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Abstract: Bimetallic ytterbocene complexes with bridg-
ing N-heterocylic ligands have been studied extensively
in recent years due to their potential applications rang-
ing from molecular wires to single-molecule magnets.
Herein, we review our recent results for a series of
ytterbocene polypyridyl bimetallic complexes to high-
light the versatility and tunability of these systems
based on simple changes in bridging ligand geometry.
Our work has involved structural, electrochemical, opti-
cal, and magnetic measurements with the goal of better
understanding the electronic and magnetic communica-
tion between the two ytterbium metal centers in this
new class of bimetallics.

Keywords: magnetic properties - metallocenes - UV/Vis
spectroscopy - ytterbium
\_ J

Introduction

The concept of designing molecular wires with tunable elec-
tronic and magnetic properties has been of great interest to
many researchers as a means of bridging the gap between
the atomic and bulk scale.''¥ Discrete assemblies having
two metal centers connected by a bridging ligand, which
show a pronounced and tunable electronic communication
between metal centers, are of particular interest. Ligand-
mediated metal-metal interactions allow the possibility of
delocalization of electron density over fairly long distances,
and in the emerging field of molecular electronics this repre-
sents one of the simplest electronic building blocks: a
molecular wire. Moreover, the establishment of a controlling
mechanism for this communication could potentially lead to
switchable logic states, which is essential for the develop-
ment of the basic elements of molecular electronic and
quantum computing devices.'>!7

Recently, an entirely new class of potential molecular
wires has been identified based on the pioneering efforts of
Andersen and co-workers on N-heterocyclic-based adducts
of ytterbocene.">*? The basic building blocks (Scheme 1) in
these ytterbocene systems are the neutral bis(cyclopenta-
dienyl) ytterbium bent-metallocene core and a polypyridyl
ligand in the metallocene wedge. For a {YbCp*,} core
(Cp*=CsMes) and a very broad range of ligands, a sponta-
neous charge transfer takes place between the nominally di-
valent 4f'* metal and the neutral polypyridyl ligand to give a
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Chemistry Division, Los Alamos National Laboratory
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Scheme 1. Building blocks for bimetallic ytterbocene molecular wires.

ground-state electronic configuration of Yb**(4f%)—L - (m*).
This stable charge-transfer ground state has been confirmed
by magnetic susceptibility and spectroscopic (NMR, IR, res-
onance Raman, and electronic) measurements."®?! The pro-
pensity for this charge-transfer process to occur, the general-
ity and versatility of polypyridyl ligands to function as bridg-
ing ligands between metal centers, and the uniqueness of
ground-state multimetallic polypyridyl complexes with elec-
trons in antibonding orbitals on the bridging ligand all con-
spire to make these bimetallic ytterbocene complexes excit-
ing new candidates for molecular wires and other electronic
and magnetic applications.

Efforts in our group and others have focused on the sys-
tematic characterization of the internal charge-transfer pro-
cess that exists in monometallic!®**? and bimetal-
1icl*221 ytterbocene polypyridyl complexes with the aim of
understanding the magnetic/electronic coupling that exists in
this class of materials. In the bimetallic systems, the sponta-
neous charge-transfer process leads to added complexity,
since the disposition of two electrons (one from each Yb
center) on the bridging ligand can result in many possible
electronic configurations. Elaboration and control of these
different configurations lies at the heart of our studies, since
the disposition of these antibonding electrons is expected to
dictate both electronic and magnetic interactions between
the metals. Systematic structural variations (i.e., progressive-
ly increasing metal-metal distances) have been one of our
key areas of focus due in part to the strong analogy between
bimetallic ytterbocene complexes and the widely studied
transition-metal bimetallic systems such as the Creutz-
Taube ion.”! In particular, the electronic structures of the
stable charge-transfer ground states in these ytterbocene
complexes (i.e., oxidized metal and reduced ligand) are
analogous to the excited electronic states in the d°® transi-
tion-metal polypyridyl complex, [Ru(bpy);]**, which have
demonstrated potential for a variety of applications in pho-
tovoltaic and electrochromic devices.>***!! Furthermore,
the ytterbocene charge-transfer complexes are readily ma-
nipulated by chemical or electrochemical means, so it may
be possible to tune the magnetic interactions between elec-
trons in these multiple-spin systems, providing an added
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benefit to ytterbocene-based systems over the classic Ru
polypyridyl template. This property is important for applica-
tions in the emerging fields of molecular magnetism® and
spintronics.[*

This review consolidates and integrates recent work in
our group on these ytterbocene—polypyridyl systems.”>%
We have considered not only the effects of increasing the
metal-metal separation, but also the effects of changing
bridging ligand geometry to alter the symmetry of the
metal-metal vectors (Scheme 1). The results for the bimetal-
lic systems are placed in context by comparison to their
monometallic analogs and related transition-metal systems.
The complexes that are discussed (1-8) are shown here. Due
to the complex nature of these systems, our approach has
been to study each complex by cyclic voltammetry, electron-
ic absorption spectroscopy, NMR spectroscopy, single-crystal
X-ray crystallography (when crystals form), and magnetic
susceptibility. Density functional theory has also been used
to aid in understanding the orbital pictures of the various
polypyridyl ligands,”"*! but will not be discussed here.

Ybi_ ]
% N
‘\
1 [YbCp*.(bpy)] 2 [YbCp*,(tpy)]
P~ W N -
I ) — N
Yb N —4 N—Yb
| N 9 5
Xy IN -
% /- \

:

6 [(YbCp*,),(1,3-dth)]

5 [(YbCp*,),(1,4-dtb)]

Discussion

Syntheses and structures: The neutral complexes 1-8 were
prepared by adding a solution of [YbCp*,]-OEt,* in tolu-
ene to the nitrogen ligands at room temperature under inert
atmosphere to provide complexes ranging in color from
dark green to dark blue in moderate to good yield. The neu-
tral products are soluble in toluene and tetrahydrofuran
(THF) and display limited solubility in alkane solvents. In
addition, the neutral complexes react with halogenated sol-
vents and there is some evidence that the polypyridyl
ligands are displaced by solvent in acetonitrile. The neutral
species are quite air and moisture sensitive, decomposing
quickly to provide uncharacterized brown material. The in-
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tense, deep colors of these materials are a result of the spon-
taneous charge transfer that occurs upon ligand complexa-
tion. The optical spectra (vide infra) are dominated by the
n—-n* and/or m*—w* transitions associated with the reduced
ligands. The oxidation reactions of the neutral complexes
were carried out in a straightforward manner employing
common oxidants such as ferrocenium hexafluorophosphate,
or silver salts (AgX; X=I, SO;CF;, PF,, B(C¢Hs),, B(CiF5),)
in THF resulting in complexes that are typically orange in
color. The oxidation products are extracted into methylene
chloride and the solvent removed to yield orange to brown
powders. The cation complexes display remarkable stability
when compared to the neutral species as evidenced by their
long-term solution stability and limited air stability.

Despite the large chemical shift window (—48 to 196 ppm)
associated with the neutral complexes as a consequence of
the charge-transfer induced paramagnetism, '"H NMR spec-
tra were collected for all complexes and are in good agree-
ment with the structures shown above and Figure 1. In some
cases, not all proton peaks were identified, presumably due
to the presence of the para-
magnetic metal centers and/or
a radical bridging ligand. Res-
onances for the dicationic spe-
cies were more easily defined
due to the neutral, diamagnet-
ic status of the bridging ligand.
On the basis of these NMR
data, the bimetallic complexes
were inferred to be highly
symmetric in solution suggest-
ing that the polypyridyl moiet-
ies freely rotate about the
polypyridyl-aryl bond.

X-ray crystal structures were
obtained by our group and
others for 1,% 2, 3, and 6 and
— cations 1%, 2*,and 3**. A var-

) iant of complex 4, [{Yb-
(CsEtMey),},(qtp)] (referred to
as 4'), was also obtained. The

structures of complexes 2, 4,

and 6 are shown in Figure 1.

For complex 2, the tpy ligand

is bound in a tridentate manner within the ytterbocene
wedge. The central Yb—N bond length is 2.41(1) A and the
outer Yb—N distance is 2.42(1) A, which is about 0.1 A
longer than reported for 1.%1 This may be due to a signifi-
cant steric interaction between the exterior pyridyl groups
and the Cp* rings. This interaction is also manifested in the
Yb—Cp*(centroid) distances for 2 (2.44 versus 2.32 A for 1).
However, the Cp*(centroid)-Yb-Cp*(centroid) angle is es-
sentially the same for both complexes (138° for 2 and 139.3°
for 1). Comparison of the bond lengths and bond angles of
complex 2% to 2 reveals that the mean Yb—N bond length
(2.44 A) is slightly elongated relative to the neutral conge-
ner 2 (2.41 A). Furthermore, we observe that the Yb—Cp*-

Chem. Eur. J. 2008, 14, 422431
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Figure 1. Thermal ellipsoid representation of 2, 4, and 6 (35 % probabili-
ty ellipsoids). The hydrogen atoms have been omitted for clarity. The

Cpy-Cpy-Car-Ca, torsion angles are shown in red for clarity (4 4.15°; 6

33.5°). Data from referencees [25-27].

(centroid) bond length of 2+ (2.38 A) contracts relative to 2
(2.44 A). These trends are consistent with values observed
previously for the bpy complex (Table 1) and can be attrib-
uted to electrostatic differences between the two redox con-
geners.['¥)

Like 2%, a slight elongation of the Yb—N bond lengths
and a contraction of the Yb—Cp*(centroid) distance are ob-
served upon oxidation of 3 to 3** (Table 1). The relatively
small changes observed in the aforementioned coordinates
for the tppz complexes could be due in part to the fact that
the charge can now be distributed between two metal sites.
A significant lengthening of the Yb—YD distance is observed
upon oxidation (7.57 A for 3 and 7.628 A for 3**), which
compares to values between 6.2-6.9 A reported for transi-
tion-metal, n’-bound, tppz complexes.>*¥*! In addition to
the lengthening of the Yb—Yb distance, a relaxation of the
ligand torsion angles (C,,,-C,,,-C,,,-C,,,=55° for 3 and 39°
for 3’*) is observed and is evidence that steric interactions
between the two metal centers are significant.”! Of the re-
ported bimetallic structures containing the qtp ligand, the
average torsion angle between the two tpy portions is ap-
proximately 4° and metal-metal separations range from
10.8-11.5 A.#*! For the two reported bimetallic dtb struc-
tures, one has a torsion angle (defined by the angle between
the bridging aryl group and the tpy portion of the ligand) of

Table 1. Selected bond lengths [A] and angles [°] for 1,2, 2+, 3**, 4, and 6.

CONCEPTS

3.6°, while the other possesses an angle of 37.6°; the angle
between the two tpy fragments are 6.1 and 2.3°, respectively,
with corresponding metal-metal separations of 15.2 and
15.7 A% Qur expectation for the qtp (4') and dtb (6) geo-
metries discussed here is that the bridging ligands will be
nearly planar in the solid state. This is due to the fact that
the structure of the related qtp complex 4’ possesses a
tpy-tpy torsion angle of 0.4° (see highlighted angle in
Figure 1) and a metal separation of 11.8 A. Furthermore,
the electronic behavior of these complexes (vida infra) sug-
gests that there is significant interaction across the bridging
ligand, which argues against an orthogonal orientation of
the two {YbCp*,(tpy)} fragments.

To the best of our knowledge, the structure for 6 repre-
sents the first case of a 2:1 metal-to-ligand adduct of the
1,3-bis(tpy) framework.’ In fact, it represents only the
second structurally characterized case of a 1,3-bis(polypyri-
dyl) complex; the other being a trinuclear copper(I)-bipyri-
dine-based complex.”!! One of the key features of the struc-
ture of 6 is that both tpy moieties bind to the ytterbium in a
tridentate manner with an average Yb—N distance of
2.391(8) A and an average Yb—Cp*(centroid) distance of
2.48(1) A. Both values are statistically indistinguishable
from the previously reported monometallic analog 2 with
Yb—N(av) and Yb—Cp*(centroid) distances of 2.42(1) and
2.44(1) A, respectively.”” Both tpy groups are torsionally ro-
tated out of the plane defined by the tolyl spacer by 26 and
41°. The angle separating the planes defined by the tpy moi-
eties is 56° (see highlighted angle in Figure 1). The Yb—Yb
through-space distance is 13.7 A, which compares to an
average value of 15.4 A for the three transition-metal com-
plexes employing the 1,4-dtb ligand.[*34*>2

Electrochemistry: Room-temperature voltammetric data for
neutral complexes 1-8 in 0.1m [(n-C,H,),N][B(CFs),[/THF
are presented in Figure 2. Metrical data extracted from
these voltammograms are summarized in Table 2. Although
the Yb metal centers in these complexes are generally oxo-
philic, solutions of the complexes in THF were found to be
stable for hours. In fact, while THF is a rather poor solvent
for electrochemistry, because of its low dielectic constant, its
use is dictated to ensure sample integrity. In more common
electrochemical solvents such as acetonitrile, the complexes

1[18] 2[25] 2+ [26] 3[25] 32+[26] 4![26] 6[27]
bond lengths
Yb—Nean 2.32 2.41 2.44 243 2.45 2.404(7) 2.391(8)
Yb—Neeniral NA 2.41(1) 2.440(9) 2.42(1) 2.438(9) 2.327(7) 2.334(7)
Yb—N,minal NA 2.42(1) 2.433(9) 2.43(1) 2.452(9) 2.449(7), 2.436(7) 2.419(8)
Yb—Yb N/A N/A N/A 7.57 7.628 11.809 13.7
Yb—Cp* e 2.34 2.44 2.38 242 2.406 2.418 2.48(1)
bond angles (ave)
Cp* cent- YB-Cp* ey 139.3 138.3 N/A 140 139.2 135.62 137.2
CoyirCoyirCarCar N/A N/A N/A 55 39 N/A N/A
CoyrCoyrCarpynCarpyr) N/A N/A N/A N/A N/A 4.15 335
Ny Coyr Coyrpyz) Npyz 3 1 3 24 18 12.7 4.1

Chem. Eur. J. 2008, 14, 422 -431
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in solution. Thus, the voltammetric waves must be ascribed
to a metal-based one-electron reduction step (4f°—4f')
and a ligand-based one-electron oxidation step (L'~ —L?).!
For the bimetallic complexes, 3-5, 7, and 8, there are two re-
duction waves and two oxidation waves observed in the po-
tential region from ~0 to —3.0V versus [(CsH;),Fe]*"
(Figure 2). These four waves are all chemically reversible
- 5 one-electron processes at all scan rates with the exception of
the second reduction wave for 3 and 4 that becomes reversi-
ble only at fast scan rates.

Assignments for these voltammetric waves for the bimet-
allic systems follow from the results described above for the
monometallic complexes. Specifically, the two reduction
waves are attributed to a one-electron reduction of each
metal center, and the oxidation waves are attributed to two
successive one-electron oxidation steps for the doubly-re-
duced bridging ligand. Complex 6 also exhibits two reversi-
ble, bridging ligand-based oxidation waves; however, the
most notable feature in the voltammetric properties of 6 rel-
ative to all other bimetallic ytterbocene complexes we have

(=)

Current / arb. units

Potential / V vs [(C{H),Fe| "

Figure 2. Cyclic voltammograms at a Pt disk working electrode in 0.1m
([(n-(C4Hyo),N][B(C4Fs),J/THF at room temperature of complexes 1-8.
Scan rates were 200 mV's™'. unless indicted otherwise. Concentrations of
all analytes were ~5 mm. Currents are in arbitrary units to facilitated
comparisons. Data from references [23,25-28].

readily decompose. Note, however, that when using low die-
lectric solvents like THF, the choice of electrolyte is crucial
to ensure optimal voltammetric behavior. As noted in sever-
al recent reports, [(n-C4H,),N][B(C¢Fs),] and similar fluori-
nated phenyl borate salts provide the necessary solution
conductivity to make these studies possible.*>

For the monometallic complexes 1 and 2, all physical
characterization data (magnetic susceptibility, NMR, opti-
cal) attest to the dominance of the paramagnetic [4f -m*!]
Yb™L" species at room temperature in the solid state and

investigated is that only a single metal-based reduction wave
is observed in this potential region.””!

The most salient voltammetric parameter to assess elec-
tronic interactions between metal centers in these bimetallic
systems is the potential separation between the waves asso-
ciated with the metal-based processes (A(E;,)[Ma—Mjg] in
Table 2). In the absence of any metal-metal interaction, one
might expect the metal-based processes to occur at the same
potential (i.e., two superimposed one-electron waves) with
perhaps a slight offset (~36 mV) due to statistical (en-
tropic) factors.”™ The actual value is quite large for 3
(600 mV), for which the metal-metal distance is smallest
(7.57 A), but remains significant even for the bridging-
ligand complexes with larger metal-metal separation
(220 mV for both 4 and 5). Notably, for the corresponding
bimetallic ruthenium complexes (for which the pertinent
metal-based voltammetric waves are oxidative in nature),
the separation is ~300 mV for the tppz system, but goes to
zero for both qtp and dtb. The value for 8 (230 mV) is com-

Table 2. Summary and comparison of redox datal®! for ytterbocene complexes and ruthenium(II) congeners."”

Metal-based

Ligand-based

El/Z (Ll) El/Z (LZ) El/Z (MA) El/Z (MB) ‘ AE‘I/Z | [MiL] (e | AEI/Z | [MAiMB] | AEI/Z | [meLb]
1 ~1.67 N/A —2.46 N/A 0.79 N/A N/A
2 172 N/A ~2.56 N/A 0.84 N/A N/A
3 ~0.58 141 221 —2.81 0.80 0.60 0.83
4 ~1.12 ~1.61 —2.57 —2.79 0.96 022 0.49
5 —1.45 ~1.64 —2.37 —2.59 0.73 022 0.19
6 ~1.56 ~1.70 —243 N/A 0.73 0 0.14
7 ~1.50 ~1.63 ~236 —2.45 0.73 0.09 0.13
8 ~1.50 ~1.66 ~220 —243 0.54 023 0.16
(Ru),(tppz)]** ~0.35 —0.85 1.40 1.70 1.75 0.30 0.50
(Ru),(qtp)]*+ ~0.93 —124 1314 N/A 224 0 031
—1.184 N/A 1274 N/A 235 0 0

a] All values in volts. E,, values are versus [(CsHs),Fe]*" in 0.1m [(n-C,H,),N][B(C¢Fs),J/THF at room temperature. [b] The (Ru), unit refers to
(ttpy)Ru}, in which ttpy =4"-tolyl-2,2:6'2""-terpyridine. Data for [(Ru),(BL)]** (BL =tppz, qtp, 1,4-dtb) in 0.1m [(n-C,H,),N]BF,/CH,CN versus SCE at
room temperature from reference [57]. [c] Separation in E;;, values between the closest metal- and ligand-based voltammetric waves. This parameter is a
rough measure of the stability of the spontaneously formed charge-transfer state in the ytterbocene systems. [d] Assigned as a two-electron process, refer-
ence [57].

