YU) and ORN(U) peaks (Fig. 2). MALDI-TOF-
MS indicates that the isolated ORN(U)ODN(“VU) obtained from
HPLC purification was a photoligated product of ODN(“VU) and
ORN(U) (caled 3731.43 for [M + H]*; found 3731.15). Enzymatic
digestion of isolated ORN(U)ODN(<YU) showed the formation
of rC, rU + dC, rG, dG, and dT in a ratio of 1 : 3 : 2 : 3 :
1 together with rU-“YU photoadduct, which was confirmed by
MALDI-TOF-MS (calcd 542.1734 for [M + H]*; found 542.1682).
As shown in Fig. 3, the CD spectrum of ORN(U)ODN(YU) and
ODN(A) showed a spectrum intermediate between B-form duplex
and A-form duplex.’ On the other hand, when ODN(“VU) and
ORN(C) (5-r(UGUGCC)-3') were irradiated at 366 nm for 32 min
in the presence of template ODN(G) (5-d(CACGCAGGCACA)-
3), we observed a peak corresponding to ORN(C)ODN(<YU), as
determined by HPLC."' As shown in Fig. 4, ORN containing a
pyrimidine base at the 3’ terminal site reacted with photoexcited
U to produce a terminal modified product, but the photoligation
rates by using ORN(C) were slower than the corresponding

(@ ODN(A
A ODN(®YU)

ORN(U) ‘ A

ORN(U)*ODN(®YU)

M

0 5 10 15 20 25 30
Retention time (min)

(o)

Fig. 2 HPLC analysis of the irradiated ODN(®VU) and ORN(U) in the
presence of template ODN(A): (a) before irradiation; (b) after irradiation
at 366 nm for 32 min, 96% yield.
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Fig.3 CD spectra of ORN(U)ODN(°VU), and template ODN(A) (solid
line), and ORN(C)ODN(YU), and template ODN(G) (broken line).
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Fig. 4 Time course of photochemical terminal ligation of ORN(U) or
ORN(CO).

ORN(U). Therefore, template-directed photoligation methods
were successful at modifying the 3'-terminal site of RNA.

We investigated the thermal stability of the RNA-DNA/DNA
duplexes containing terminal modified ORN(U)ODN(<YU) by
monitoring the melting temperature (7',). In 7\, measurements
of the duplex, sigmoidal curves on the change of A4,, were
obtained, and the T, value was calculated from the first part
of the curve (Table 1). The T, value (21.7 °C) of terminal modi-
fied ORN(U)ODN(cYU) and ODN(A) was lower than that of
the dodecamer duplex ORN(U)pODN(T) (5-r(UGUGCU)d-
(TGCGTG)-3) and ODN(A) (50.9 °C), whereas the duplex
was 7.0 °C more thermally stable than a mixture of ORN(U),
ODN(®YU), and the template ODN(A) (14.7 °C).

To investigate the selectivity of terminal labeling of ORN, we
constructed the DNA chip by attaching amino-labeled ODN con-
taining <VU, amino-ODN(®VU) (5-d(“Y“UGCGTG)-SSSS-NH,-3’;
here S corresponds to a hexa(ethylene glycol) linker fragment),
onto the aldehyde-modified glass surface®*® A glass chip spotted
with 2 uM template ODN(A) and biotin-labeled B-ORN(U) (5'-
biotin-r(UGUGCU)-3'), was irradiated at 366 nm for 1 hin 50 mM
sodium cacodylate buffer (pH 7.0) and 100 mM sodium chloride
(Fig. 5). After the chip had been washed with deionized water at
98 °C for 5 min, a phosphate-buffered saline (PBS) solution of

Table 1 T, values (°C) for duplexes”
T,/°C
ODN(“VU), ORN(U)/ODN(A) 14.7
ORN(U)ODN(®VU)/ODN(A) 21.7
ORN(U)pODN(T)/ODN(A) 50.9
ODN(“VU), ORN(C)/ODN(G) 22.0
ORN(C)ODN(®YU)/ODN(G) 40.6
ORN(C)pODN(T)/ODN(G) 58.5

“All T,, values of the duplexes (2.5 uM) were measured in 50 mM
sodium cacodylate buffer (pH 7.0) and 100 mM sodium chloride.
ORN(C)pODN(T) = 5'-r(UGUGCC)d(TGTGCT)-3'.

amino-ODN(YU)