[
[
[(Ru),(1,4-dtb)]*+
[
{

426 ——— www.chemeurj.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 422431



www.chemeurj.org



Coordination Chemistry

parable to that observed for the 1,4-substituted tpy-based
dimer (5; 220 mV), indicating some weak interaction be-
tween the metal centers in 8, while the value for 7 (90 mV)
is approaching the limit of noninteracting metal centers.
Finally, for 6 the reduction processes for the two metals
have collapsed into a single wave indicating that the metal-
metal interaction is negligible. A more detailed analysis of
the peak current behavior of the reduction wave for 6
versus scan rate shows that it is not a concerted 2e” process,
but is instead a simple overlap in potential of two le~
steps.’!

We have also included in Table 2 the published data for
the structurally related bimetallic ruthenium complexes of
these same bridging ligands™"”! to provide a valuable base-
line for comparison of metal-metal interactions across
nearly identical bridging-ligand distances. A key difference
between the ytterbocene systems and the corresponding bi-
metallic ruthenium complexes is the electronic configuration
on the bridging ligand. For the ytterbocene complexes, the
metal-based reduction waves occur in the presence of a
doubly reduced bridging ligand. For the ruthenium com-
plexes, the metal-based oxidation waves occur with a neutral
ligand connecting the metal centers. Apparently, electron
occupation in the antibonding ligand orbital greatly facili-
tates the redox communication between metals in the ytter-
bocene complexes.

As a final note on the voltammetric data, we have at-
tempted throughout the course of these investigations to un-
derstand and compare the ligand-based redox processes as
they, too, should provide information on the disposition of
the electrons on the bridging ligand in the neutral (doubly-
reduced ligand) bimetallic complexes. All uncomplexed
bridging ligands exhibit two or more one-electron reduction
waves.>21 For simple polypyridyl ligands, the first two re-
duction waves are typically attributed to the sequential addi-
tion of two electrons into the lowest unoccupied st* molecu-
lar orbital to give the radical anion and dianion, respective-
1y.¥ In these cases, the spacing between the waves can be
associated loosely with the electron spin-pairing energy in
the same orbital. The observed behavior in our systems is
not so simple, presumably because most bridging ligand, in
their unligated state in particular, are able to adopt twisted
geometries that would tend to spatially localize the low-
lying mt* orbitals on separate ends of the bridge. Further, we
see no strong correlation between the separation of the re-
duction waves for the unligated systems and the separation
of the oxidation waves in the bimetallic complexes (which
correspond in principle to removal of the same electrons as
added in the free ligand reduction steps). The absence of a
correlation is believed to provide evidence for different
bridging ligand geometries for the free ligand and the coor-
dinated ligand, because of structural restrictions imposed by
the presence of the {YbCp*,} metal fragments.

Optical spectroscopy: UV/Vis/near-IR electronic absorption

spectral data have been obtained for complexes 1-8 as neu-
tral species in THF, and 1%, 2+ and 3**-8** as cationic spe-

Chem. Eur. J. 2008, 14, 422 -431
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cies in either CH,Cl, or THF. The complexity of these spec-
tral data precludes a detailed assignment of all observed
electronic transitions. Instead, our focus has been on the
spectral commonalities and differences between and among
the complexes in the different oxidation states, concentrat-
ing on aspects that will assist in assigning the ground-state
electronic configurations and might reflect the degree to
which the metal centers in the bimetallic complexes interact.

Neutral complexes: The optical spectral data for the neutral
complexes (Figure 3) show good correspondence with re-
spect to the number, energy, and intensity of the bands
among the complexes in the bpy-based series (1, 7, 8). How-
ever, there is greater variability in these data among the
complexes in the tpy-based series (2-6) that reflects changes
in the electronic configurations for these species with chang-
ing geometries as described in more detail below. All com-
plexes possess a series (three to four) of vibronically struc-
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Figure 3. Electronic absorption spectra for neutral species 1-8 in THF.
Data from references [23,25-28].
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tured bands of moderate to high intensity that spans the
near ultraviolet and visible regions of the spectra. The inten-
sities suggest that these electronic transitions are electric
dipole allowed, and the bandwidths and varying degrees of
vibronic structure indicate that there are Frank-Condon
active vibrational modes coupled to these electronic states.
The occurrence of these intense bands well into the visible
spectral region is a clear indicator that the bridging ligands
are in all cases in a reduced state with electrons in 7t* orbi-
tals. The UV/Vis region for complex 3 has these transitions
shifted to even lower energy than seen for the other com-
plexes and reflects the unusual electronic properties of com-
plexes of the tppz ligand.

Substantial differences can be found in spectral compari-
sons of bimetallic complexes 3—-5 versus complexes 6-8. Two
significant observations capture these differences and enable
us to make definitive assignments of the ground-state elec-
tronic configuration for these bimetallic complexes. First, in
monometallic systems 1 and 2, the principal bands at
~17000cm™! and ~11000cm™' have been attributed to
polypyridyl-ligand-based transitions derived from the open-
shell radical-anion configuration on the basis of observations
of nearly identical bands in alkali-metal-reduced free bpy®!
and tpy.”® These bands are, in effect, signatures for the radi-
cal electronic structure of an open-shell ligand . Second, for
complexes 3-5, the NIR spectral region is dominated by the
very intense, narrow band at ~10000 cm™" that has been as-
signed to a transition derived from the doubly reduced
ligand dianion. This dominant feature is the hallmark of the
singlet dianion bridging ligand structure (i.e., (7%)*).*"! Note
that the band energies and widths in the visible region for
6-8 are much more comparable to those for the monometal-
lic complexes 1 and 2 than are those in the bimetallic com-
plexes in 3-5. Further, there is no evidence for the diagnos-
tic ~10000 cm™' band in the spectrum of complexes 6-8.
Thus, the strong correlation in the spectra of monometallic
systems 1 and 2 with those of their corresponding bimetallic
systems 6-8, and the absence of the diagnostic transition as-
sociated with the singlet dianion bridging ligand in the spec-
trum of 6-8 lead to a description of the electronic structure
in bimetallic species 6-8 as two effectively independent
{[Yb**Cp*,(L"")} moieties with a net electronic configuration
of (4f4)"(mt,*)!(m,*)'(4f5)". In contrast, the presence of the
spectral signature for the bridging ligand dianion leads di-
rectly to the assignment of the electronic configuration in 3
5 of (4f,)"(n*)*(4f5)". Thus, the ligand-based orbital hous-
ing the two electrons in neutral complexes 3-5 most likely
spans the entire ligand framework, whereas in the diradical
systems 6-8 there must be a localization of ligand orbitals
on each half of the bridging framework with each orbital ac-
commodating one electron.

The presence of 4" metal centers in these neutral species
might be expected to engender metal-localized f—f transi-
tions in these spectral data that should be most informative
with respect to metal-metal interactions. Unfortunately,
these transitions are known to be fairly weak and lie at
~10000 cm™! (vide infra), and therefore are obscured by the
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much more intense n—* and m*—m* transition in this region
for all the neutral complexes considered here.

Cationic complexes: The optical data for the dicationic spe-
cies 3**—8* and the monometallic cations 17 and 2+ were
collected over the entire UV/Vis/near-IR range. These spec-
tral data are significantly simplified relative to the neutral
complex data, because these species no longer possess elec-
trons in polypyridyl-based mt* orbitals that produce the in-
tense transitions throughout the visible and near-IR range.
In fact, the absence of ligand-based m* electrons in these
systems provides the means to focus directly on the spectral
manifestations of metal-metal interactions, since the poten-
tial influence of singlet or triplet ligand diradicals versus sin-
glet dianions on metal communication has been eliminated,
leaving only the influences of metal-metal separation and
ligand-based structural distortions to consider. The UV/Vis
spectral region for all these complexes is comparable and
has been discussed in detail elsewhere.?>>2% Here, we focus
on the important new spectral feature, namely the emer-
gence of the f—f transitions deriving from the 4f' electronic
configuration for the ytterbium center(s).

Figure 4 shows the striking energy and intensity compari-
son of the f—f spectral region for the (di)cationic complexes.
Of the tpy-based systems, the behavior of 3** is clearly the
outlier because both principal peak positions and intensities
differ from those observed for the other tpy-based (di)cat-
ions. These spectral data for 3** clearly illustrate a much
stronger electronic perturbation reflecting significant metal—
metal interaction across this shortest of metal-metal distan-
ces. For the other tpy-based systems (2%, 4%, 5*",and 6*"),
the energies of the principal peaks are nearly identical, and
one must turn to intensity considerations to discern differen-
ces. Specifically, the integrated intensities in the bands for
4+ and 5°* are ~2x that of 2*. However, careful consider-
ation of the individual lineshapes in the spectrum of 4°* sug-
gests that each principal band is in fact two very closely
spaced, narrower bands similar to those seen in 2%, but un-
resolvable at this level of spectral resolution. A similar sit-
uation exists for the bands in 5°*, but here the spacing be-
tween unresolved features is even smaller than in the spec-
trum of 4**. This interpretation is consistent with a very
small metal-metal interaction in 4°* that leads to a small,
but noticeable splitting of the f-f transitions, and an essen-
tially negligible metal-metal interaction over the larger
bridging ligand separation in 5°F, such that the integrated
intensities approximately double without individual band
splittings. Finally, the data for 6°* are consistent with the
electrochemical result indicating that the metal-metal inter-
action has been turned off. For this system the band posi-
tions and relative intensities are identical to those found in
the monometallic cation (2%1), but here the peak intensities
(as well as the integrated intensities) increase by 2 x relative
to those in 27.

The f—f spectral region of the bpy-based systems (17, 7°%,
and 8*; Figure 4 right panel) portrays a situation similar to
that found for the tpy-based systems. Here the peak ener-
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Figure 4. The f—f NIR region for dicationic bimetallic and cationic mono-
metallic complexes in CH,Cl, or THF. Data from references [23,25-28].

gies and relative intensities for the bimetallic dications are
identical to those found for the monometallic cation. How-
ever, the absolute intensity comparison among these spectra
provides no additional insights. Surprisingly, the intensities
in the individual bands remain unchanged across this series
of complexes. Thus, while the comparability in band ener-
gies and relative intensities reflects a lack of metal-metal in-
teraction as expected based on the electrochemical result,
the invariance in intensity (particularly in comparison to the
behavior seen in 6% vs. 2%) between monometallic and bi-
metallic systems remains puzzling. We know of no published
reports making the direct comparison of f—f spectral data for
structurally homologous single-molecule monometallic
versus bimetallic lanthanide or actinide complexes.

Magnetic susceptibility: Susceptiblity data were obtained on
microcrystalline samples sealed in borosilicate glass NMR
tubes as described in detail previously.***? The monome-
tallic complexes 1 and 2 are interesting in that they do not
obey the Curie—-Weiss law, and they have room-temperature
magnetic moments of 2.4 and 3.77 pg respectively, which are
lower than expected for a simple Yb™ ion and an uncoupled
organic radical (4.85 pg).'® The differences in the observed
magnetic moments of these complexes from that predicted
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for uncoupled moments have been attributed, in the case of
1, to antiferromagnetic coupling of the Yb™ and organic
radical unpaired electrons.'¥ The complexity of the Yb'-
ion/ligand-radical coupling remains a source of intense anal-
ysis that is presently being addressed with additional tech-
niques such as magnetic circular dichrosim (MCD) to more
completely describe the nature of the magnetic coupling in-
teraction.

The magnetic susceptibilities () for compounds 2-8 were
measured as a function of temperature (Figure 5). The de-
pendence observed for the y~! versus T plots reveals that
complexes 3 and 5 obey the Curie-Weiss law to approxi-
mately 50 K. Below 50 K the y~' versus T data begin to di-
verge from linearity. For 4, the y versus T data increase and
achieve a maximum at approximately 13 K. This feature is
reproducible for multiple samples prepared from different
formulations and is indicative of Yb™-Yb™ antiferromag-
netic spin exchange of the type Yb(a)BL(ap)Yb(B) (BL=
bridging ligand) in which the dianionic bridging ligand
serves to mediate the metal-metal interaction. For complex
5, a weak feature at around 10 K is observed that has been
ascribed to an antiferromagnetic coupling effect. The basis
of the observed low temperature magnetic coupling behav-

1 ! mol/em®

100 200 300

¥T /em’® K/mol

50 100 150 200 250 300 350
T/'K

Figure 5. 1/y (top) and yT (bottom) versus 7 for complexes 2-8 as micro-
crystalline solids at 0.1 T. Data from references [25-28].
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ior arises due to the observed electronic ground state [(4f)"-
(7*)*(41)"] associated with 5.

The ! versus T plots for complexes 6-8 depart dramati-
cally from the Curie law and exhibit a temperature-depen-
dent profile reminiscent of monometallic analogs such as
complexes 1, 2, and [YbCp*,(4'-CN-tpy)].?"! This monome-
tallic-like behavior would suggest that the 1,3-geometry in 6
and 7 has inhibited magnetic coupling across the bridging
ligand. Surprisingly, the 1,4-geometry in 8 has also caused
this inhibition unlike the behavior observed in the linear tpy
complexes 3-5. Furthermore, the behavior observed in 6-8
is consistent with the two ytterbocene/tpy or the two ytter-
bocene/bpy moieties behaving as independent magnetic
units. Thus, the spin interactions between each Yb** ion and
its localized ligand radical must dominate the interaction
between the two spatially isolated ligand radicals on the
bridge. This would result from a poor spin delocalization
onto the phenyl bridge fragment due to inherently poor
electronic communication across the 1,3/1,4-(2,2’-bipyridyl)-
C¢H, unit and/or substantial ring torsions about the bpy—Ph
bonds. Elucidating the sign and magnitude of the exchange
coupling between the metal and ligand-radical spin carriers
in this limit is complicated due to the presence of trace mag-
netic impurities leading to Curie tails and potential subtle
differences in ligand field effects. Based on recent unpub-
lished results for complexes 1 and 2 from MCD analysis, we
are hopeful that similar studies on the bimetallic systems
will shed light on the magnetic behavior of these unique
complexes.

Conclusion

The X-ray, NMR spectroscopic, electrochemical, optical,
and magnetic characterization described herein for bimetal-
lic ytterbocene complexes clearly illustrate the effects of the
bridging polypyridyl ligand geometry on the electronic and
magnetic behavior associated with these complexes. At the
most fundamental level, the bridging ligand geometries and
coordination modes have been found to dictate the electron-
ic configuration on the ligand that derives from the sponta-
neous charge transfer from the two metal centers. The linear
tpy-based bimetallic systems (3-5) all exhibit a singlet dia-
nion structure [(4f,)"-(s*)*(4£5)"], even though 4 and 5
could in principle undergo a torsional distortion within the
bridge that might break symmetry and localize the ligand
spins. All other bimetallic complexes, even 8 which possess-
es a linear bridging ligand motif, are best described as
having a diradical bridging ligand [(4f))"-(m*,)-(7*,)'-
(4f3)"]. These diradical complexes appear to have spatially
isolated radicals such that the YbCp*,—polypyridyl moieties
behave in the same manner as their respective monometallic
analogues. This localization of spins on the bridging ligand
may be a consequence of a dominant metal-radical interac-
tion and/or a torsional distortion within the bridging ligand
that breaks symmetry, but our data are inconclusive on this
point. It is clear that the metal-radical interaction (as op-
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posed to metal-metal or radical-radical) dominates the
magnetic and electronic coupling in these diradical systems,
since both bulk susceptibility and electronic spectroscopic
behavior mirror that found in the monometallic analogues.
In contrast to these diradical complexes, the singlet dianion-
ic systems show enhanced metal-metal coupling in both
magnetic and electronic domains, and the anticipated de-
pendence of the strength of electronic coupling on the inter-
metallic separation is clearly observed. Ongoing studies are
implementing magnetic circular dichroism spectroscopy to
isolate the f—f transitions in the neutral complexes to better
understand the magnetic coupling interactions in these com-
plexes. In addition, new ligand architectures to create trime-
tallic systems in which spin frustration may be present are
being pursued.
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Abstract: Conventional glasses based on oxides have
transparency limited by phonon absorption in the near

Keywords:
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R region and have a limited interest for analyzing in-

formation located far beyond the visible. The IR spec-
tral domain is nevertheless of prime interest, since it
covers fundamental wavelength ranges used for thermal
imaging as well as molecular vibrational signatures.
Besides spectacular advances in the field of IR detec-
tors, the main significant progresses are related to the
development of IR glass optics, such as lenses or IR op-
tical fibres. The field of IR glasses is almost totally do-
minated by glasses formed from heavy atoms such as
the chalcogens S, Se and Te. Their transparency extends
up to 12, 16 and 28 pm for sulfide-, selenide- and the
new generation of telluride-based glasses, respectively.
They cover the atmospheric transparency domains, 3-5
and 8-13 um, respectively, at which the IR radiation can
propagate allowing thermal imaging and night-vision
operations through thick layers of atmosphere. The de-
velopment of new glass compositions will be discussed
on the basis of structural consideration with the objec-
tive of moulding low-cost lenses for IR cameras used,
for instance, in car-driving assistance. Additionally, mul-
timode, single-index, optical fibres operating in the 3 to

2 um window developed for in situ remote evanescent-

wave IR spectroscopy will also be mentioned. The de-
tection of molecular IR signatures is applied to environ-
mental monitoring for investigating the pollution of un-
derground water with toxic molecules. The extension of
this technique to the investigation of biomolecules in
three different studies devoted to liver tissues analysis,
bio-film formation, and cell metabolism will also be dis-
cussed. Finally we will mention the developments in the
field of single-mode fibres operating around 10 um for
the Darwin space mission, which is aiming at discover-
ing, signs of biological life in telluric earth-like exo-
planets throughout the universe.
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CONCEPTS

Conventional Oxide Glasses and their Limitations

The concept of glass is usually associated with a transparent
material that transmits light in the visible range, typically
from blue at wavelengths around 400 nm to the red near
700 nm. This very narrow spectral region corresponds
indeed to the sensitivity domain of the retina and constitutes
a key factor in our perception of the world. Vitreous materi-
als play an important role in our daily life, since windows or
glass containers establish a mechanical barrier between two
media, while allowing propagation of light. Savouring fine
wine in a Baccarat transparent glass gives us a different feel-
ing than using an opaque ceramic or plastic container. The
conventional glasses are dominated by the exceptional glass-
forming ability of silica SiO,, which can be combined with
others glass formers such as P,Os and B,0; or glass modifi-
ers such as CaO and Na,O. The role of the glass formers is
to introduce into the polymeric covalent framework building
units other than the SiO, tetraheda such as PO,, BO;, and
BO, units, which influence many parameters such as the vis-
cosity temperature dependence, resistance to crystallization
and so forth. The function of the modifiers is to bring addi-
tional oxygen atoms, which results in lowering the unit’s
connectivity by formation of non-bridging atoms interacting
with the modifiers cations by coulombic forces. These oxide-
based glasses are ideal for achieving this transparent barrier
function, since they transmit light from the near UV to the
mid-IR region around 3 um. The limitation of the transpar-
ency in the UV region is due to energy absorption by elec-
trons involved in chemical bonds, while the optical loss in
the mid-IR region is attributed to phonon energy absorption
coming from the vibrational modes of the glassy network,
which can be regarded as a giant inorganic polymer.