VT TIT T ® 8-0RNY)
CVU
LB oo

l hybridization & photoligation

l wash & detection

O U TTIT T

streptavidin-Cy3

Fig. 5 Schematic illustration for investigating the selectivity of terminal
labeling of ORN.
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Fig. 6 Fluorescence intensity (top) and images (bottom) acquired on a
microarray scanner for the product of photoligation. Lane 1, ODN(A),
irradiation at 366 nm; lane 2, B-ORN(U), irradiation at 366 nm; lane
3, B-ORN(U) + ODN(A), irradiation at 366 nm; lane 4, B-ORN(A) +
ODN(A), irradiation at 366 nm; lane 5, B-ORN(G) + ODN(A), irradiation
at 366 nm; lane 6, B-ORN(C) + ODN(A), irradiation at 366 nm.

streptavidin-Cy3 conjugate was added to the surface, and the chip
was washed twice in PBS. Fluorescence signals were detected on
a microarray scanner. When amino-ODN(“VU) and B-ORN(U)
were irradiated at 366 nm in the absence of template ODN(A),
no terminal modified product was observed (Fig. 6, lane 2). On
the other hand, we measured the strong fluorescence signal of the
terminal modified product with the completely complementary
case (Fig. 6, lane 3). Then we constructed a set of four closely
related ORNs with a single variable base (A, U, G, or C) in
the third position. The results show that a single nucleotide
difference at the third ORN position yielded very little terminal
modified product, with a measured fluorescence signal that was
32-fold lower than the completely complementary case (Table 2).
Arylazide mediated photocrosslinking of RNA has been reported,
but the photogenerated intermediates have broad, indiscriminant
reactivity.”> Thus, the high selectivity of the terminal labeling of

Table2 Normalized fluorescence intensity for the terminal modified
product of amino-ODN(“YU), correctly base paired to four ORNs that
differed in a single nucleotide position

ORN* Fluorescence intensity”
B-ORN(U) 5'-Biotin-r(UGUGCU)-3' 1.0 £0.20
B-ORN(A) 5'-Biotin-r(UGAGCU)-3’ 0.014 £ 0.008
B-ORN(G) 5'-Biotin-r(UGGGCU)-3' 0.014 £0.012
B-ORN(C) 5'-Biotin-r(UGCGCU)-3’ 0.031 £ 0.020

“Underlined characters indicate a mismatched base. * Each experiment
was repeated at least three times.
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RNA would be extremely useful for investigating the specific RNA
sequence.

Conclusions

In conclusion, we demonstrated the terminal labeling of RNA
through ODN(“VU). When an ODN containing YU at the
S terminal site was photoirradiated with an ORN containing
a pyrimidine base at the 3’ terminal site in the presence of
template DNA, efficient terminal labeling was observed. Fur-
thermore, terminal labeling of RNA showed a high degree of
single nucleotide specificity. Therefore, this system can be widely
used for photochemical post-modification of the terminal site of
RNA. This method is useful for incorporating functional units
such as fluorophores and electrochemical species. This system
is expected to allow the detection of noncoding RNAs and the
investigation of RNA structural and functional analyses.

Experimental
General

'H NMR spectra were measured with a Varian Gemini 300
(300 MHz) spectrometer. Coupling constants (J value) are re-
ported in hertz. The chemical shifts are expressed in ppm downfield
from tetramethylsilane, using residual chloroform (6 = 7.24 in 'H
NMR) and water (0 = 4.65 in "H NMR) as an internal standard.
Mass spectra were recorded on a Voyager-DE PRO-SF, Applied
Biosystems. Irradiation was performed by a 25 W transilluminator
(FUNAKOSHI, TFL-40, 366 nm, 5700 uW c¢cm™). HPLC was
performed on a Cosmosil SCIS8AR column (4.6 x 150 mm) with a
JASCO PU-980, HG-980-31, DG-980-50 system equipped with a
JASCO UV 970 detector at 260 nm. Kanto Chemical Silica Gel 60
N was used for silica gel column chromatography. Pre-coated TLC
plates (Merck silica gel 60 F,s,) were used for monitoring reactions.
The reagents for the DNA synthesizer such as A, G, C, T-3-
cyanoethyl phosphoramidite, and CPG support were purchased
from Glen Research. Calf intestine alkaline phosphatase (AP)
was purchased from Promega. Nuclease P1 was purchased from
Yamasa.