The spectral window that extends from the red to the
mid-IR region is of limited interest in our everyday life,
since our eyes are not sensitive to this range of wavelengths.
Nevertheless a remarkable technological development has
brought attention to this spectral region with the advent of
optical communication. Indeed it is now well established
that the best way to carry information with high speed and
density is to transport binary signals (bits) as an optical
signal travelling into the core of a silica optical fibre. Light-
propagation studies show that the ultra-low loss optical
window of SiO, is located near 1.55 pm, far from the UV
and the phonon region in the IR region. To reach the ulti-
mate level of transparency, high purity silica is necessary
and this objective can be reached by converting high purity
SiCl, vapour into SiO, by reaction with oxygen. Ultra-trans-
parent optical fibres are now routinely prepared, reaching
the minimum theoretical loss of 0.2 dBkm™' provided that
the transmitted light has a wavelength close to 1.5 um. In
this condition the information propagates at a speed of
about 200000 kms™" and the signal is regenerated and am-
plified about every 80 km. Our planet is now networked
with silica fibres (Figure 1) through which IR light carries

— 433

www.chemeurj.org



www.chemeurj.org



CHEMISTRY—

J. Lucas et al.

A EUROPEAN JOURNAL

1 copper cable:
<1000 phone calls,
Goonhilly €=

1 optical fibre
>10 million phone
calls

D]ibou!T?

Figure 1. Part of the undersea telecommunications cable network con-
taining silica-glass optical fibres in which near IR light propagates and
carries information.

voices, images and data over very long distances and across
oceans. Chemistry has played and continues to play a key
role in these fascinating developments.

Overall, the glass industry is dominated by conventional
silicate-based glasses that have found markets in many
diversified domains such as building, television, car industry,
telecommunications, cookware, optics, containers and so
forth. However, despite their extremely high level of techno-
logical development, these materials suffer from an intrinsic
limitations associated with their chemical composition. Sili-
cate, phosphate and borate glasses are all oxide-based mate-
rials, made from light elements in the Periodic Table that
also exhibit strong chemical bonds. As a consequence the vi-
brations modes are high in energy, leading to an IR absorp-
tion cut-off located in the 3 pm region, which consequently
makes these glasses totally opaque beyond this IR edge
(Figure 2).

100 -
90 4 Chalcogenide glasses
T 80 1
c 70 -
2 60 1
E 50
g2 40 1
[
= 30 9
20 - Fluoride glasses
10 4
0

5]

6

Wavelength (um)

Figure 2. Position of the average IR cut-off for several families of glasses
including the oxides represented by silica, fluoride and chalcogenide
glasses.

Why Seeing Beyond Visible?

It is not entirely true to claim that the spectral perception of
the world for a human being stops beyond red wavelengths.
Indeed our skin possesses sensors that are sensitive to invisi-
ble light, namely IR radiation, but it is usual to describe this
phenomenon by using the concept of heat transfer rather
than light, since IR radiation is invisible to the human eye.
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www.chemeurj.org

These sensors are composed of biomolecules that form the
epidermis, which exhibit fundamental IR absorption bands
lying typically from around 3 um to 12 pm in the mid-IR
region. In fact, all organic molecular species exhibit IR ab-
sorption bands due to common chemical bonds, such as
O—H, C—H, C-0O, C—C, N—H, S—H, that are located in this
spectral window. (Figure 3). As a consequence, organic mol-

3 4 5 6 f 8 9 10 11 12 13 14

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. This figure portrays the position of the IR signatures for several
chemical species .The figure was supplied by Fibre Photonics Ltd, which
develops mid-IR-fibre process-spectroscopy systems.

ecules are characterized by a unique IR signature that is at
the origin of the powerful analytical method known as IR
spectroscopy. The development of instrumentations allowing
remote, fast and in situ IR analysis is of prime interest for
following chemical reaction in the lab or in industrial pro-
cesses.

Another interest of detecting IR light resides in imaging
thermal objects around room temperature. Figure 4 repre-

{:’:3 T=6000°C T=37°C
104
12 [
s
21
@
5 102}
104 F
104 1
0.1 1 10 100

Wavelength (pm)

Figure 4. Light emission of several thermal objects at different tempera-
ture. The surface of the sun at 6000°C emits primarily in the visible (blue
curve), while a human body at 37°C has a radiation emission mainly lo-
cated in the IR near 10 pm (red curve) Just in between are represented
the black body emission of thermal objects being, from hot to cold at
2700, 1700, 700 and 250°C. On the right side the emission curve corre-
sponds to an object at —80°C.

sents the black-body emission of solids as a function of tem-
perature and emphasizes two specific cases: the sun emis-
sion characterized by a surface temperature of 6000 K and
the emission of a human body typically at a temperature of
310 K. For the sun, the maximum of emission is in the visi-
ble region, centred on the yellow colour for which our

Chem. Eur. J. 2008, 14, 432 -442
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retina presents the maximum of sensibility. For a thermal
object such as a human body, the radiation emission is cen-
tred around 10 pm, and it can be noticed that the emitted
energy is in the range of 60 W, roughly 1 Wkg™".

Likewise the average temperature of the earth is around
290 K and corresponds to a very similar emissive curve. Spe-
cial attention is currently being paid to the green house
effect, which is partially responsible for global warming.
Several molecular species such as H,O, CH,, CO,, O;, and
so forth, which are present in the atmosphere, exhibits
strong absorption bands in the mid-IR region and are con-
sidered the main causes of global warming, because they
prevent IR light emitted by the earth to escape into space.
Figure 5 describes the various absorption regions of the at-

Transmission

0 2 4 6 8 10 12 14
Wavelength (um)

Figure 5. Atmospheric transparency windows in which the IR radiation
can propagate: 3-5 and 8-12 pum are the main windows. In the rest of
spectral range the atmosphere is opaque due to strong H,O and CO, ab-
sorption. Notice that Oj; is only present in the upper part of the atmos-
phere.

mosphere which are responsible for trapping IR light.

The atmosphere also has several transparency windows
that are of technological interest for communication imaging
and guiding applications. Except for the visible region,
which is most familiar to us, the transparency windows are
in the near IR region around 1.6, 2.3 ym distant from O—H
absorption as well as in the mid-IR region, typically 3-5 um
and 8-12 pm between the H,O and CO, absorption bands.
The ozone molecule O; also exhibits absorption in the
10 um region.

Overall, the growing interest for IR technologies has
largely been initiated by defence research programs aiming
at developing night-vision systems and recognition devices
based on thermal imaging or non-contact temperature meas-
urements. In parallel, the identification of molecules through
their IR signatures has also motivated a growing interest for
developing IR sensors systems, especially those involved in
industrial processes or reaction mechanisms in biology, phar-
macy and the food industry. To reach this goal, immense
progress has been achieved in the domain of thermal detec-
tion and several IR “retina-like” detectors are currently on
the market. These systems will not be discussed here, but in-
stead this paper will focus on the IR optics and more pre-
cisely on the new generation of glassy materials that trans-
mit light far into the IR region.

Chem. Eur. J. 2008, 14, 432—442
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CONCEPTS

The Right Chemistry for Producing IR-
Transmitting Glasses

To be of interest for both imaging and sensing, an IR glass
must be transparent from the near IR up to the 14 pm
region, so as to cover the atmospheric transparency window
and the domain of chemical-bond vibrations. In the special
case of sensing devices for space exploration the require-
ments extend up to 20 pm and even beyond.

These specifications can be fulfilled only with low-phonon
glasses that exhibit low-energy vibrational modes, in other
words glasses made from heavy atoms. Very often, low-
phonon characteristics mean weak chemical bonds and con-
sequently poor resistance to chemical attacks from moisture
as well as poor thermal properties. This situation is not ac-
ceptable for practical applications and excludes heavy halide
glasses based on chlorine, bromine or iodine, which suffer
from poor resistance to moisture corrosion. The only vitre-
ous materials that survive these requirements are glasses
based on sulphur, selenium or tellurium.?

It must be remembered that a glass has to be regarded as
a frozen liquid, or a liquid that has reached an infinite vis-
cosity upon cooling. As a consequence these materials ex-
hibit two major advantages, first they can be produced over
a wide range of compositions that can be adjusted to fit a
specific property and second they can be reheated above the
glass transition temperature T,, and display a continuous
plasticity that allows for easy shaping. The drawback is that,
because it is out of thermodynamic equilibrium in compari-
son to the corresponding crystal, a vitreous material is often
prone to crystallization.

The challenge for the chemist is to form an inorganic
atomic network with a one-, tow- or three-dimensional
space connectivity (or somewhere in between) in which the
chemical bonds must have a high degree of freedom; in
other words bending and rotations must be permitted with-
out strongly affecting the total bond energy. Upon cooling,
these systems can freeze into solids that exhibit a lack of
periodicity, but still keep a high bonding energy. In the case
of amorphous chalcogenides, glass formation can be de-
scribed based on three ideal topological situations illustrated
in Figure 6.

The elements Se and S, which form infinite covalent
chains, are prototypes of one-dimensional glasses.®! Unfortu-
nately the tendency to form covalent bond is much weaker
in Te and the competition to form metallic bond is such that
the formation of glass is refrained to the benefit of Te nano-
crystal nucleation. Similarly, As,S; and As,Se; represent the
two ideal two-dimensional frameworks in which tricoordi-
nate As atoms are linked through bridging S or Se atoms
and form flexible sheet-like structures that exhibit excellent
glass-forming ability. Networks with higher three-dimension-
al connectivity can also be produced by linking tetra-coordi-
nate atoms such as Ge. However, in order to conserve struc-
tural flexibility each Ge atom is linked by a Se—Se (or S—S)
bridge and the structure can be described as interconnected
GeS, or GeSe, tetrahedra. These compounds are indeed ex-
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Figure 6. Topological description of the polymerisation processes in amor-
phous chalcogenide. In vitreous Se, one-dimensional chains are formed
(top) while in As,Se; and GeSe,, a two- (middle) and three-dimensional
(bottom) connectivity mechanism is observed. Most of the technical
glasses are in between these three ideal situations. In the case of the
three-dimensional network, the connection is ensured either by one Se or
better by a Se-Se pairs which provide more flexibility to the network.

cellent glass formers, because of the flexibility of the Se—Se
groups connecting the tetrahedral building units. The inves-
tigation of the Ge/Se system shows that glass formation is
possible in a very broad range, but that GeSe, is by far the
most stable glass. Out of these stoichiometric situations, a
lot of compounds exist in which the reticulation of the poly-
mer is intermediary between one-, two- and three-dimen-
sional. This means that the glassy network will have a more
complicated topology, far from a simple composition that
could compete with a stoichiometric crystalline form.

The selection of a glass composition for making practical
IR devices is usually a compromise in which the three fol-
lowing parameters have to be optimized.

1) A strong resistance towards crystallization, which can be
experimentally evaluated by differential scanning calor-
imetry through the absence of the exothermic peak due
to the glass to crystal transformation

2) An appropriate value of T,, which must be high enough
to ensure acceptable thermal and mechanical properties.
In chalcogenides this property is directly correlated to
the degree of connectivity; for example, one-dimensional
Se glasses have T, values around 40°C, which is too low
for practical applications.

3) The glasses need to contain a large amount of heavy
atoms to ensure low-phonon vibrations.

In this paper we will discuss three families of technical
glasses that have resulted from these optimizations. The
system that has been extensively investigated is the Ge/As/
Se system, which offers a vast domain of glass formation
and in which several compositions can be selected but not
exclusively. The “GASIR glass” Ge,As,Sess, which covers
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the 0.8-12 um window, has a T, of 254°C and corresponds
to a structure in which the Ge and As atoms ensure the con-
nectivity of Se chains. Out of a total of 100 connectors, 58
are twofold, 20 are threefold and 22 are fourfold. The reticu-
lation of such a glass is between two- and three-dimensional
and it is observed, as expected, that the value of T, increase
with the content of the reticulating elements As and Ge.
Since we are here in a liquid-state chemistry it is possible to
modify the compositions as long as the required physical
specifications are respected. As an illustration the military
specifications require that the 7, values need to be superior
to 150°C in order to preserve the glassy state as well as the
mechanical properties.

For most of the applications, the Ge/As/Se glasses are fine
because they fit with the atmosphere transparency. Never-
theless where IR analysis and space applications are con-
cerned, it is critical to develop glasses that transmit as far as
possible in the IR region. This is the case for the two follow-
ing glass families.

First, the “TAS glass” Te,As;Ses, which transmits light in
the 1-16 um window, has a 7,=152°C and corresponds to a
network formed from mixed Te/Se chains, reticulated by the
trivalent As atoms. Second, the recently discovered “GGT”
GesGayTess" and “GTI” GeyTe,;11* glasses, which contain
only Te as the chalcogen atom, exhibit the largest optical
window ever observed for a glass, extending from 2 to
28 um. The T, values for such glasses are located around
150°C. In contrast to S and Se, the element Te is not a glass
former and exhibits a strong tendency to form metallic crys-
talline species and by consequence the Te-based glasses
suffer from a severe glass to crystal competition.

Moulded Glasses for IR cameras

Until recently crystalline germanium was the only material
transparent in atmospheric windows that was used for man-
ufacturing lenses for IR-imaging systems. However, Ge has
two drawbacks, first the price of the element Ge which is
rather rare and second the fact that the production of asphe-
ric or diffractive optics needed in modern cameras requires
diamond machining, which is a costly process. Also, Ge is a
semiconductor, the transparency of which is highly depen-
dent on temperature and consequently it becomes opaque
when heated. To open the way for low-cost IR optics it is
then of prime interest to develop a material that contains
only a minimal amount of costly Ge. Also it is clearly ad-
vantageous to develop a glassy material instead of a crystal-
line one in order to exploit its plastic behaviour above T,
for developing a moulding process for mass production of
high precision optics. It was shown that the GASIR glass
fulfils all these requirements and that it exhibits the right
viscosity—temperature dependence and the best chemical
compatibility with the mould while ensuring outstanding re-
producibility and moulding precision.’! Figure 7 illustrates
the surface quality of moulded diffractive lenses mass pro-
duced in a form ready to be installed on an IR camera.
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Figure 7. Chalcogenide glasses moulded with high precision leading to
lenses ready to equip IR optics.

The fields of application for these IR imaging systems is
very wide, running from night-vision systems for the military
domain to overheating surveillance devices for electrical sys-
tems, and other medical, biological and electronics applica-
tions."? One of the most promising markets is the night-
vision camera containing IR glass optics moulded through
this process, which is to be found in high-end BMW vehicles.
Car-driving assistance in foggy weather or at night has
become a priority for security reasons. Figure 8 shows a

Figure 8. Night-vision scene obtained from an IR cameras that are used
in the car-driving assistance system of BMW cars.

night-vision scene in which IR imaging allows an early de-
tection of thermal objects such as pedestrians, animals or
others cars.

From Glass to Crystal: Composite Glass—Ceramics
Materials

As already mentioned, the non-equilibrium thermodynamic
nature of glasses often makes these material unstable when
heated above T,. In particular this behaviour is very usual in
non-conventional glasses and is considered as a handicap for
shaping optical objects that could lose their transparency be-
cause of scattering defects due to large crystallites. On the
other hand it is known that composite materials in which
size-controlled particles have been nucleated offer a me-
chanical barrier to phonon dissipation and thus a better re-
sistance to fracture propagation. The challenge in the prepa-
ration of an optical IR glass—ceramic resides in controlling
the devitrification process, in particular nucleating particles
that are small enough to make the scattering losses negligi-
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ble in the IR domain, while exhibiting the mechanical bene-
fit of two-phase composites materials. As an indication it is
known that when the size of the crystallites are in the
100 nm range, the optical consequence in the 10 pm spectral
domain is negligible, which means that the size of the parti-
cles have to be about hundred times smaller than the wave-
length.

Most of the time the glass-to-crystal transformation is
rather fast and difficult to control and it is of prime interest
to developed glass composition in which this phenomenon is
slow and easily controllable. Most chalcogenide-based com-
positions oscillate between either a total resistance to crys-
tallisation, which means that no exothermic peaks are de-
tected by DSC above T, or a brutal formation of large crys-
tals. In the end the most appropriate glasses are found in
mixed compositions between chalcogenides and halides.!"'"!
The key factors in this delicate chemistry are the following.
The formation of the nucleating crystallites is governed by
coulombic lattice energy formation of the nuclei, which is
usually an ionic species such as an alkali halide, for example,
CsCl or KCI or occasionally a sulfide. Clearly these species
must also be easily accepted by the original glassy matrix,
which means that the bonding energy of the corresponding
atoms needs to be strong within the glass framework. For in-
stance, for CsCl it is clear that the Cl atoms play the role of
terminal atoms in the glassy giant polymer, while the large
Cs* ions play the role of network modifiers. Finally, during
the phase-separation process the glass composition changes
continuously; this could have a detrimental effect on the sta-
bility of the glassy matrix. This last constraint requires se-
lecting a glass-forming domain as large as possible in which
the compositional fraction of the crystalline particles can
vary as widely as possible without impeding glass formation.
Among others, a good example of a glass—ceramic forming
system is given by the ternary compositions GeS,/Ga,S;/
CsCl in which the atoms Cs and Cl are perfectly accepted in
the glassy matrix, but can also phase separate as CsCl nano-
crystallites. Figure 9 represents the evolution of a GeGaSCl
glass disk when heated above T, as a function of time. The
glass becomes more and more opaque due to nanoparticle
formation, which absorbs visible light. Nevertheless due to
the small size of the crystallites, the transparency is not af-

mics, IR glass-ceramics, 1 glass-ueiatune, =

Figure 9. Photographs showing chalcohalide CsGeGaCl glass disks trans-
formed by heating into a composite glass—ceramic in which CsCl nano-
particles have been nucleated. Controlling the particles size permits us to
obtain a material that is opaque in the visible but still transparent in the
mid-IR region as demonstrated in the transmission spectra.
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fected in the mid-IR region as represented on the transmis-
sion spectra. These glass—ceramics, in which the glassy frac-
tion is important, are easily mouldable and constitute a
second-generation of IR optics.

Infrared Fibres for Evanescent Wave Spectroscopy

As already mentioned, TAS glasses have optimal rheological
properties that allows them to be shaped into optical fibres
which can guide IR light over distances of a few meters. The
methodology developed for the manufacturing of optical
fibres will not be discussed here, but routinely prepared
fibres have a useful optical window lying from 3 to 12 um
with a maximum of transparency around 9 um correspond-
ing to an optical loss of about 1 dBm™.

Due to multiple total internal reflections at the glass/air
interface, part of the electric field of the IR light confined
within the mono-index fibre extends outside the fibre sur-
face. This fraction of the light, called evanescent wave, can
couple to any IR absorbing materials that is put into contact
with the fibre surface. As illustrated on Figure 10, analysis
of the light transmitted at the fibre output permits collection
of the IR signature of the material in contact.