Preparation of ODN

ODN sequences were synthesized by the conventional phospho-
ramidite method by using an Applied Biosystems 3400 DNA
synthesizer. The coupling efficiency was monitored with a trityl
monitor. The coupling efficiency of cyanoethylphosphoramidite
of ©VU was 97% yield. The coupling time of cyanoethylphospho-
ramidite of ©VU was 999 sec. They were deprotected by incubation
with 28% ammonia for 8 h at 55 °C and were purified on
a Chemcobond 5-ODS-H column (10 x 150 mm) by reverse
phase HPLC; elution was with 0.05 M ammonium formate
containing 3-20% CH;CN, linear gradient (30 min) at a flow
rate of 3.0 mL min~!. Preparation of ODNs was confirmed by
MALDI-TOF-MS analysis.

Photoligation of ODNs as monitored by HPLC

The reaction mixture (total volume 60 uL) containing ODN(¢VC)
and ORN(U) (each 20 uM, strand concn) in the presence of

template ODN(A) (24 uM, strand concn) in 50 mM sodium
cacodylate buffer (pH 7.0) and 100 mM sodium chloride was
irradiated with a 25 W transilluminator (366 nm) at 0 °C for
32 min. After irradiation, the progress of the photoreaction was
monitored by HPLC on a Cosmosil SC18AR column (4.6 x
150 mm, elution with a solvent mixture of 50 mM ammonium
formate, pH 7.0, linear gradient over 30 min from 4% to 10%
acetonitrile at a flow rate of 0.6 mL min~"). The yield was calculated
based on ORN(U).

Spectroscopic measurements

The absorbance of the hybrid duplexes was monitored at 260 nm
from 4.0 to 80 °C with a heating rate of 1.0 °C min~" using a JASCO
V-550 UV-VIS spectrophotometer or a BECKMAN COULTER
DU 800 UV-Visible spectrophotometer. The CD spectra were
measured from 200 to 350 nm in a 0.1 cm path length cuvette.
All spectra of the duplexes (25 uM, strand concn) were measured
at 4.0 °C in a buffer containing 50 mM sodium cacodylate and
100 mM sodium chloride, pH 7.0. CD spectra were recorded on a
JASCO J-720W spectrometer.

Immobilization of amino-labeled ODN

The amino-labeled ODN probe containing VU was diluted to a
concentration of 20 uM in 100 mM sodium cacodylate buffer
(pH 7.0). Spotting was accomplished by using 4 uL aliquots
from a standard micropipette. Binding of the amino-labeled ODN
probe containing VU to the surface was performed over a period
of 12 h at room temperature inside a desiccator. After probe
immobilization, the glass surface was rinsed with 0.1% SDS and
deionized water. The surface was deactivated with a solution made
of NaBH, (3.75 mg), PBS (1.5 mL) and ethanol (375 pL) over
a period of 5 min. The surface was subsequently washed with
deionized water, and dried.

Terminal labeling of RNA on a DNA chip

A glass chip spotted with a solution (4 L) made of 2 uM ODN(A)
and biotin-labeled ORN(U) in 50 mM sodium cacodylate buffer
(pH 7.0) and 100 mM sodium chloride was irradiated at 366 nm
for 1 h. After the chip had been washed with deionized water at
98 °C for 5 min, a PBS solution of streptavidin-Cy3 conjugate
(20 pg mL") was added to the surface, and the chip was washed
twice in PBS. Fluorescence measurements were performed on a
microarray scanner CRBIO II e (Hitachi), which was equipped
with a laser with an excitation wavelength of 532 nm.
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2006 was a very successful year for
Organic & Biomolecular Chemistry (OBC);
a success that we intend to build on during
this year. We would like to thank all of our
authors, referees, Editorial and Advisory
Board members for all their support and
hard work in ensuring that OBC remains
such a good quality journal. We look
forward to your continued support in 2007.

Throughout 2007, we will be looking
to publish even more of your best and

most exciting research work in organic
chemistry. Such timely research demands
a responsive, rapid review and production
service so that your latest results appear as
soon as possible. OBC remains proud of its
rapid times to publication, which continue
to be very competitive. Typical times to
publication average 43 days for communi-
cations and just 65 days for full papers.
ISI® impact factors provide an indica-
tion of a journal’s prominence: revised an-
nually, they take into account the number
of citations in a given year for all the cite-
able documents published within a journal
in the preceding two years. Impact factors
released in June 2006 showed an impressive
16% rise for OBC (2.55), substantially
more than the respectable average increase
of over 10% for RSC Journals in general.
We strive to make OBC a great place to
publish hot science of current and topical
interest. The immediacy index reflects this
as the ratio of the number of citations to
the number of articles in a given year.
The RSC immediacy index (0.79) in
combination with OBC’s ever increasing
prominence supports our commitment to
becoming organic chemistry’s best address
for announcing new and exciting research.