To increase the evanescent wave, the diameter of the
fibre is decreased along a sensing zone by mechanical or
chemical etching techniques that have been developed for
tapering the fibre.' The resulting analytical technique,
fibre evanescent-wave spectroscopy (FEWS), allows us to
perform remote, in-situ analysis of molecules or biomole-
cules by measuring their IR finger prints. This principle has
been applied before to silica
fibres, but their poor transpar-
ency in the IR region limits
their interest. In this case the
spectral window 3-12 um is ide-
ally adapted to the detection of

the fundamental vibrational

modes of almost all molecules. 04 1

The intensity of the evanescent —t=80 min, ¢ = 0.5 mg L~
wave is a maximum at the sur- 0.08 -

face of the guide, but is still sig- He i e L
nificant at a distance of almost 0.06 - —t=215min, c=3 mg L

a micron. Consequently this
technique is of prime interest
for direct contact analysis of
biomolecules contained at the
surface of biological tissues or

FTIR
spectrometer / Detector
Sample to
Optical analyze
fiber h 4

Amplifier

A

—t=270min, ¢ =5 mg L~
—t=2365min, ¢ =6 mg L

Signal processing

Figure 10. Set-up for remote fibre evanescent-wave spectroscopy. IR light
coming from a black body source and coupled inside the fibre is ab-
sorbed by the chemical species in contact with the fibre-sensing zone. At
the fibre output the light is analysed by a sensitive, cooled, mercury—cad-
mium-tellurium IR detector. The signal processing coupled with the
spectrometer allows the recording of IR signatures.

an illustration and concern the in-situ control of water and
soils contaminated by chemicals, the colonisation of a sur-
face by bacterial biofilms, the analysis of liver tissues for
monitoring metabolism deregulations and finally the in-situ
observation of metabolic reaction of live human cells ex-
posed to chemical agents.

Figure 11 represents the experimental set-up used for in-
situ analysis of underground polluted water.'®! The bent
flexible fibre attached to a finger-shaped holder is inserted
into a well in order to establish a contact between the sens-
ing zone and the liquid phase. The main target was tetra-
chloroethylene (TC-en) contamination in water wells. The

for microorganisms such as bac- N

teria. A great number of proj- 002 4

ects dealing with chemical pro-

cesses, cellular pathology, envi- .0.04

ronment pollution or food 976 966 956

processing have been conduct-
ed in order to validate this orig-
inal analytical method.™™ Four

of them have been selected as tant introduced in the well.

438 —— www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Wavelength (cm=1)

Figure 11. Underground analysis of water polluted with tetrachloroethylene. On the top right the set-up with
the bent fibre introduced into the well, underneath the spectra recorded for different concentrations of pollu-

Chem. Eur. J. 2008, 14, 432 -442



www.chemeurj.org



IR Spectroscopy

figure shows IR spectra recorded in situ giving the IR fin-
gerprint of the pollutant for different concentrations of pol-
lutant introduced in the well. The resolution of the detection
is in the order of few ppm.

The second series of investigation deals with the forma-
tion of a biofilm and was conducted with the aim of control-
ling the colonization of a surface by bacteria, for instance in
hospital environments or in the food industry.'”’ The select-
ed target is the pathogen bacteria “proteus mirabilis” and its
growing and colonizing ability were investigated on a gelose
surface. As shown on Figure 12 the progression of the bacte-

IR source

e—r
MCT g |
detector
IR spectrometer

Gelose as substrate

9

heating plate /

maintain at 37°C

Versus time

Absorbance (U.A.)

1800 1600 1400 1200 1000
Wavenumber (cm™)

Figure 12. Top: IR fibre set-up used to investigate the colonization of a
gelose surface by a bacteria biofilm. Bottom: progression of the IR signa-
ture of the Proteus Mirabilis bacteria membrane as the biomass propa-
gates through the substrate.

rial biofilm is followed by putting the fibre in contact with
the surface of the gelose substrate. Figure 12 also shows de-
tails of the IR spectra of the bacteria’s envelope. A detailed
analysis of the measurements permits the identification of
the presence of two bacterial forms, namely the swarming
and vegetative phenotypes.

The third example focuses on liver pathology, particularly
the effect of starvation on a mouse liver."® This study was
performed as part of an intensive cooperation program con-
ducted together with the Rennes university hospital.
Figure 13 shows an IR fibre a few millimetres in length
coated with enrolled slices of liver tissues that have been
cryogenically cut to a thickness of 10 um. The tissues were
taken from a population of animals that had regularly fed as
well as from mice that had received no food for 12 h. The

Chem. Eur. J. 2008, 14, 432442
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Figure 13. Top: 10 pm thick slice of a mouse liver tissue which has been
deposited and wrapped on the fibre surface (iridescent part). Bottom: IR
signatures of the tissues for two populations of animals, one regularly fed
and the other submitted to a twelve hours starvation period. A significant
difference is observed in the sugar and lipid spectral region.

IR analysis shown on Figure 13 clearly reveals a strong dif-
ference in IR signature between the two groups, especially
in the lipid and glucose region; these results demonstrates
that starvation has a direct and visible effect on liver metab-
olism.

The fourth example involves monitoring living human
lung cells coated at the surface of a chalcogenide fibre and
their behaviour when exposed to a chemical agent such as a
surfactant.'”) To coat a layer of live cells on the fibre sur-
face, the sensing zone was inserted into a pellet of centri-
fuged cell culture, which showed strong attachment after
about an hour. The vibrational spectrum of the cells was
then monitored continuously, in particular the phospholipids
signal from the cell membrane which lies where the evanes-
cent wave is most intense. Upon introduction of micromolar
quantities of Triton X-100 surfactant within the cells envi-
ronment, a strong and rapid decay in the phospholipids
signal was observed (Figure 14). This spectral observation
was consistent with the known mechanism of attack of sur-
factants on cell membranes. Metabolic variations after expo-
sure to various toxic agents were also detected in other
spectral regions.?*?!l
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Figure 14. Top: Human live cells forming strong attachment on the sur-
face of a TAS fibre. Bottom: IR signatures of the cell membrane upon in-
troduction of micromolar quantities of surfactant in the cell environment.

Designing Glasses for Space Exploration

The development of glasses transparent to far IR region was
conducted in the framework of a space program sponsored
by the European Space Agency (ESA) denoted the Darwin
mission.”2%] This program is aimed at detecting signs of life
in exoplanets orbiting around stars far in the universe. A
similar program “Terrestrial Planet Finder”, sponsored by
the NASA agency is also running in the US. The aim is to

Water (H20)

Figure 15. The earth surrounded by the atmosphere composed of several
gases such as H,O, CO, and O;, which are the signs of life. These three
biological markers have their IR signature at around 6, 10 and 15 um,
respectively.
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detect exoplanets that have conditions similar to the earth
and consequently might be likely to harvest life. If one of
these exoplanet is an earth-like planet it must be considered
as a thermal object with an average temperature of 15°C
and will therefore emit in the IR region as described in
Figure 4. If life exits, this planet must be surrounded by an
atmosphere similar to the earth, namely containing water,
oxygen and carbon dioxide. As illustrated in Figure 15, the
earth’s atmosphere contains several gaseous species such as
water molecules H,O absorbing strongly in the 6 um region,
oxygen in the form of ozone O; absorbing in the 10 um
region, while CO, constitutes a strong barrier to light propa-
gation near 15 pm.

To demonstrate the existence of these IR signatures that
are signs of life, a flotilla of telescopes will be launched in
space and positioned with high precision to observe the tar-
geted earth-like planets as represented in Figure 16.

280 T T |

T venus

€O,
240

200%

280 = Earth

perature (K)

240 L

280~

Mars

Brightness Tem

240 |-

200 =

1 1 I
6 8 10 14 20

Wavelength (pum)

160

Figure 16. Concept of the Darwin mission: A flotilla of IR telescopes will
be positioned in the space to analyse the IR light coming from a targeted
exoplanet in order to detect signs of biological life.
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ature.  Chemistry  evidently
plays a key role in the develop-
ment of these thermo resistant,
microbolometer detectors,
which are usually made from
silica or vanadium oxides.
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Figure 17. Optical configuration of a single mode, core/clad fibre required for space exploration. The fibre
needs to permit the propagation of light only at the three strategic wavelengths 6, 10 and 15 um. The experi-
mental results obtained with a single mode TAS core/clad fibre are shown below. The Gaussian light output
when 10.6 pm CO, laser light is injected into the fibre demonstrates the single mode behaviour around 10 um.

To prevent blinding from strongly emitting nearby stars,
efficient filtering is required to collect radiation information
specifically from the exoplanet. To fulfil these severe re-
quirements, IR single-mode fibres (SMF) are needed. Their
role consists of permitting only the propagation and the se-
lection of light existing in the strategic wavelength window,
which extends from 6 to 20 pm. As a consequence the role
of the material scientist is to manufacture a fibre or several
fibres exhibiting the optical configuration depicted in
Figure 17 that are transparent in the required optical
domain typically from 6 to 20 pm.

The core of the fibre must be made from an IR glass with
a refractive index slightly superior to the clad glass in order
to ensure the propagation in the core by total internal re-
flection. As an example the core diameter is in the range of
25 ym for a clad diameter of about 500 um. If the propaga-
tion of the light is single mode, the light output must have a
Gaussian profile as represented in Figure 17. The method
for fabricating the single-mode fibre, called rod in tube
method will not be discussed here, but SMF have recently
been successfully designed from the combination of two
TAS glasses.?!

Concluding Remarks
Looking into the invisible is not a paradox any more thanks
to technological advances that permits us to substitute our

retina with matrices of IR detectors exhibiting a greater and
greater number of pixels, while functioning at room temper-
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Chemistry is also central in the
development of IR optics; such
materials need to exhibit strin-
~. gent optical properties while
being mass produced to reach a
large market. Here we have
shown that the gap between a
fundamental approach to glass
chemistry and mass production
is not so large. Millions of IR
lenses are now under fabrica-
200 tion for the car industry, but it
is also expected that the market
of thermal detection for fire-
men or industrial processes,
night vision for policemen as
well as the field of environmen-
tal monitoring through IR pol-
lution control systems will
greatly benefit from the most
recent developments in IR glass
design and manufacturing.
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Abstract: Careful analysis and compar-
ison of optical and -electrochemical
data available in recent literature for
multi-thiophene molecular assemblies
suggested a few basic rules for the
design of structurally simple and easily
accessible oligothiophenes endowed
with properties not far from those ex-
hibited by much more complex and
synthetically demanding architectures.
The synthesis and computational inves-
tigation of three examples of a class of
oligothiophenes (spider-like) tailored
according to these indications are re-
ported together with their exhaustive
optical and electrochemical characteri-
zation. The new compounds (T9s, T14,
T19,) are characterized by a thiophene,

Introduction

A recent trend in designing materials for optoelectronic ap-
plications focuses on multi-thiophene molecules character-

a 2,2'-bithiophene and a 2,2',5'2"-ter-
thiophene unit (the spider body) fully
substituted with 5-(2,2'-bithiophen)yl
pendants (the spider legs). Absorption
and electrochemical data are in good
agreement and point to a high s-conju-
gation level, comparable to those dis-
played by much larger assemblies.
Electrode potential cycling in proximi-
ty of the first oxidation peak affords
fast and reproducible formation of con-
ducting, highly stable [TX,], films,

Keywords: conducting materials -
dendrimers - electrochemistry -
oligothiophenes .
UV/Vis spectroscopy

mainly consisting of dimers (m=2).
Electrooxidation kinetic experiments
on deuterium-labelled T9s, coupled to
laser-desorption-ionization mass spec-
troscopy on the resulting dimer demon-
strated that the coupling process is ex-
tremely regioselective in the o posi-
tions of the more conjugated penta-
thiophene chain. The optical and the
electrochemical properties of the films
are reported and discussed. A peculiar
feature is their impressive charge-trap-
ping ability. Spider-like oligothiophenes
are promising materials for applica-
tions as active layers in multifunctional
organic devices.

ized by the overall number of thiophene units, by the nature
of the substituents on them, inter-ring connectivity, molecu-

lar symmetry and shape. Swivel-cruciform,!! star-?! and X-
shaped,” and dendrimeric oligothiophenes™ have been

[a] Prof. F. Sannicold

[f] Dr. M. Muccini, Dr. S. Toffanin

Dipartimento di Chimica Organica e Industriale
C.ILMA.LNA, Universita di Milano, ISTM, CNR, via Venezian 21
20133 Milano (Italy)
Fax: (439)02-5031-4139
E-mail: francesco.sannicolo@unimi.it
[b] Prof. T. Benincori
Dipartimento di Scienze Chimiche ed Ambientali
Universita dell'Insubria, via Valleggio 11
22100 Como (Italy)

Dr. M. Capaccio
C.ILMA.LNA., Universita di Milano, via Celoria 16
20133 Milano (Italy)

[d] Dr. F. De Angelis

ISTM-CNR, Via Elce di Sotto 8

06123 Perugia (Italy)

Dr. L. Falciola, Prof. P. Mussini

Dipartimento di Chimica Fisica ed Elettrochimica
C.I.MA.LNA, Universita di Milano, via Golgi 19
20133 Milano (Italy)

—

[c

-

[e

—_—

Chem. Eur. J. 2008, 14, 459-471

[h

—

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ISMN—Istituto per lo Studio dei Materiali Nanostrutturati-CNR,
Via P.Gobetti, 101

40129 Bologna (Italy)

Dr. A. Ponti

ISTM—Istituto di Scienze e Tecnologie Molecolari—CNR
via Golgi 19, 20133 Milano (Italy)

Dr. P. Traldi

ISTM—Istituto di Scienze e Tecnologie Molecolari—CNR
Dipartimento di Scienze Chimiche

Universita degli Studi di Padova, Via Marzolo 1

35131 Padova (Italy)

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

nterScience 450





CHEMISTRY—

A EUROPEAN JOURNAL

prepared in the last few years and, in some cases, prelimina-
ry practical applications of these compounds as sensitive
materials for OFETs and photovoltaic devices have been
described.

The world record of regioregularly assembled thiophene
units belongs to Bduerle and co-workers who very recently
published a molecule consisting of 90 thiophene rings,
breaking Advincula’s previous score which was “only”
30,5251

The synthetic effort required to synthesize such complex
molecular architectures is understandably high, due to the
considerable number of steps necessary to progressively in-
crease the molecular size starting from small units, even
though the experimental methodologies employed are often
reported as high-yield procedures. Apart from the aesthetic
appeal exerted by these large and constitutionally ordered
molecules, the question is whether the game is worth the
candle in terms of synthetic feasibility and properties. To
answer this question it would be important to compare the
basic properties of these sophisticated molecules with those
exhibited by the linear a-oligothiophenes chosen as refer-
ence substrates. This is, however, a difficult task, since only
selected parameters are reported in literature for the differ-
ent classes of compounds, which prevents a complete and re-
liable comparison between all of them.

The situation is further complicated by the fact that some
key parameters are often evaluated not only under different
experimental conditions (solvent, concentration, reference
electrode), but also by unstandardized procedures. For ex-
ample, in optical absorption experiments sometimes the
maximum and sometimes the onset of the curve are report-
ed; in electrochemical measurements either the formal po-
tentials (E), or the peak potentials (E,), or the onset poten-
tials (E,*) are indiscriminately used for both oxidation and
reduction. Some normalization is possible, instead, for spec-
troscopic data, in spite of several difficulties. Thus, we have
been able to collect from the literature the optical band-
gaps calculated from the 4,,,, E,(4) (Figure 1a, b), and from
the Ao values, E,*(4) (Figure 1c), for a-linear (T, and
for some classes of branched oligothiophenes (Scheme 1) as
a function of the reciprocal of the overall number of thio-
phene units (n) or of the number of thiophene units in the
longest a-conjugated chain present in the molecule (n,).
Both n and n, are reported for each compound in Scheme 1,
together with the number of the synthetic steps required for
its preparation and the overall yield (%) starting from com-
mercially available “inexpensive” compounds (less than 12
USD per gram).

It is evident that the molecules reported in Scheme 1 are
only selected examples of the much more ample and contin-
uously growing family of the multi-thiophene molecular as-
semblies."! In any case, the data reported in Figure la—c give
several interesting indications. Figure 1a shows that the
E,(2) values calculated from A, for all of the multi-thio-
phene molecules reported in Scheme 1 are much higher
than those found for linear a-oligothiophenes consisting of
the same number of heterocyclic units. This is expected if
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Figure 1. Optical band-gaps for the compounds reported in Scheme 1: a)
E,(A) calculated from 4,,, and plotted as a function of the reciprocal of
the overall number of thiophene units n; b) E,(4) calculated from A,,,
and plotted as a function of the reciprocal of the number of thiophene
units in the longest a-conjugated chain, n,; ¢) E*(A) calculated from
Aonset @and plotted as a function of 1/n,. Different colors refer to different
families of literature compounds in Scheme 1; the empty green diamond
corresponds to Advincula’s 14 T-2. Yellow circles refer to the TX, com-
pounds described in this paper (Scheme 2).

considering that all the rings are conjugatively interconnect-
ed in linear a-oligothiophenes, while shorter a-conjugated
sequences are present in all the other systems. It is also
worth noting that the E,(1) values progressively decrease as
n increases up to the critical value of 8-9. This trend flattens
for higher n values, and, in Advincula’s series, dendrimers
with 15 and 30 thiophene units display very similar E,(4)
values (2.9 and 2.95¢V), and the same observation works
for Biuerle’s G2,a-4-mer (n=9), G4,a-8-mer (n=45) and
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Scheme 1. Classification of linear and branched oligothiophenes. The acronyms defined by the authors are
used when available. Specific colors group substrates of the same class and refer to the colors in Figure la—c.
Overall preparation yields [%] and the numbers of the synthetic steps are reported for each compound.
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G4,a-16-mer (n=90) for which
very similar E, (1) values were
found (3.34, 3.22 and 3.21¢eV,
respectively).

The data reported in Fig-
ure 1b demonstrate the strong
relationship existing between
the E,(A) values calculated
from the A,,, and n, The fol-
lowing “rule” can be deduced:
even big dendritic molecules
having many a-conjugated
branches with different lengths
display an optical gap close to
that exhibited by the unsubsti-
tuted a-oligothiophene T, with
n corresponding to the longest
a-conjugated branch of the
dendrimer. Large multi-thio-
phene molecules display, how-
ever, energy gaps generally
higher than expected due to
some distortion from coplanari-
ty of the main a-conjugated
chain produced by branching.
This behavior is evident in the
highest terms of Biuerle’s
series and striking in Advincu-
la’s 14T-2 (n,=6, n=14, empty
green diamond), where the in-
terannular torsion about the
central bond, as recognized in
the paper,” halves the expect-
ed gap value of the T to that
of the Ts.

It is understandable, howev-
er, that the electronic spectra of
very large molecular assemblies
would be better described by
Aonset than by A... since absorp-
tion curves undergo massive
broadening as the molecules
become larger and larger. Plot-
ting the energy gap values cal-
culated from Ay, E*(4)
against 1/n, gives a striking
demonstration of the close rela-
tionship between these parame-
ters. There is a remarkable
crowding of data along the line
representing the properties of
the T,. It is interesting to note
that the energy gap values sub-
stantially flatten when five a-
conjugated thiophene units are
present (n, =5), independently
of the total number of thio-
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phene units constituting the molecule (n) and of the inter-
ring connectivity. It is worthwhile noticing that the only re-
markable exception in this context, that is, T14-2, can be
again completely normalized by plotting it as a function of
n,=3 instead of n,=6.