Celebrating 5 years

2007 marks the start of the fifth year of
publication for Organic & Biomolecular

Chemistry. OBC has grown and developed
considerably since publication began in
January 2003, and this year OBC will con-
tinue to keep standards of publishing
high.

We begin the New Year well with a great
selection of articles. This issue contains an
Emerging Area article by Karina Heredia
and Heather Maynard (K. L. Heredia and
H. D. Maynard, Org. Biomol. Chem., 2007,
5, 45) entitled ‘Synthesis of protein—
polymer conjugates.” There are also two
Perspective articles; one by Jonathan
Knowles and Andrew Whiting (J. P.
Knowles and A. Whiting, Org. Biomol.
Chem., 2007, 5, 31), which discusses the
mechanistic aspects of the Heck—Mizoroki
cross-coupling reaction; and one by
Marc Greenberg (M. M. Greenberg, Org.
Biomol. Chem., 2007, 5, 18) entitled ‘Eluci-
dating DNA damage and repair processes
by independently generating reactive and
metastable intermediates.’

This year sees the retirement of Profes-
sor Ben Feringa, University of Groningen,
The Netherlands, as chair of the OBC
Editorial Board. Ben has been involved
with the journal since its inception and his
knowledge, enthusiasm and support have
been greatly appreciated.

We would like to extend our sincere
thanks to Ben for all his hard work; he
will be missed by everyone involved with
the journal.
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This year also sees the retirement of
Associate Editor, Professor Peter Wipf,
University of Pittsburgh, US. Peter steps
down after four years’ service. Thank
you Peter for all your efforts, advice and
contributions.

We would also like to express our grati-
tude to Professors Chris Abell and Donna
Blackmond who are also retiring from the
OBC Editorial Board.

In 2007 we welcome to the Editorial
Board Professor Margaret Brimble, Uni-
versity of Auckland, New Zealand, Profes-
sor David Leigh, University of Edinburgh,
UK, and Professor Mohamed Marahiel,
Philipps University of Marburg, Germany.

OBC Lecture Award

There will be a number of initiatives
throughout the year to promote the
journal, such as the 2007 OBC Lecture
Award and sponsored events at con-
ferences. Professor Jesper Wengel, Uni-
versity of Southern Denmark, received
the inaugural OBC Lecture Award at the
Chemical Biology: Directing Biosynthesis
meeting last September in Cambridge,
UK. This prize, created by OBC to pro-
mote up-and-coming researchers, is one of
many awarded annually by RSC Publish-
ing. In 2006, RSC sponsored international
conference lectureships by more than 20
high-profile researchers to a sum of well
over £15000 (or $30000 USD). The 2007
OBC Lecture Award winner will be an-
nounced early this year.

DNA makes it
nanoscale

big on the

At a time when nanoscience remains in
the spotlight, we were pleased to present a
themed issue in September on DNA-based
nanoarchitectures and nanomachines. The
issue was guest edited by OBC Editorial
Board member, Itamar Willner, Professor
at the Hebrew University of Jerusalem,
Israel. The issue showcased some of the
most promising recent advances and gave
insights for future directions. We would
like to thank Itamar for all his hard
work in compiling this excellent issue and
highlighting this important area of science.

In addition to OBC’s high-quality
papers in the nano area, several RSC Jour-
nals and Books include related content and
due to the interdisciplinary nature of the

subject, the RSC has brought together this
wealth of nano material in one convenient
webpage, which is regularly updated. To
see the latest content, visit: www.rsc.org/
publishing/journals/nanoscience/.

Technological innovation

2006 has seen RSC Publishing invest
significantly in technological develop-
ments across all of its products. Introduced
last year, RSS feeds, or ‘really simple syn-
dication’, have proved extremely popular
with our readers. Subscribers receive alerts
as soon as an Advance Article is published
in their journal of choice, providing both
the graphical abstract and text from a
journal’s contents page. You can subscribe
via the OBC homepage.

Subscribers to OBC will now link from
journals’ contents lists straight through
to the HTML view of selected articles,
in just one quick step. Here you can
download references to citation managers
(such as EndNote, Ref Manager, ProCite
and BibTex), sign up for RSS feeds, search
for citing articles (otherwise known as
‘forward linking’), print the article with
just one click and send the article to a
friend or colleague.

From 2007, authors publishing in RSC
journals will see their science ‘come alive’
thanks to an exciting new project pio-
neered by the RSC. Enhanced HTML
in RSC articles will allow chemical and
biological compounds mentioned in the
text to be identified; by clicking on the
compound, readers will be able to obtain
further information about that compound,
including a downloadable structure plus a
list of relevant subject areas.