The conclusion we draw from these observations is that
the synthetic engagement required to prepare molecules
consisting of a very large number of thiophene rings is not
always accompanied by the acquisition of extraordinary con-
jugation properties, even though other very interesting phys-
ical features are acquired, like high chemical stability and
solubility in non-polar organic solvents.

In this context we considered an alternative, very simple
design of all-thiophene assemblies, which is a compromise
between size and properties, exemplified by the three
“spider-like” oligo-thiophenes T9s, T14¢ and T19,, character-
ized by a thiophene, a 2,2’-bithiophene and a 2,2',5,2"-ter-
thiophene unit (the spider body) fully substituted with 5-
(2,2"-bithiophen)yl pendants (the spider legs) (Scheme 2). In
the abbreviations TX,, T means thiophene, X denotes the
total number of thiophene units constituting the molecule
and subscript n the longest chain displaying exclusively o
junctions.

T9; X=Y=H
TOD,]: X =Y =D
T9,[D,: X=H,Y=D

T14,

T19,

Scheme 2. Molecular structures of TX,,.

Structural design was based on the following considera-
tions:

a) All the compounds were tailored to have structural pa-
rameters (n and n,) centered in the critical area dis-
cussed before, with a unique a-conjugated main chain
consisting of five, six and seven thiophene units, respec-
tively, and all the pendants belonging to much shorter a-
bithiophene moieties.
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b) The TX, appeared easily accessible through a single re-
action (a Stille coupling reaction), mostly involving com-
mercially available, inexpensive starting materials. Thus,
the synthetic burden was much lower than that generally
required to prepare any of the oligothiophenes reported
in Scheme 1.

c) The electrochemical oxidative multiplication of these
substrates could generate very large all-thiophene
branched macromolecules. Simple dimerization would
afford materials consisting of a number of thiophene
units much larger than the critical value where the elec-
tronic conjugation properties tend to flatten.

d) Good regioselectivity could be expected in the electro-
chemical oxidative coupling, since, out of the many o po-
sitions of the terminal thiophene units, the two positions
belonging to the main conjugated system (indicated as o
in Scheme 2) should be preferred. Therefore we consid-
ered the capping of o' positions in principle unnecessary,
a process which limits accessibility and multiplies the
synthetic steps.

e) The high symmetry of T9s; (C,,), T144 (C,,) and T19,
(C,,) makes the o positions of all the systems homotopic,
thus a very high constitutional order could be expected
in the electrooxidative coupling process.

Results and Discussion

Synthesis of TX,: Compound T9; was already known in lit-
erature."! It had been obtained by reaction of bis[5-(2,2'-bi-
thiophene)yl)]acetylene with sulphur at 210°C (57 % yield).
It was prepared by Stille reaction of commercially available
tetrabromothiophene (1)) with S-tributylstannyl-2,2'-bithio-
phene (2)," in the presence of [Pd(PPh;),] (10% mol), in
refluxing toluene (18h, 70% yield). Column chromatogra-
phy gave the product in a pure state. T144 was analogously
synthesized starting from hexabromo-2,2'-bithiophene (65 %
yield).'! Much more laborious was the preparation of T19,.
We found it very difficult to attain the substitution of all the
bromine atoms of octabromo-a-terthiophene* with bithien-
yl units. Purification required several chromatographic sepa-
rations and only a small amount of pure T19, was obtained,
narrowing the scope of the investigation on this compound.

Complex T9s and T14¢ can be considered amongst the
most accessible all-thiophene oligomers and could be pre-
pared, if necessary, on a kiloscale level.

Solubility in organic non-polar solvents was found re-
markable and in agreement with the data reported in the lit-
erature for capped and uncapped oligothiophene dendrim-
ers.

We did not succeed in growing crystals of TX,, suitable for
XRD analysis, which would have given important informa-
tion on inter-ring torsion and hence on the electronic distri-
bution, in particular on the most extended conjugated se-
quence. We resorted to DFT calculations to fill this gap.
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Theoretical analysis on T9; and T144: To gain insight into
the structural, electronic and optical properties of the inves-
tigated oligomers, we performed density functional theory
(DFT) and time-dependent DFT (TDDFT) calculations on
T9; and T14,, these species allowing us to investigate the
effect of increased conjugation and branching. The geometry
was optimized without any symmetry constraints using the
B3LYP functional™ and a 6-31G* basis set."" On the opti-
mized geometries we calculated the vertical absorption spec-
trum by TDDFT employing both the B3LYP and the PBEO
exchange-correlation functional,’>!! with the same 6-31G*
basis set used for geometry optimization. All the calcula-
tions have been performed with the Gaussian03 program
package.'”! The optimized geometry of T9s is reported in
Figure 2a along with selected geometrical parameters. A

a) 1.446 1.444 .

fumo+
10 LSO 1O
15 t
0.69 WnMo+1 LUMO+
| ()
20| e
LUMO .
25
LUMO
2.82

EleV]

4.0 : :
HOMO

4.5 Homo i?{xm L?’hun'{»-?
—

501 .68 ' “5

55 | HOMO-1

T

HOMO-3

HOMO-2

Figure 2. a) Optimized geometrical structure of T9s. b) Schematic repre-
sentation of the frontier molecular orbitals of T9s, along with isodensity
plots of selected orbitals.

schematic representation of the frontier molecular orbitals
at the B3LYP/6-31G* level together with selected isodensity
plots of such orbitals are reported in Figure 2b.

The optimized T9s structure shows an almost planar ar-
rangement of the a-pentathiophene chain with two “spider
legs” lying orthogonal to the “body”. The increased conjuga-
tion and charge delocalization across the o framework is re-
flected by the slightly shorter C-C distances interconnecting
different thiophene units with respect to the sequences in-
cluding a-p connections (1.446 vs 1.451-1475 A).

For T14,, we calculated two almost isoenergetic conform-
ers, corresponding to a planar and a twisted situation with
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respect to the central C—C bond (Figure 3). The twisted con-
former, characterized by a twisting dihedral angle of 107.7°,
is the more stable structure, being 0.5 kcalmol ™! lower than

4
e T D e
X

Figure 3. Optimized planar and twisted structures of T14,.

the planar conformer (twisting dihedral angle of 176.6°).
The small energy difference between the two conformers
suggests that a high degree of conformational fluxionality
effectively exists.

Inspection of the calculated electronic structure of T9s
shows that the HOMO, found at —4.84 eV, is a combination
of thiophene m bonding orbitals extending across the whole
a-conjugated body. At lower energy (—5.52/—5.55¢eV), the
HOMO-1/HOMO-2 are a degenerate couple of n-bonding
orbitals confined within two spider legs, whereas the
HOMO-3 (-5.61eV), almost degenerate with the
HOMO-1/HOMO-2 couple, again extends on the o frame-
work only. The HOMO and HOMO-1/HOMO-2 have
therefore a similar character although a different localiza-
tion; the HOMO destabilization of ca. 0.7 eV compared to
the HOMO—-1/HOMO-2 couple is possibly due to the in-
creased electrostatic repulsion arising from the proximity of
five sulphur lone pairs in the former. The LUMO, calculated
at —2.02 eV, is a combination of mt* orbitals extending over
the o framework, followed at higher energy (—1.33/
—1.32eV) by a degenerate couple of t* orbitals belonging
to the P branches. Almost degenerate with the LUMO+1/
LUMO+2 couple, the LUMO+3 is, instead, localized on
the a framework. Interestingly, the HOMO-HOMO-1 and
LUMO-LUMO +1 splittings are comparable (ca. 0.7 eV).

For the more stable T14, twisted conformer we calculated
a similar electronic structure as for T9;, with an isolated
HOMO lying at —4.92 eV and a LUMO at —1.95 eV. Nota-
bly, the planar T14; conformer shows a more positive
HOMO energy than its twisted counterpart (—4.74 vs.
—4.92 eV), while the LUMO energy is less sensitive to the
twisting angle (—1.95 vs —2.08 eV).

Spectroscopic properties of TX,: The UV absorption data of

TX,, are reported in Figure 4 and summarized in Table 1.
The spectra of T9s, T14; and T19, display multiple absorp-

tion peaks at similar energetic positions, but with different
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Figure 4. UV/Vis spectra of TX, in 10°mM CH,Cl, solution. Color code:
blue =TYs, green =T14,, red=T19,.

Table 1. UV/Vis absorption data (Ay, Aemsers €) and corresponding energy gap values for TX,, in 10~>m CH,Cl,

solution. Parenthesized extinction coefficients refer to shoulder-like signals.

early dependent on the number of bithienyl pendants pres-
ent in the molecule (2, 4 and 6). The extinction coefficient is
known to be dependent upon the number of the thiophene
units also in linear a-oligothiohenes (12500 for T,, 26600
for T, and 59700 for Ty).['¥

For T9s the lowest 25 TDDFT excitation energies were
calculated to provide a detailed assignment of the absorp-
tion spectrum. The lowest calculated singlet excited state of
T9s is a single, very intense, HOMO — LUMO excitation
which is found at 480 (464) nm (Eg(4), caled: 2.58 (2.67)
eV) using the B3LYP (PBEO) functional. A slightly better
agreement with the experimental absorption maximum is
computed with the PBEO functional compared to B3LYP,
the former providing a value about 0.3 eV red-shifted com-
pared with the low-energy ex-
perimental absorption maxi-
mum (Eg(A)=2.96eV). This

First absorption peak

Second absorption peak
EgH(2) [eV]  Amax [nm]

red-shift is probably due to the

¢ [mol ' dmPem™] extended conjugation of the or-

TX, Apo[nm] E,2) [eV] & [mol 'dm’em™'] Ay [nm]

T9; 419 2.96 18700 500 2.48
T14; 420 2.96 (21300) 515 2.41
T19, 421 2.95 (22700) 523 2.37

bitals involved in this transition,

345 24500 IS AT
341 52500 which is not properly captured
338 68700 by DFT-TDDFT but partially

relative intensities: contrary to T144 and T19,, T9s shows a
well defined vibronic structure (i.e., 307, 345 and 419 nm).

In particular, the first absorption peaks (Table 1 and Fig-
ure la—c, yellow symbols) are in agreement with the obser-
vations on which the structural design of spider-like oligo-
thiophenes was based: a) T9s, T14; and T19, show a n-con-
jugation efficiency equivalent to (when considering E,(4)
values, Figure 1b) or even slightly higher than (when consid-
ering E,*, Figure 1c) linear oligothiophenes having the same
number of a-linked thiophene units (i.e., Ts, T¢ and T;). b)
The energy gap values progressively decrease as n increases
up to the critical value of 8-9, then the trend flattens for
higher n values (Figure 1c); c) the energy gap values flatten
when five a-conjugated thiophene units are present, inde-
pendently on the whole number of thiophene units consti-
tuting the molecule (Figure 1b and c). Indeed, the three TX,
display nearly identical E (1) and very similar E,*(1) values,
independently on the length of the main a-conjugated se-
quence (n,=5, 6, 7) and on the overall number of thiophene
units constituting the molecule (n=9, 14, 19), which is more
than doubled on passing from T9s to T19,. This is explained
by considering that an increased number of o-a linkages is
associated to some distortion from coplanarity, as suggested
by the theoretical calculations
performed on T14,.

On the other hand, the band

occurring at about 345nm  compared to experimental data.

corrected by the increased

amount of Hartree-Fock ex-

change present in the PBEO
functional. Notice, that the HOMO-LUMO gap calculated
on the basis of the Kohn-Sham orbital energy differences
amounts to 2.82 (3.12) eV with the B3LYP (PBEO) function-
al, so that the slight blue-shift of the lowest absorption band
calculated with PBEO is directly related to the increased
HOMO-LUMO gap. The results are reported in Table 2 for
the most relevant transitions, together with the experimental
absorption data for a direct comparison.

Given the nature of the HOMO and the LUMO discussed
above, the lowest energy transition is readily assigned to a
n—n* excitation within the body framework. The band ex-
perimentally found at 345 nm appears to be related to two
transitions of different character, calculated at 364 and
322 nm, involving both the body and legs framework
(Table 2). The band experimentally found at 307 nm is final-
ly calculated to be due to two almost overlapping transitions
calculated at 309 and 308 nm; the most intense transition at
308 nm takes place within the legs framework. The calculat-
ed vertical transitions are in fair agreement with the experi-
ments; in particular the involvement in the lowest absorp-
tion band of the a-conjugated backbone is consistent with
the experimental observation that this band is less affected

Table 2. Energy, oscillator strength and composition in terms of molecular orbital excitation of the most rele-
vant vertical transitions calculated with B3LYP (PBEO data for the lowest transition in parenthesis) for T9s,

could be assigned to absorp-  Transition Ay, [nm]

E,(1) [eV] Osc. strength Character

tions involving the spider legs, G

as suggested by the extinction g7 364 341
coefficient values ¢ (24500 for Si1 322 3.85
T9,, 52500 for T144 and 68700 S16 309 4.01

S17 308 4.02

480 (464) 2.58 (2.67) 139 (1.44)

HOMO — LUMO

0.19 HOMO-3/HOMO — LUMO/LUMO+3

0.24 HOMO-2/HOMO-1 — LUMO+1/LUMO +2/LUMO +3
0.23 HOMO-3 — LUMO+3

0.62 HOMO-2/HOMO-1 — LUMO +1/LUMO +2

for T19,, Table 1) which are lin-

464 ————
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by increasing the number of spider legs than the higher
energy second feature. On the other hand, the fact that the
second absorption peak takes place within the spider legs is
consistent with the experimental increased intensity of this
feature with increasing the number of legs.

TDDFT calculations performed on the two T14; conform-
ers revealed a pattern of vertical excitations similar to that
calculated for T9s. In particular, we calculated the lowest ex-
cited state to correspond to an intense HOMO-LUMO
transition in both cases, but while for the twisted conformer
this transition is calculated at 2.55 (2.62) eV with B3LYP
(PBEO), similar to the lowest transition in T9s, for the
planar conformer a red-shift of the lowest excitation ener-
gies is calculated, which brings its value to 2.39 eV at the
B3LYP level of theory. This result is consistent with the in-
creased conjugation of the planar conformer. While both re-
sults are red-shifted compared with the experiment, the fact
that for the most stable twisted conformation we calculate a
lowest transition at essentially the same energy as that of
T9s, suggests that the twisted conformer dominates the ab-
sorption spectrum.

Figure 5 shows that solution PL emission of T14 is red-
shifted with respect to that of T9s (emission maximum at
about 569 and 524 nm, respectively). This behavior can be
explained, if we assume that the lowest excited state geome-
try corresponds to a planarized structure (see below). This
structural rearrangement would induce a stabilization in
emission energy due to a more delocalized electronic excita-
tion. In addition it is also possible that energy transfer from
branches with shorter conjugation length to branches with
more extended conjugation takes place, as observed in den-
drimer-like molecules.” Indeed the energetic position of
the PL spectra in Figure 5 can be correlated to the increas-
ing degree of molecular branching in T9; and T14. It is
likely that both effects (planarized excited state geometry
and intramolecular energy transfer) contribute to observed
spectral behavior.

The increased conjugation of the emitting excited states
in T14¢ is supported also by our theoretical investigation,
which shows a 0.19 eV red-shift of the lowest excitation
energy at the B3LYP level in going from T9; to the planar

0.8
0.6
0.4

0.2

Normalized photoluminescence [a.u.]

0.0 :
400 450 500 530 600 650 700 750 800

Wavelength [nm]

Figure 5. Normalized photoluminescence spectra of T9s (blue) and T14
(green) in CH,Cl,.
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T144 conformer, as opposed to the more stable twisted T14
conformer, for which we calculate a negligible red-shift of
the lowest excitation energy compared with T9s. The calcu-
lated excited state stabilization for the planar T14¢ confor-
mer nicely compares with the 0.15 eV red-shift experimen-
tally observed in emission.

A broad, unstructured and red-shifted emission spectrum
like the one of T9s and T144 could possibly be due to the
formation of excimers in solution.”” However, the presence
of excimers can be ruled out because PL measurements at
10°m concentration provide the same structureless emis-
sion, peak position and FWHM of solutions with 10~°m con-
centration. Moreover, we mention that PL decays are best
fitted with a monoexponential function and PL lifetime is
the same for both concentrations, which excludes the pres-
ence of molecular aggregates.

Electrochemical characterization of TX,: The electrochemi-
cal activity of T9s, T14; and T19, was studied by cyclic vol-
tammetry (CV) in 2.3x107*m CH,Cl, solution, with TBAP
0.1m as supporting electrolyte, on glassy carbon (GC) elec-
trode (Figure 6).

3.0
2.5

20

05}

0.0

-05

=1

0
00 01 02 03 04 05 06 07 08 09 10 11 12 13 14
E [V] (MeoFc)

Figure 6. CV patterns of TX,, 0.00023m in CH,Cl, + TBAP 0.1m. Color
code: blue=T9s, green=T14;, red=T19,. The CV pattern of ferrocene
(grey) is also reported for comparison.

As shown by the reversibility parameters [(E,—E,,) and
(E,—E,,) Table 3], the first oxidation peaks are electro-
chemically reversible (mass-transfer controlled reaction with
no activation barrier) in the case of T9s and T19,, while
T14, tends to partially lose its electrochemical reversibility
(i.e., the reaction tends to be kinetically controlled by the
electron transfer step), with concomitant shift of the oxida-
tion potential to higher values. This feature points®? to
T144 being more hindered than its lower and higher counter-
parts in the structural rearrangement required for the first
electron extraction (and the concurrent inclusion of either
the counter anion or/and solvent molecules), maybe on ac-
count of specific conformations pivoted by molecular sym-
metry, as suggested by calculations which account for a pre-
ferred twisted structure of T14,.
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Table 3. Voltammetric characterization of TX,,."!

crease (as expected) with the

TX, E, A [V] E,c[V] E,ec [eV] E, A% [V] E,c* [V] E*rc [eV] increasing bulkiness of the com-
Y, 1.065 —~1.652 2.72 0.95 —-1.37 2.32 pounds.

T14 1.129 —1.608 2.74 1.00 —1.44 2.44

T19, 1.0%9 —1.728 283 0.98 v ) Electrosynthesis of [TX,],, from
TX, (E,—Epp)a [V] (Epi—E,p) [V] 10°x D [cm?s™'] 10°x D’ [em?’s”'] TX, and electrochemical char-
T9, 0.058 0.076 439 4.43 acterization of conducting
T14, 0.085 0.110 3.06 films: Repeated cycling around
119, 0.060 0.056 219 230 the first oxidation peak resulted

[a] First oxidation and reduction peak potentials (E,, and E, ¢, respectively, vs the MeFct |[MeFc redox
couple). Onset potentials of first oxidation and reduction peaks, E,,* and E,*; reversibility parameters for
the first oxidation peak (half-peak width, E,—FE,,, and distance between forward and backward peak,
E,—E,};); band gap energies (E,gc); onset band gap energies (E,*rc); diffusion coefficients calculated by con-

volutive analysis (D) and from peak currents (D’). [b] Difficult to obtain.

From the difference between the anodic and cathodic
peak potentials it is possible to calculate electrochemical
HOMO-LUMO energy gaps E,*?! to be compared
with the spectroscopic ones, E,(1) (Table 1 and Figure la—c).
To achieve a more complete comparison, “onset” energy
gaps, E,*gc, can be measured also in the electrochemical
case (from the difference between the onsets of the first oxi-
dation and reduction peaks) and compared with the absorp-
tion ones, E,*(1).

It is worthwhile noticing that, although the onset criterion
should be regarded as by far less meaningful and more
“practical” with respect to the peak-maximum criterion, in
this case it appears to lead to better convergence between
the two approaches. On the other hand, concerning the al-
ternative criterion based on peak maxima and resulting in a
small but significant difference between E,gc and E,(4), one
must consider that a) the most appropriate comparison with
spectroscopic data should require formal potentials E” ac-
counting for electrochemically reversible electron transfer
processes; unfortunately, in this case, the cathodic process is
electrochemically irreversible; b) in any case, the involved
energy levels can be different in the two approaches since,
in the electrochemical case, electrons are subtracted or
added to the molecule leading to net charged species (re-
quiring, amongst other things, to take into proper account
the possible formation of ionic couples with counter ions
from the supporting electrolyte, an effect promoting the
electron transfer).

In any case, electrochemical energy gaps of TX, fully
comply, like the spectroscopic ones, with the normalization
criteria outlined in the Introduction, based on E,(4) versus
1/n, plots.

The diffusion coefficients,
calculated™! either from con-
volutive analysis of the oxida-

in the formation of conducting
films [TX,l,. In particular,
[T9s],, and [T14],, show good
mechanical properties and are
very stable even in the neutral
state and after one-month ex-
posure to air. The former is de-
posited with higher efficiency, resulting in a thicker film
(confirmed by EQCM). After the electrodeposition cycles,
[T9s],, and [T144], were characterized in a monomer-free
solution (Figure 7 and Table 4). According to MALDI-TOF
spectra, [T9s], is consisting of dimers (m=2) and minor
amounts of tetramers (m=4), while [T144], chiefly by
dimers.

Both conducting films [T9s],, and [T14],, show the phe-
nomenon of charge trapping (Figure 8). In fact, the sharp re-
duction peak associated with the first electron uptake and
the concurrent inclusion of the charge-balancing (C,H,),N*
counter-ion (and possibly also of solvent molecules), pres-
ents its oxidative counterpart (associated with the release of
the same charge, being characteristically of the same area)

N oW R ™

1}
=

(ifc) [A cm™2 mol™ dm™]

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14
E [V] (MeqoFc)

Figure 7. Oxidative CV patterns of [TX,],, after 24 cycles in a monomer
free solution. Color code: blue =[T9s],, green=[T144],, red=[T19,],.
The CV pattern of ferrocene (grey) is also reported for comparison.

Table 4. Voltammetric characterization of the electrosynthesized conducting films [TX,,],,,."!

tion peak (D) or from the slope

f h h FllmS Ep,A [V] Ep.C [V] EgEC [EV] E})J\"< [V] Ep,C* [V] Eg* EC [BV] EA.lrap [V] AElrap [eV]
ol the current vs. the square |4 ¢ 1374 254 0.78 125 2.03 0.416 1.79
root of the potential scan rate [p14), 1.09 1378 247 0.84 132 216 0.590 1.97

straight line (D’), are in good

agreement comparing the two
methods and show a regular de-
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[a] First oxidation and reduction potentials (E, and E, respectively, vs the Me,Fc™|Me,Fc redox couple);
energy band gaps (E,rc); oxidation potential corresponding to the recovery of the trapped charge E,,, and
charge-trapping energy (AE,,,).
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Figure 8. Complete CV patterns of [TX,],, in the monomer free solution.
Color code: blue =[T9s],,, green =[T14],,.

only at very positive potentials, just before the first “regu-
lar” oxidation peak, corresponding to the radical cation for-
mation.

The large charge-trapping potential difference (no less
than 1.8-2.0 V, see AE,,, in Table 4), related to a significant
free energy change, could be associated to a significant
structural reorganization step with conjugative redistribution
of the negative charge. It is probable that the delocalization
of the injected charge on the wide m-system network, having
many freedom degrees (particularly in the secondary
branches) together with the concurrent inclusion of counter
cations (and possibly solvent molecules), prompts a transi-
tion to a more favourable and stabilized structure, involving
significant intra- and/or supramolecular reorganization. Ac-
cordingly, a more positive potential is required to release
the charge since an extra energy contribution is required to
recover the original structure. In particular, while the injec-
tion of the negative charge occurs at the same potential for
the two materials, the potential required to release the
charge in the case of [T14¢],, is significantly more positive.
This could be connected to its larger and more branched
structure, resulting in more complex reorganization require-
ments to accommodate the incoming charge and the corre-
sponding counter-ion.

In situ conductivity experiments were performed only for
[T9s],,, because [T144],, failed to bridge the two-band elec-
trode" or underwent dissolution during analysis.

Conductivities of [T9s],, are quite satisfactory, showing a
linear dependency on the potential, ranging from 0.1 Scm™!
at 0.85V (Me,Fc) to the promising value of 6.5Scm™! at
1.25 V (Me, Fc).

Spectroscopic properties of [TX,],: The UV absorption data
of [TX,],, are reported in Figure 9a and summarized in
Table 4. The UV/Vis absorption spectra of [T9s], and
[T14],, films shift to significantly longer wavelengths with
respect to the corresponding TX,,, thus confirming that cou-
pling has indeed occurred resulting in a more extended -
conjugated system (Table 5 and Figure 9). This conjugation

Chem. Eur. J. 2008, 14, 459-471
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Figure 9. a) UV/Vis spectra of [TX,],, on ITO. b) Photoluminescence
spectra of [T9s],, and [T14],, on ITO. Color code: blue =[T9s],,, green=
[T14],,, red =[T19,],.

Table 5. UV characterization of the electrosynthesized conducting films
[TX, ],

Films hn 0] ED) [V alnm]  EF@) [eV]
[T9],. 502 2.47 630 1.97
[T14,],, 456 272 610 2.03
[T19,],, 424 2.93 575 2.16

improvement is significantly higher than the expected one
considering oligomers in solution (Figure 1b and c); this
points to a solid-state effect, possibly connected with -
stack interactions between adjacent molecules at short inter-
chain distances in the conducting film.”®! Experiments
reveal that [T9s],, has the onset of the optical absorption at
the longest wavelength (i.e., it has the more extended conju-
gation), while [T19,],, has the shortest conjugation. These
findings can be interpreted considering that [T9s],, has the
highest a—a constitutional order (see below) and then a
higher conjugation degree. The regular increase of the a'/a
position ratio in the [TX,],, series (from 1 to 3) necessarily
results in a decrease of the a—a coupling regioselectivity, im-
plying shorter a-conjugated chains in the films. Consistently
with absorption, the photoluminescence spectra of [T9s],,
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and [T14],, (Figure 9b) are at lower energy with respect to
the ones of the corresponding monomers, confirming the
longer effective m conjugation in the films. The maximum
emission wavelengths of [T9s],, and [T14],, are located at
about 630 and 610 nm, respectively, again suggesting a more
extended conjugation in [T9s],, with respect to [T14],,.

Investigation of the regiochemistry of the electrochemical
oxidative coupling of T9;: The polymerization of monomers,
where heterotopic thiophene moieties with free o positions
are present, opens the question which rings are involved in
the oxidative coupling process. To answer this questions we
resorted to labelled monomer TY9s[D,] (n=0, 1, 2) in which
both o positions of the branches are labelled with deuterium
(Scheme 3). By computing the isotopic abundance in the

[Pd (PPh,).]

Bu3Sn[>\<j

S
Br\/

B

s~ Br [Pd (PPhy),

2 BulLi WD BuLi
I
D0 b s \ Bu,SNCl
Scheme 3. Synthesis of labelled T9s5[D,].

electrooxidation products and in the starting monomer at
different times it was possible to evaluate the relative kinet-
ic parameters for the coupling reaction between two a posi-
tions (Scheme 2) of the fully 2,5-conjugated system (o—a
coupling), between two o' positions of thiophene rings be-
longing to the branches (a'—a’ coupling), and for the mixed
coupling a—a’ coupling).

Labelled T9s[D,] was prepared according to the reaction
sequence reported in Scheme 3, taking advantage of the
higher reactivity of the bromine atoms in position a of tetra-
bromothiophene.”!

Laser-desorption-ionization (LDI) mass spectrometric
analysis gave the isotopic distribution in the starting T9s[D,,]
monomer shown in Table 6. The regioselectivity of the label-
ling was proven by the nearly total absence in the 'H NMR
spectrum of a signal (dd) at 6 7.17 ppm, due to the o’ hydro-
gens of TYs.

Electrooxidative coupling of T9s[D,], carried out under
the experimental conditions described before for T9s, af-
forded the expected mixture of dimer D[D,] and tetramer,
where D[D,] (x=0-4) refers to the unlabelled, mono-, bis-,
tris- and tetradeuterated dimer. The analysis of the peak
abundance in the LDI spectrum of dimer D[D,], obtained
after an about 2% conversion, revealed the isotopic distri-
bution reported in Table 6.

The 8.5% abundance of unlabelled dimer D[D,] is not
compatible with the very modest presence of unlabelled
T95[D,] in the starting material (2%).

This hints that some deuterium is lost during the electro-
oxidation. To check this hypothesis, a sample of monomer
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Table 6. Deuterium distribution [%] in the monomer T9s[D,] and in the
dimer D[D,] resulting from its electrooxidation at different conversion
levels.

T9,[D,] conv=0% TY9;[Dy] TY[D;] TY5[D,]
2 10 88

TOAD,] conv=64% T9D,] T9ID,] TID,]
17 16 67

DI[D,] conv=2% D[D,] D[D,] D[D,] D[D;] D[D,]
8.5 9.5 17 22 43

T9;[D,] was recovered after that the oxidation was driven
to 64% conversion. The isotopic abundance in recovered
T9s[D,] (Table 6) confirmed that significant H-D exchange
occurred during the oxidative process.

To explain such D-H exchange phenomenon in the mono-
mer, we suggest a mechanism in which the radical cation re-
sulting from electrooxidation can either react with another
radical cation to ultimately give the dimer D[D,], or ex-
change deuterium with protium by hydrogen abstraction
from an undefined species present in solution.

To obtain an estimate of the regiochemistry of the dimeri-
zation, that is, of the relative velocity of the aa, aa’ and o'a’
dimerization reactions, one needs to interpret the deuterium
distribution in the dimer by means of a kinetic scheme (see
below).

T9(D,] — T95(D,] Kox (1a)
T9:*[D,] — T9[D, ky (n=2,1) (1b)
T9:*[D,] + T9;*[D,] — DD, kyulp=n+m) (I
T9:°[D,] + T9[D,] — DD,] ke (1d)
T9s°[D,] + T9*[D,] — D[D,] kyu (le)

To obtain the five rate constants from experimental data, we
followed a best-fit procedure consisting in: 1) integrating
the rate laws (1) under mass balance constraint, 2) finding
the 2% conversion point, 3) computing the deuterium distri-
bution in the dimer at 2% conversion and comparing it with
the experimental one. Using this way, the kinetic constants
which best fit to the experimental data within a given kinetic
model are obtained. The relative magnitude of the best-fit
kinetic constants are reported in Table 7 and the calculated
deuterium distribution in the dimer is pictured in Figure 10,
either in the absence or in the presence of the deuterium ex-
change reaction.!"”

Table 7. Relative magnitude of the best-fit kinetic constants of the kinet-
ic model (1) with and without the radical cation dedeuteration step (1b).

Dedeuteration reaction (1b)

Present Absent
kdd/kox 27 -
Koakox 41 0.57
Koarkox 0.033 0.12
ka'a’/kox 0 0

Chem. Eur. J. 2008, 14, 459—-471
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Figure 10. Comparison of the experimental deuterium distribution in
dimer and the best-fit distribution. @: best-fit to the kinetic model includ-
ing the monomer dedeuteration step;[”‘] o: best-fit to the kinetic model
without monomer dedeuteration.

As it can be seen in Figure 10, the introduction of the
deuterium loss in the kinetic model greatly improves the
quality of the fit for all dimer deuteration levels. The small
differences between the experimental and best-fit distribu-
tion are not much larger than the experimental error.
Hence, this simple kinetic analysis indicates that deuterium
loss from the monomer is able to explain the observed deut-
eration levels in the dimer. The dimerization turns out to be
a very regioselective reaction. The aa coupling is more than
1000 times faster then the aa’ coupling and the o’a’ dimeri-
zation is practically absent. It is also interesting that the de-
deuteration kinetic constant is of the same order of magni-
tude as k.

Conclusion

T9s, T14, and T19, open a class of all-thiophene-based mate-
rials tailored to couple good performances, and synthetic ac-
cessibility. They have been designed on the basis of a careful
investigation of the optical properties—structure relation-
ships in molecules described in recent literature. T9s and
T144 have been prepared on a multi-gram scale in good
yields starting from inexpensive, commercially available ma-
terials. They feature first oxidation CV peaks of reversible
or quasi-reversible character, affording fast and reproducible
formation of conducting [TX,],, films. The films, mainly con-
sisting of dimers, are highly stable and show a significant in-
crease in m delocalization together with an impressive
charge-trapping ability, probably connected with molecular
and supramolecular reorganization related to the many free-
dom degrees of the branched structure. [T9s],, which has
been demonstrated to possess a high o—o constitutional
order, displays the smallest optical gap, indicating that the
formation of films from larger members involves distortion

Chem. Eur. J. 2008, 14, 459-471
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or lower constitutional order. Photoluminescence spectros-
copy reveals that larger sized TX, are red-shifted with re-
spect to smaller ones and that [T9s],, has the lower emission
energy. This result is interpreted in terms of a trade-off be-
tween the length of a-linked chains and conjugation inter-
ruptive distortions. DFT-TDDFT calculations allowed us to
gain insight into the structural, electronic and optical prop-
erties of the investigated systems, providing a detailed as-
signment of the absorption spectrum of T9s and of T14,. At
variance with T9s, for which the ground state is clearly
planar, for T144 we found two almost isoenergetic minima
corresponding to a planar and a twisted structure. The calcu-
lated absorption spectrum of the more stable T144 twisted
conformer is consistent with the experimental trend of ab-
sorption, while the red-shift of the lowest transition calculat-
ed for T14, planar conformer is suggestive of a planar geom-
etry for the emitting excited state.

Spider-like oligothiophenes are promising materials for
applications as active layers in multifunctional organic devi-
ces,”” where fine tuning between charge transport ability, in-
termolecular interactions and light emission efficiency is
crucial.

Experimental Section

Organic synthesis: NMR spectra were obtained on Bruker AV 400 and
Bruker AC 300 spectrometers. Chemical shifts were recorded in ppm and
the coupling constants were reported in Hz. Mass spectra were recorded
on Bruker Daltonics high resolution FT-ICR (Fourier Transform Ion Cy-
clotron Resonance) model APEXTM II (4.7 Tesla Magnex cryomagnet
supplied with ESI source) and Thermofiningan LCQ Advance (ESI and
APCI sources). MALDI spectra were recorded on a Bruker Microflex
LT spectrometer. DSC curves were recorded on a Mettler DSC 823. THF
was freshly distilled from sodium/benzophenone. All reagents were com-
mercially available and were used as received. The normal work-up in-
cluded extraction, drying over Na, SO, and evaporation of volatile mate-
rials in vacuo. Purifications by column chromatography were performed
using Merck silica gel 60 (230-—400 mesh for flash chromatography and
70-230 mesh for gravimetric chromatography). NMR and MS spectra are
given in the Supporting Information.
Bis[3",4"-(5,2'-bithiophen-2-yl)]-2,2":5',2"":5”,2"":5"" 2" -pentathiophene
(T9;5): 5-Tributylstannyl-2,2’-bithiophene (2.5¢g, 5.49 mmol) and [Pd-
(PPh;),] (101 mg, 0.0874 mmol) were added under nitrogen atmosphere
to a stirred solution of tetrabromothiophene (350 mg, 0.876 mmol) in tol-
uene (10 mL). The mixture was heated under reflux for 18 h and filtered
on silica gel to remove the catalyst residue. Toluene was evaporated
under reduced pressure and the residue was triturated with hexane (3x
15 mL) to remove organotin in excess and tin side products. Purification
by flash chromatography (silica gel, hexane/chloroform 7:3) yielded T95
(585 mg, 90%) as a yellow-orange solid. M.p. (DSC) 215°C; 'H NMR
(300 MHz, CDClLy): 6=7.17 (m, 2H), 7.11 (dd, 2H, J,=4.7, J,=1.2 Hz),
7.09 (dd, 2H, J,=3.6, J,=1.1Hz), 7.06 (d, 2H, J=3.7Hz), 7.02 (brs,
4H), 6.97 (d, 2H, J=3.6 Hz), 6.96 (d, 2H, J=3.6 Hz), 6.86 ppm (d, 2H, J
= 3.7Hz); "CNMR (300 MHz, CDCl;): 6 =139.41, 138.36, 137.33, 136.9,
134.08, 133.9, 133.48, 132, 130.35, 127.84, 127.74, 127.18, 124.71, 124.33,
124.03, 123.81, 123.62 ppm; MS (EI): m/z: 740 (100) [M]*; HRMS: m/z
calcd for CySoH,,T: 739.90515; found: 739.90558.
Tetrakis[3",4”,3",4"'-(5,2-bithiophen-2-yl) ]-2,2":5",2"":5",2"":5"" 2"""":5""" 2""""'-
hexathiophene  (T14):  5-Tributylstannyl-2,2"-bithiophene ~ (2.87 g,
6.312 mmol) and [Pd(PPhs),] (182 mg, 0.157 mmol) were added under ni-
trogen atmosphere to a stirred solution of hexabromo-2,2'-bithiophene
(0.5 g, 0.789 mmol) in xylene (25mL). The mixture was heated under
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reflux for 18 h and filtered on silica gel to remove the catalyst residue.
Toluene was evaporated under reduced pressure and the residue was dis-
solved in chloroform and loaded absorbed on silica gel onto a second
short silica gel column packed with hexane. Purification by flash chroma-
tography (silica gel, hexane/chloroform 7:3) yielded T14 (590 mg, 65 %)
as a yellow-orange solid. '"H NMR (400 MHz, CDClL,): 6 = 7.21 (m, 4H),
7.17 (m, 4H), 7.13 (d, 2H, J=3.6 Hz), 7.09 (d, 2H, J=3.5 Hz), 7.05 (d,
2H, J=3.5Hz), 7.02 (d, 4H, J=2.9 Hz), 6.98 (m, 6H), 6.93 (d, 2H, J=
3.7 Hz), 691 (d, 2H, J=3.6 Hz), 6.62 ppm (d, 2H, /=3.7 Hz); "C NMR
(400 MHz, CDCL): 6 = 140.11, 139.34, 138.95, 137.77, 137.71, 137.50,
137.25, 136.32, 134.56, 134.45, 134.18, 131.30, 130.57, 129.78, 129.62,
128.25, 128.17, 128.13, 127.70, 125.14, 124.77, 124.63, 124.46, 124.28,
124.10, 123.91 ppm; MS (MALDI): m/z: caled for CsHjS;,: 1150.85;
found: 1150.90.