The RSC is the first publisher to utilise
the International Chemical Identifier
(InChlI) for a project of this type and scope.
The technology, a digital equivalent of the
IUPAC name for any particular covalent
compound, will be used to enhance RSS
alerts so that future news feeds can include
chemical structures and other enhanced
information, like ontology terms. RSC
Publishing intends to evolve this project
to match author and reader needs, so
tell us what you think: we welcome your
feedback on this new functionality and
will incorporate your ideas to develop
the service further. Find out more at
www.rsc.org/sciencecomealive.

Hot developments

Showcasing hot science from RSC Jour-
nals in Chemical Science, Chemical Tech-
nology and Chemical Biology has proved
very popular with readers and authors
alike. In fact, the free supplements have
become so successful that from January
2007, all issues will be eight pages (in
print), contain new article types and come
complete with a fresh new look for the
front page. Supplementary material will
also be available online.

Online readers of Chemical Biology can
also view a contents listing of all chemi-
cal biology articles published across RSC
journals, making it the best place to find
both news and research for those in the
field.

Meanwhile  Chemistry  World, the
RSC’s award-winning magazine, launched
two new web features at the end of 2006.
The Chemistry World Blogis an interactive
forum for news, discussion and opinion
looking at the science hitting the headlines.
The Chemistry World Podcast interviews
high profile scientists about the latest hot
topics in science and is free to download
at www.rsc.org/chemistryworld.

Molecular BioSystems now in
MEDLINE

Molecular ~ BioSystems continues to
strengthen its position and has had an
excellent year. From bioanalytical and
high-throughput techniques, microarrays
and chip-based microfluidic technologies,
to proteomics and biomarkers, the
journal focuses on the interface between
chemistry, the —omic sciences and systems
biology. The journal is now indexed in
MEDLINE, thus improving visibility in
the community.

Subscribers to OBC in 2007 will
continue to receive free online access
to  Molecular  BioSystems at
molecularbiosystems.org.

WWW.

Soft Matter spin out

It’s official: Soft Matter has separated
from host journal, Journal of Materials
Chemistry and is now a fully fledged solo
publication. Its availability since launch to
readers of Journal of Materials Chemistry
and the online hosts, Physical Chemistry
Chemical Physics, Organic & Biomolecular
Chemistry and Lab on a Chip, has
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ensured that Soft Matter received a large
and interdisciplinary audience from the
outset. OBC readers wishing to continue
to read Soft Matter now need to recom-
mend the journal to their librarian. Fill
in the online recommendation form at
www.rsc.org/libraryrecommendation.

RSC Open Science

Authors publishing in RSC Journals now
have the option of paying a fee in exchange
for making their accepted communication,
research paper or review article openly
available to all via the web with RSC
Open Science. The scheme is only made
available to authors once their papers
have been accepted for publication fol-
lowing the normal rigorous peer-review
procedures (RSC Open Science operates in
parallel with the normal publication route,
which remains free to authors). Authors
who have published their work in RSC
journals are also able to retrospectively
apply for their work to be included in the
scheme. Further information can be found
at www.rsc.org/openscience.

Not just journals. . .

As well as an impressive portfolio of
prestigious journals, the RSC has a wide
selection of products for anyone with an
interest in the chemical sciences. Visit
the shop at www.rsc.org/shop to browse

over 400 book titles, subscribe to or pur-
chase an individual article from Organic &
Biomolecular Chemistry or any other RSC
journal, join or renew RSC membership,
or register to attend a conference or
training event.

In addition, RSC Publishing is pleased
to announce the launch of the RSC eBook
Collection. RSC books are now available
online and can be easily downloaded as
either chapters or books. The collection
is fully searchable and also integrated
with RSC Journal content. To search the
collection or for further information, visit
www.rsc.org/ebooks.

And finally

We hope that you agree with us that OBC'is
an essential read for all researchers across

Professor Jay S. Siegel,
chair Editorial Board

the breadth of organic chemistry, and that
you enjoy the first issue for 2007. We are
always happy to receive feedback from
authors, especially if it helps us to further
improve the publishing experience. We
believe that RSC Publishing offers the best
service of any scientific publisher: because
of this, we have published a selection of
the comments that we have received from
authors from around the globe—take a
look at www.rsc.org/authorquotes.

These developments demonstrate the
investment in publishing products and
services over the past year, and 2007 will
see us enhancing our products further.

On behalf of the Organic & Biomolecular
Chemistry Editorial Board and the Royal
Society of Chemistry we wish all of you a
very happy and successful 2007.

~

g ——

Dr Vikki Allen, editor
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