Octabromo-ao-terthiophene: Bromine (3.3 mL, 64 mmol) was dropped
into a solution of 2,2":5'2"-terthiophene (370 mg, 1.5 mmol) in carbon di-
sulfide (18 mL). The reaction mixture was heated under reflux under stir-
ring for 26 h. A saturated solution of Na,S,05 (310 mL) was added to the
reaction mixture to eliminate the bromine excess. The precipitate was
collected, washed with water and methanol and dried to give a first crop
of the bromo derivative (200 mg). The filtrate was treated with a 5%
NaHCO; solution. The organic layer was separated, dried and the solvent
evaporated under reduced pressure to give a solid (330 mg) which was
combined with the first amount and recrystallized from xylene. (438 mg,
0.725 mmol, 48.6% ). M.p. (DSC) 273°C; *C NMR could not be recorded
due the insolubility of the compound in organic solvents.
Hexakis[3",4",3",4",3"",4""-(2,5 -bithiopen-2-yl) |-

2,2":5',2":5" 2" 5" 2" 5" 25" 2" -heptathiophene (T19,): 5-Tri-n-bu-
tylstannyl-2,2"-bithiophene (1.03 g, 2.3 mmol) and [Pd(PPh;),] (52 mg,
0.045 mmol) were added under nitrogen atmosphere to a stirred suspen-
sion of octabromoterthiophene (200 mg, 0.23 mmol) in xylene (20 mL).
The mixture was heated under reflux for 26 h and filtered on silica gel
employing toluene to remove the catalyst residue. The solvent was
evaporated under reduced pressure and the residue was filtered on silica
gel using first hexane and then chloroform. The last fractions were com-
bined, evaporated to dryness and purified by chromatography (silica gel,
hexane/chloroform 6:4) to give T19; (15 mg, 0.01 mmol, 42%) as a
brown solid. '"H NMR (400 MHz, CS,): 6=6.85 (m, 8H), 6.76 (m, 4H),
6.66 (m, 20H), 6.57 (dd, 4H, J,=17.6, J,=3.7 Hz), 6.30 ppm (dd, 4H, J,=
229, J,=3.7 Hz); *C NMR (400 MHz, CS,): 6 =140.0, 139.6, 139.3, 139.0,
137.5, 137.4, 137.1, 136.2, 134.5, 134.2, 134.1, 134.0, 133.9, 133.8, 130.9,
130.5, 130.1, 129.8, 129.6, 128.9, 128.1, 128.0, 127.7, 125.1, 124.8, 124.7,
124.3, 124.2, 124.09, 124.06, 123.9, 123.8, 123.7 ppm; MS (MALDI): m/z:
caled for C;HyS9: 1559.78; found: 1559.90.
5-Tribustannyl-2,2"-bithiophene-5'-[D]: A 1.6M solution of BuLi in
hexane (1.3 mL, 2.09 mmol) was added dropwise at —78°C, under nitro-
gen atmosphere, to a stirred solution of 2,2'-bithiophene-5,5-[D,]
(388 mg, 2.31 mmol) and TMEDA (0.44 mL, 29mmol) in THF
(7.76 mL). The reaction mixture was stirred for 3 h at the same tempera-
ture, then tributylstannyl chloride (0.7 mL, 2.62 mmol) was added drop-
wise, keeping the temperature at —78°C. The temperature was then al-
lowed to reach room temperature and the mixture was stirred overnight.
The solution was evaporated under reduced pressure to yield a brownish
oil which was dissolved with CH,Cl,. The solution was cooled to —40°C
and decomposed by slowly adding a saturated solution of NH,Cl (2 mL).
The organic phase was washed with water, dried over Na,SO, and finally
evaporated under reduced pressure. The residue was distilled under
vacuum (3x107° Torr) to give S-tributylstannyl-2,2"-bithiophene-5'-[D]
(93 mg, 88%) with b.p. 170°C; 'H NMR (300 MHz, CDCl,): 6=7.3 (d,
1H, J=33Hz), 7.19 (d, 1H, J=3.6 Hz), 7.08 (d, 1H, J=3.3 Hz), 7.02 (d,
1H, J=3.6 Hz), 1.6 (m, 2H), 1.35 (m, 4H), 0.93 (t, 3H, /=83 Hz); MS
(ESI): m/z: 456.3.

3",4"-Dibromo-2,2":5',2":5",2"":5'",2"""-pentathiophene: 5-Tributylstannyl-
2,2'-bithiophene-5'-[D] (1.139 g, 2.5mmol) and [Pd(PPh;),] (0.144 g,
0.125 mmol) were added under nitrogen atmosphere to a stirred solution
of tetrabromothiophene (0.5 g, 1.25 mmol) in toluene. The reaction mix-
ture was refluxed for 18 h and filtered through a short silica gel column
to remove the catalyst residue. After elution with toluene an orange frac-
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tion was collected and evaporated under reduced pressure. Purification
by flash chromatography (silica gel, hexane) yielded the didromo deriva-
tive as a yellow-orange solid (0.030 mg, 0.053 mmol). 'HNMR
(300 MHz; CDCLy): 0 = 6.9-7.38 (m, 10H); MS (APCI): m/z: 570.4
(100) [M*].
Bis[3",4"-(5,2'-bithiophen-2-yl-5'-[D])]-2,2":5",2":5",2"":5" 2" -pentathio-
phene  {T94[D,]}: S5-Tributylstannyl-2,2"-bithiophene-[D]  (47.8 mg,
0.103 mmol) and [Pd(PPh;),] (4 mg, 0.0035 mmol) were added to a stirred
solution of 3”,4”-dibromo-2,2":5',2":5",2"":5" 2""-pentathiophene (20 mg,
0.035 mmol) in toluene (10 mL) under nitrogen atmosphere. The mixture
was heated under reflux for 18 h and silica gel-filtered through a short
column using toluene to remove the catalyst. The residue was again puri-
fied by chromatography on a silica gel column with hexane/chloroform
7:3 to yield T95[D,] (9 mg, 0.012 mmol, 34%) as a yellow-orange solid.
'HNMR (300 MHz; CDCl;): 6=7.18 (brd, 2H, J=5.1 Hz), 7.10 (d, 2H,
J=3.6 Hz), 7.07 (brd, 2H, J=3.6 Hz), 7.06 (d, 2H, J=3.7 Hz), 7.02 (brs,
4H), 6.96 (m, 4H), 6.86 ppm (d, 2H, J=3.7 Hz); HRMS (EI): m/z: calcd
for C5SyD,H ™ 741.91748; found 741.91681.

Electrochemistry: The cyclovoltammetric (CV) characterization of the
starting oligomers and of the electrosynthesized polymers was carried out
using an Autolab PGSTAT 30 potentiostat/galvanostat (EcoChemie, The
Netherlands) run by a PC with GPES software, with the ohmic drop
being corrected by means of the positive feedback technique® at scan
rates ranging 0.02-10 Vs!, in methylene chloride (Merck, HPLC grade),
with 0.1M tetrabutylammonium perchlorate TBAP (FLUKA, electro-
chemical grade) as supporting electrolyte, using a glassy carbon GC
(Amel, surface 0.071 cm®) as the working electrode, a platinum counter
electrode, and an aqueous saturated calomel electrode (SCE) as the oper-
ating reference electrode. The data have been subsequently referred to
the MeFct|Me,Fc (decamethylferricinium |decamethylferrocene) ref-
erence redox couple, currently proposed as an improved alternative™ to
ferrocene, proposed by IUPAC,” and whose formal redox potential in
our operative solvent is —0.052 and —0.547 V against our aqueous SCE
reference and against ferrocene, respectively. The cell was thermostated
at 298 K and the solutions were carefully deareated by nitrogen bubbling
before the scans. The optimised polishing procedure for the working GC
electrode consisted of surface treatment with diamond powder (Aldrich,
diameter 1 pm) on a wet cloth (DP-Nap, Struers). The chemical and elec-
trochemical reversibility of each well-defined CV peak were checked by
means of classical tests® including analyses of: a) half-peak width
(E,—E,p); b) E, vs logv characteristics; c) the distance between the
anodic and cathodic peak potential (E,,—E,.); d) I, vs v' characteristics,
and e) the “stationary” step-like waves obtained by means of convolutive
analysis of the original CV characteristics,*” for the evaluation of the dif-
fusion coefficients, which were also calculated, for reversible systems,
from the slope of the current vs. the square root of the potential scan
rate (from 0.02 to 2 Vs™).

The polymers were electrosynthesized on GC, cycling the potential (24
cycles) at 0.2Vs™' scan rate, in the oxidation region 0.55-1.30 V
(MeFc).

Electrochemical Quartz Crystal Microbalance (EQCM) analyses were
performed using the EQCM 5710 (Institute of Physical Chemistry of the
Polish Academy of Science) connected with the Autolab PGSTAT 30 and
run by the EQCM 5710-S2 software, equipped with gold-coated AT-cut
quartz crystal resonators (5 MHz).

In situ conductivities of the polymers were determined using the proce-
dure suggested in the literature,’" using a two-band platinum electrode,
embedded in glass and two potentiostats (Autolab PGSTAT 30, EcoChe-
mie, The Netherlands; AMEL 2049); poly(3-methylthiophene)
(60 Scm™'11% was used as the conductivity standard.

Spectroscopy: For spectroscopic measurements T9s5, T144 and T19, were
dispersed in a dichloromethane solution at 10°M concentration, while
[T95],., [T144],, and [T19,],, thin films were electrochemically deposited
on ITO (Indium-Tin Oxide) coated glass (Sigma-Aldrich; surface resis-
tivity: 8-12 Q per sq). UV-visible absorption spectra were recorded with
a JASCO V-550 spectrophotometer. Photoluminescence was excited
using a Ti:sapphire (Spectra Physics) femtosecond laser (pulse duration
of 100 fs and repetition rate of 80 MHz), pumped at 532 nm by a solid
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state 10 W CW laser. The fundamental emission of the Ti/sapphire laser
is coupled into a B-barium borate (BBO) crystal for second harmonic
generation before exciting sample photoluminescence at a wavelength of
400 nm. PL spectra were then measured using a Chromex monochroma-
tor with spectral resolution of 2 meV.

LDI spectrometry: Laser desorption-ionization (LDI) mass spectra were
obtained by an ULTRAFLEX 1II (Bruker Daltonics, Bremen, Germany)
instrument. 1 pL of oligothiophenes solution (5 pugmL~" in CHCl;) was
deposited on the MALDI plate. After sample drying, the LDI spectra
were acquired with ion source 1 (IS1) set to 25 kV, ion source 2 (IS2) set
to 21.65 kV, lens voltage set to 10.5kV and with a delay extraction of 0
sec. The laser (N,, 337 nm) energy employed was 81.2 uJ (70% of its
maximum value). Dithranol was used as the matrix for the MALDI spec-
tra.
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Abstract: The coordination behaviour
of a new thiosemicarbazone Schiff-base
building block, N-{2-([4-N-ethylthiose-
micarbazone|methyl)phenyl}-p-toluene-
sulfonamide, H,L' (1), incorporating a
bulky tosyl group, towards Mn", Fe",
Co", Ni", cu", zn", Cd", Ag', Sn", and
Pb" has been investigated by means of
an electrochemical preparative proce-
dure. Most metal complexes of L' have
the general formula [M(L")],nX (M=

quantum yield of 0.13. In the case of
silver, the complex formed was found
to possess a stoichiometry of
[Ag,(LY],-3H,0. During reactions with
manganese and copper metals, interest-
ing catalysed processes have been
found to take place, with remarkable
consequences regarding the ligand
skeleton structure. In synthesising the
manganese complex, we obtained an
unexpected dithiolate thiosemicarba-

zone tosyl ligand, H,L?, as a side-prod-
uct, which has been fully characterised,
including by X-ray diffraction analysis.
In the case of copper, the solid com-
plex has the formula [CuL'],, but the
crystallised product shows the copper
atoms coordinated to a new cyclised
thiosemicarbazone ligand, H,L? as in
the structures of the complexes
[Cu(L*],CH;CN (8) and [Cu(L%)-
(H,0)],,CH;CN-H,0 (9). The zinc

Mn, Fe, Co, Ni, Cu, Cd, Pb; n=0-4,
X=H,0 or CH;CN), as confirmed by
the structure of [Pb(L")], (15), in which
the lone pair on lead is stereochemical-
ly active. This lead(II) complex shows
an intense fluorescence emission with a
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complex [Zn(L")], (12) displays a par-
ticular tetranuclear zeolite-type struc-
ture capable of hosting small molecules
or ions, presumably through hydrogen
bonding.

dithiolate

Introduction

Thiosemicarbazones are unique and versatile ligands, not
only because they possess a great variety of donor sets and
high versatility in terms of their coordination, but also due
to the fact that they show varied biological, structural, and
optical properties.>? It is now firmly established that their
transition metal complexes are potent pharmacological
agents,”* generally showing higher activity than the parent
thiosemicarbazones.”! This feature is currently being studied
in order to establish their role at the DNA level. It has been
suggested that thiosemicarbazone compounds block DNA
biosynthesis,”! while other studies indicate that they act as
DNA intercalating agents.”

Electrochemical procedures have been widely used for
the synthesis of metal complexes, especially in cases where
the organic ligands contain donor groups with weak acidi-
ty.® The conditions employed in this experimental method-
ology have proved suitable for deprotonating amide func-

Chem. Eur. J. 2008, 14, 500—512





tions and thus it provides an easy and inexpensive synthetic
procedure whereby complexes may be formed in the ab-
sence of external coordinating species. It is well known that
the use of acid metal salts facilitates complex formation by
coordination of the metal to the protonated organic sub-
strate, the coordination of undesired anions being quite
common. We have demonstrated that the appending of a
tosyl group to an amide-type Schiff-base ligand increases
the acidity of the amide hydrogen, thereby making the
ligand more anionic in nature. Furthermore, a tosyl group
increases the solubility of the ligand and its metal com-
plexes.”! In addition, the presence of additional donor atoms
in the amide ligand may allow the formation of stable five-
and six-membered chelate rings with a metal ion, and this
may make the metal complexation easier.

In previous work, we have employed Schiff-base ligands
derived from thiosemicarbazones!'“!!l or containing tosyl
groups® as useful building blocks for the construction of
polynuclear helicates. As a result of our interest in the
design of organic systems suitable for the assembly of supra-
molecular compounds, we decided to incorporate these two
molecular motifs in the same ligand to afford combined thi-
osemicarbazone and tosylamide skeletons. As a conse-
quence, we have synthesised a new thiosemicarbazone
Schiff-base ligand (Scheme 1) by incorporating a bulky tosyl

o

H H
| HN, \N/N\H/N\/
NH
NH Ot S:< — NH S + H0
)
0=8=0 NH 0=8=0
< H,L!

Scheme 1. Synthesis of the ligand H,L".

group. The interactions of this ligand with transition and
post-transition metals have been investigated by means of
an electrochemical preparative method. The results obtained
are reported herein.

— Mn
Ts—NH )

E—

Ts
s 1
N, -t : \S----‘MnJ@
NH Ts g
s:< HNJ\\N'N\

/NH
R = R

H,L!

Scheme 2. Proposed mechanism for the formation of the disulfide ligand H,L*
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Results and Discussion

Synthesis of the ligands: The Schiff base H,L' was prepared
according to a four-step synthetic route in an overall yield
of 50%. The first three steps relate to the synthesis of 2-to-
sylaminobenzaldehyde.['”

Treatment of 2-tosylaminobenzaldehyde with 4-N-ethyl-3-
thiosemicarbazide in a 1:1 molar ratio under reflux condi-
tions in ethanol yielded the [N,S] tridentate Schiff-base
ligand H,L' (Scheme 1). The soft white powdery solid
formed was satisfactorily characterised, as detailed in the
Experimental Section.

The new dithiolate Schiff base H,L? (Scheme 2) was very
easily obtained by concentration of the mother liquor from
an electrochemical synthesis involving manganese, followed
by slow recrystallisation of the residue obtained from a di-
chloromethane/diethyl ether mixture. The soft yellow crys-
talline product was fully characterised, again as detailed in
the Experimental Section.

Synthesis of the complexes: New neutral metallic complexes
were obtained by electrochemical oxidation of appropriate
metal anodes in an acetonitrile solution containing the
ligand H,L' in the presence of a small quantity of tetraethy-
lammonium perchlorate as supporting electrolyte. Electro-
chemical efficiency values for the cells with the M" com-
plexes were around 0.5 molF~', while for the Ag' complex
the value was 0.9 molF~!, according to the following mecha-
nism:

cathode : [H,L'] + 2e¢” — H,(g) + [L']*
anode: [L'" + M — [M(L")] + 2e"
anode : [L'" 4+ 2Ag — [Ag(L")] + 2e”

Several attempts to obtain the tin complex, under various
electrochemical conditions, yielded only complicated un-
characterisable mixtures.

Analytical and spectroscopic data: The aforementioned
electrochemical procedure allowed us to easily obtain neu-
tral complexes of the type [M(L')],nX (M =Mn, Fe, Co, Ni,
Cu, Cd, Pb; n=0-4, X=H,0 or CH;CN), [Ag,(L"],:3H,0,
and [Zn(L")];2H,0, in high purities and very good yields.

R
N NH
NNT Ts
N \\[/ !
S. HN
Ts HN/J\\N/N\

A
R

H,L?
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All of the obtained complexes are air-stable as well as
thermally stable, melting above 300°C without decomposi-
tion. The molar conductivity values of these compounds are
consistent with non-electrolyte character. The magnetic mo-
ments for the Mn, Fe, Co, Ni, and Cu complexes are quite
similar to those expected for magnetically diluted M" ions,
which confirms that the ligand acts in a fully deprotonated
form, [L']*".

Mass spectrometry and IR spectroscopy: The FAB mass
spectra of the complexes show peaks due to the fragments
[M(LY)],, indicative of the coordination of the ligand H,L'
to the different metals and suggesting a polynuclear nature
for all of these complexes. Fragments containing solvent
molecules were not always observed, reflecting the solvating
rather than coordinating behaviour of the solvent molecules.
In order to assess the identity and the nuclearity of the com-
plex species formed in solution, ESI-MS experiments were
performed for all of the complexes. The spectra of the man-
ganese, iron, cobalt, nickel, copper, cadmium, and lead com-
plexes feature peaks corresponding to [M,(L"),+H]* frag-
ments, suggesting that the dinuclear complexes are the main
species in solution. On the other hand, the spectrum of the
silver ~compound shows peaks corresponding to
[Ag,(LY+H]™*,, which confirms the stoichiometry suggested
by the analytical data. In the case of zinc, peaks correspond-
ing to [Zn,(L"),+H]* were detected, implying that the tetra-
nuclear nature of this complex seen in the solid state (X-ray
studies; see below) might also be maintained in solution.

The IR spectra of the complexes show that the shift of
charge caused by the coordination of the imine and thiol
groups to the metal centre leads to a general displacement
of the ¥(C=N+C—N) and »(C—S) bands in comparison with
those of the free ligand. The bands assigned to the asymmet-
ric and symmetric vibrational modes of SO, groups'*!¥ are
also slightly shifted. These data are compatible with the par-
ticipation of the imine and amide nitrogen atoms as well as
the sulfur atoms in coordination to the metal centres.

No bands at around 3151 cm ™ are seen for these com-
plexes, indicating complete deprotonation of the amide and
thiosemicarbazide NH groups, thereby confirming the dia-
nionic character of the ligand H,L'.

NMR spectroscopy: The 'H NMR spectra of the free ligand
H,L' and its silver, zinc, cadmium, and lead complexes were
recorded in [Dg]DMSO at room temperature. The spectra of
these complexes do not show significant changes with tem-
perature. All of the spectra, except for that of the silver
complex, show a single set of signals, which could be com-
pletely assigned. This fact implies that there are single spe-
cies in solution. Comparison of the "H NMR spectrum of
the free ligand with those of the complexes (Figure S1, Sup-
porting Information) shows some interesting aspects. 1) The
imine proton signal (H4) is shifted upfield for the silver,
zinc, cadmium, and lead complexes. This signal is flanked by
satellites arising from spin-spin coupling to ""'®Cd in the
spectrum of the cadmium complex, indicating that this com-
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plex is kinetically inert on the NMR timescale. 2) The spec-
tra of the silver, zinc, cadmium, and lead complexes show an
absence of the NH proton signals seen for the free ligand
(H1 at 6=11.5 ppm and H2 at §=9.9 ppm), confirming the
twofold deprotonation of the ligand in these complexes.
3) The signal of the thioamide NH proton (H3 at 6=
8.5 ppm in the free ligand) is strongly shifted upfield in all
of these complexes, as we have found in other thiosemicar-
bazone complexes.!!! 4) The signals of the aromatic protons
of the tosyl and benzylidene rings are also shifted on com-
plexation. 5) The presence of some low intensity signals in
the spectrum of the silver complex, in the region 6=8.0-
11.0 ppm, may be indicative of the existence of an equilibri-
um between different species in solution. This equilibrium
might be the consequence of a gradual demetallation pro-
cess as the intensity of the secondary signals increases with
time and it may be indicative of low stability of this complex
in DMSO solution.

The '"H NMR spectrum of the disulfide ligand H,L? was
also recorded in [Dg]DMSO at room temperature and com-
pared with that of the parent ligand H,L'!, as illustrated in
Figure 1. This spectrum shows that the formation of the di-
sulfide bond generates a completely symmetrical ligand, the
signal of the NH proton H2 disappearing and that of the thi-
oamide NH proton H3 being notably shifted. The other sig-
nals are slightly shifted upfield (H1 and H5) or downfield
(H4, H6, H8, and H10). The signals of the aliphatic protons
do not display any significant changes.

In order to explore the solution behaviour of the cadmi-
um and lead complexes, we recorded their '*Cd and *’Pb
NMR spectra, respectively.

The Cd NMR spectrum of [Cd(L!)],CH;CN (13) in
[D¢]DMSO solution shows only one signal at 6 =258 ppm
(Figure S2, Supporting Information). It is well known that
the shielding of the "*Cd" nucleus increases in the order
O>N>S when the donor atoms are changed and/or when
the coordination number is increased.!” This effect is illus-
trated by comparing the "*Cd chemical shifts exhibited by
the complex [Cd(H,DAPTsz-Me)], derived from a penta-
dentate thiosemicarbazone [N,S,] ligand (6=305 ppm),
and complex 13 presented here, coordinated through the
[N,S] donor system of a ligand unit and probably by one N
of a second ligand which results in a tetracoordinated [N;S]
environment for the Cd metal ion (6 =258 ppm).

The dependence of the *’Pb NMR'® parameters on the
Pb" coordination environment has not been fully estab-
lished.'!8] The lead(Il) complex 14, with a core of [NS],
shows a single signal at 0 =—237 ppm (Figure S2, Supporting
Information). This value seems to be in line with expecta-
tion for this complex with a lead(IT) [N;SO] pentacoordinat-
ed environment. Since this complex is tetracoordinated
[N3S] in the solid state, the value obtained in DMSO solu-
tion may be indicative of the coordination of one DMSO
molecule to the structure seen in the solid state, with the
lone pair on lead being stereochemically active. Moreover,
this value is also consistent with a more shielded value when
S is substituted by O, keeping the coordination number con-
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spectra of both ligands and all
of the metal complexes were re-
corded from 4x10"m solutions
in acetonitrile.

H,L' (1) and H,L?* (3) do not
show fluorescence emission,
probably due to quenching by
an intramolecular photoinduced
electron transfer (PET) process
involving the unpaired elec-
trons of the nitrogen atoms.
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Upon excitation at the corre-
sponding absorption maxima,
the zinc, cadmium, and lead
complexes show intense fluores-
cence emissions with quantum
yields of 0.05, 0.03, and 0.13, re-
spectively, while no fluores-
cence enhancement was ob-
served for the transition metal
complexes (Figure S3, Support-
ing Information). The fluores-
/ cence emission in these com-
plexes can be explained in
terms of a conformational
change of the ligand H,L' as

H10
A B
7 6.5

H5 + H7 + Ho

LU R B B LA NN
1.5 1.0 10.5 10.0 9.5 9.

ppm

Figure 1. '"H NMR spectra of the ligand H,L' (a) and the new disulfide ligand H,L? (b) in [D¢]DMSO.

stant, if we compare it with an [N;S,] pentacoordinated
lead(IT) complex derived from a pentadentate thiosemicar-
bazone."?

UV/Vis absorption and fluorescence emission studies: The
electronic absorption spectra of the ligands and metal com-
plexes show intense bands in the near-UV region (e=10"-
10° mol'dm*em™!), indicative of highly conjugated m-sys-
tems. The characteristic two bands due to the m—am* absorp-
tion of the tosyl groups, appearing at around 225 and
250 nm in the free ligands, are red-shifted and their intensi-
ties are increased in all of the complexes. Additionally, the
spectrum of the ligand H,L' (1) shows a single broad
charge-transfer (CT) band at 320 nm due to n—m* absorp-
tion associated with p-m conjugation of the nitrogen lone-
pair electrons with the aromatic systems. In the case of its
metal complexes, additional bands appear in the range 300-
390 nm attributable to ligand-to-metal charge transfer
(LMCT). On the other hand, four broad CT bands appear
in the spectrum of the disulfide ligand H,L? (3) in the region
300-350 nm.

The incorporation of the fluorophore 2-tosylaminobenzal-
dehyde (1., =498 nm) into the ligands 1 and 3 allowed us to
study their ability to serve as fluorescent chemosensors for
transition and heavy metal ions. The fluorescence emission

Chem. Eur. J. 2008, 14, 500-512
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U well as inhibition of the PET

70 65 process by coordination of the
nitrogen atoms to the metal
ions.">?! Therefore, the differ-
ent emission intensities depend
on the delocalization of charge
through the vacant orbitals of each metal centre.?!

The emission spectra of the complexes [Zn(L")],2H,0O
(11), [Cd(L")],CH,CN (13), and [Pb(L")],:3H,0 (14) each
show a single broad band, with the maxima at 490 nm (Zn
and Pb) and 486 nm (Cd). The spectra are independent of
the excitation monitoring wavelength, suggesting the pres-
ence of a single emissive species in the excited state. The
consistency of these values confirms that the twofold depro-
tonated ligand adopts the same conformational arrangement
in coordinating to these metal centres, in agreement with
the results obtained by X-ray diffraction analysis.

X-ray diffraction studies

Crystal structures of the ligands H,L!' (1) and H,L? (3): The
crystal structure of the ligand H,L' (1) reveals that the thio-
semicarbazone exists as discrete molecules (Figure 2). The
thiosemicarbazone arm adopts an E conformation about the
imine bond in order to minimise unfavourable electronic in-
teractions with the bulky tosyl group. As expected, the dis-
position of this molecule in the solid state is controlled by
the presence of two intramolecular hydrogen bonds between
the amine and imine [N1-H1--N2, 2.678(2) A] and the
imine and thioamide nitrogen atoms [N4-H4--N2,
2.641(7) A], respectively. Significant intermolecular interac-
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Figure 2. Crystal structure of the ligand H,L! (1).

tions through hydrogen bonds can also be observed between
the thioamide sulfur atom of one ligand thread and the hy-
drazide nitrogen atom of a neighbouring molecule [N3—
H3--S2, 3.3879(18) A; 1—x, —y, —z], giving rise to the asso-
ciation of two H,L' units (Figure S4, Supporting Informa-
tion).

The conformation shown for this ligand must undergo a
significant change to allow the thioamide sulfur atom to co-
ordinate to the same metal centre, so that the ligand can act
as a potentially tridentate and dianionic building block. As
the coordination of the [N,S] donor set of the twofold de-
protonated ligand will not be enough to satisfy the coordina-
tive requirements of the majority of transition or post-transi-
tion metal atoms, different coordinative situations must
arise (Scheme 3):

1) One ligand thread [N,S] may be exclusively coordinated
to one metal ion, so that the metal coordination number
is completed by additional ligands L (e.g., solvent mole-
cules) that occupy the remaining coordination sites (a,
b).

2) Two ligand units, partially or fully deprotonated depend-
ing on the oxidation state of the metal, may be bound to
the same metal ion in a syn or anti arrangement (c, d).

3) Two ligands may coordinate to two or more metal ions
with the establishment of bridging bonds via the sulfur
or the hydrazide nitrogen atoms (e, f).

A view of the crystal structure of the new disulfide ligand
H,L? (3) is shown in Figure 3. This new compound can be
described as two H,L' units linked by an S—S bond involving
the thiosemicarbazone sulfur atoms. The crystal structure re-
veals that H,L? exists as discrete molecules showing an anti-
conformation about the central disulfide bond, and retaining
the E conformation about the imine bonds (as in the ligand
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Scheme 3. Possible coordination modes for the building block H,L'.
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Figure 3. Crystal structure of the disulfide ligand H,L? (3).
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H,L") in order to minimise unfavourable electronic interac-
tions with the bulky tosyl group.

As expected, the conformational arrangement is control-
led by the presence of intramolecular hydrogen bonds (Fig-
ure S5, Supporting Information), involving the amide nitro-
gen, thioamide nitrogen, tosyl oxygen, and disulfide sulfur
atoms [N4—H4A--S3 3.049(4), N1-HI1--N2 2.66(5), N5—
H5A-S2 3.073(3), N5—H5A--O1 2.926(4), N8—H8A--N7
2.926(4) A].

The S—S bond length in H,L? [S2—S3 2.039(1) A] and the
C15-S2-S3-C20 torsion angle of 93.4(1)° are essentially simi-
lar to those observed in other organic disulfide ligands.”
The torsion angles N4-C15-S2-S3 [16.9(4)°] and S2-S3-C20-
N6 [172.9(2)°] are, within the range found in most disulfides
with an equatorial conformation, closer to 0 or 180° accord-
ing to the Shefter classification! (ca. 0 or 180° for equatori-
al and 90° for axial conformations). This means that both

Chem. Eur. J. 2008, 14, 500-512
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sulfur atoms lie approximately in the plane of the N-N-C-N
thiosemicarbazone skeleton to which they are bound (0.0267
and 0.0319 A). In addition, according to the criteria of Higa-
shi et al.,’¥ the equatorial conformation is also confirmed
by the S2—S83 distance, which is shorter than the typical axial
range (2.060-2.108 A), and the C-S-S angles [C15-S2-S3
103.3(8) and C20-S3-S2 104.5(8)°], which are larger than
those in other organic disulfides showing an axial conforma-
tion (100-103°).

Formation of disulfide ligands by oxidation of thiosemicar-
bazones: The oxidation of thioamides (RNHCS-R) and
organo-thiols (RSH) by metal ions (mainly by copper(II)
and iron(IIT)) are well-known processes,” both of which
are of technological and biochemical interest.”” In these re-
actions, the S—S bond may be formed after the addition of
some external oxidant or following reduction of the metal
ions. For example, the reactions of copper(Il) with thiolates
usually lead to a reduction of the cation with the consequent
formation of RSSR and copper(I) species, followed by re-
oxidation of the latter to copper(Il) in the presence of O,.*”
On the other hand, in some cases, reactions involving disul-
fides can be reversible, involving breakage of the disulfide
bond under reductive conditions to yield thiolate com-
plexes.” Interconversion between disulfide and the corre-
sponding thiolate is a very important redox process at the
biological level,?*?” but the factors controlling this process
are still not well understood. Processes of this kind have at-
tracted a great deal of interest, as evidenced by the exten-
sive literature concerning the oxidation of thioamides or thi-
oureas to disulfide compounds.””!

The disulfide ligand H,L? presented here was formed by
an oxidation process of the initial thiosemicarbazone ligand
H,L' during experiments on the electrochemical synthesis of
the manganese complex. The proposed mechanism could
start after the establishment of a thione-thiol equilibrium in
solution, with the coordination of manganese atoms to two
different doubly-deprotonated ligand units acting as [N,S]
donor sets and coordination of the thiolate sulfur atom as a
w-bridge between the two metals.?”! This step is followed by
a reductive elimination process resulting in the coupling of
two thiolate units, thereby creating the disulfide link. This
mechanism is summarised in Scheme 2.

Such an oxidation process leading to a disulfide has been
observed previously using an electrochemical methodology
for the synthesis of metal complexes, but with heterocyclic
thione-type ligands.®!! With the latter, it was found that the
oxidation to disulfide only occurred when the thione com-
pound was the only ligand present in solution, since the
presence of co-ligands inhibited the S—S coupling.

In our work, the oxidation of the thiosemicarbazone to di-
sulfide under physiological conditions could lead to a rein-
terpretation of the biological properties of some thiosemi-
carbazone systems, primarily those aspects related to their
possible therapeutic uses.

Finally, this process is totally reproducible and opens up
an easy way of acquiring a library of new disulfide ligands.

Chem. Eur. J. 2008, 14, 500-512
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Further work to develop and extend this methodology is al-
ready in progress.

Crystal structures of [Cu(L?)]CH;CN (8) and [Cu(L?-
(H,0)1,,CH;CN-H,0 (9): The molecular structures of these
complexes are shown in Figure 4 and Figure S6 (Supporting
Information), together with the atom numbering scheme

adopted. The main bond lengths and angles are given in
Table 1.

Figure 4. Molecular structure of the complex [Cu(L?*)],»CH;CN (8).

The new complexes can be described as dimers in which
two new cyclised ligand molecules H,L* (see Scheme 4),
doubly-deprotonated in a head-to-tail arrangement, are co-
ordinated to two copper(Il) atoms. Both complexes are sol-
vated by solvent molecules, by acetonitrile in the case of
complex 8 and by one acetonitrile and one water molecule
in the case of complex 9.

Oxidative cyclisation of the original ligand H,L' by Cu**
ions followed by the addition of an acetamide fragment ac-
companied by a reductive elimination process led to the for-
mation of the new tetradentate ligand H,L*. The new ligand
features a central five-membered 1,2,4-triazole ring C15-N4-
C14-N2-N3, formed by nucleophilic attack of the thioamide
nitrogen (N4) on the imine carbon (C14) (Scheme 4), fol-
lowed by the addition of an acetamide fragment to a Cu**
ion and the sulfur atom. The formation of the latter bond
can be explained by the existence of thiol-thione tautomer-
ism of the thione sulfur atom, taking into account the fact
that only the thiol form can exist in solution. The attach-
ment of the acetamide fragment leads to changes in the co-
ordination behaviour of the new cyclised ligand H,L? as the
sulfur atom cannot act as a donor site for the coordination
of the metal atoms as is the case in most 1,2,4-triazole-3-
thione complexes.[32] Instead, a new terminal amide NH is
incorporated into the skeleton. All these processes ultimate-
ly result in the formation of a new [N,] ligand coordinated
to two Cu" metal ions in a doubly-deprotonated mode.
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Table 1. Main bond lengths [A] and angles [°] for 8, 9, and 15.

Zn", Pt Rh', and Pd", as well

[Cu(L)],:CH;CN (8) [Cu(L*)(H,0)],-CH;CN-H,0 (9)

[Pb(LY], (15) as trivalent metals Co™, Rh™,

Rulll , and II.III' [34]

R Ts
TsaN y N o \N\ ) N/R
=N -H “TICuN
)\N—" q‘u \N/)\s — \( N N g NH
s N NN O S2H [ HNOS{ Ny :
\(/ \N' -CL‘F*‘ \( \( /N‘ -t ‘02\
/) i N \
R/N N"ITS R/ N'/Ts

Scheme 4. Proposed mechanism for the formation of 8 and 9 by copper-
catalysed oxidative cyclization of the ligand H,L' followed by addition of
an acetamide group.

The existence of an acetamide fragment in the reaction
medium may possibly be explained in terms of copper-cata-
lysed hydrolysis of acetonitrile.’¥ Nitriles are compounds
that are very stable under normal conditions and they are
usually used as safe organic solvents. However, in recent
years, the hydrolysis of nitriles to amides is a reaction that
has attracted much attention. It has been found that some
transition metal ions can catalyse their hydrolysis very effi-
ciently, including complexes of bivalent metals Cu", Ni",
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Cul—-N1 1.946(4) Cul—N1 1.991(2) Pb1-N3 2.618(3)
Cul-N2 1.983(4) Cul-N2 1.993(2) Pb1-N1 2.459(3) The attachment of an acet-
Cul—-N3 1.964(4) Cul—-N3 2.003(2) Pb1-N2 2.426(3) amide fragment to the formed
Cul-N5 1.976(4) Cul—N5 1.994(2) Pb1-S2 2724 {9 4ty . .
-triazole-3-thione ring has
S1-N1 1.588(3) Cul—0(4) 2.254(2) S1-N1 1.576(3) 7 .g
C7-s1 1757(4) S1-C7 1.770(2) N1-C8 1408(4) mot been reported previously
C14-N4 1.360(4) N1-S1 1.590(2) C14-N2 1.283(4) and it seems to take place
C15-N4 1.347(4) Cl4-N4 1.370(2) N2-N3 1.399(3)  under the catalytic action of the
C15-S2 1.705(4) C15-N4 1.358(2) C15-S2 L734(3)  copper ions in the work pre-
N2-N3 1.381(4) N3-N2 1.382(2) N3—Cl15 1.323(4) ted h Coordinati ¢
$2-N5 1.715(3) $2-C15 1.732(2) C15-N4 1.338(4) Sented here. Loordmation o
C18-N5 1.336(4) N5-S2 1.727(2) the metal followed by reductive
N1-Cul-N2 84.9(1) N5-C18 1.342(2) N2-Pb1-N1 70.85(9) elimination gives rise to the for-
N1-Cul-N5 84.4(1) N1-Cul-N2 85.53(6) N2-Pb1-82 70.56(6) mation of a new covalent S—N
N3-N2-Cul 128.0(2) N1-Cul-N5 98.11(6) N1-Pb1-N3 17.298) g 59
N3-Cul-N5 84.4(1) N5-Cul-N3 84.09(6) N1-Pb1-S2 114.64(7) :
N3-N2-Cul 1353(2) N5-Cul-O4 89.57(7) N2-Pb1-N3 71.22(8) In these t“fo new Complexejv
C8-N1-S1 120.5(2) N3-Cul-04 104.86(3) C8-N1-S1 1235(2) the new cyclised ligand [H,L’]
N2-C14-C13 124.9(3) C8-N1-S1 117.3(1) C14-N2-N3 112.9(3) is tetradentate and dianionic.
C15-N3-N2 106.7(2) N2-C14-C13 125.0(2) N3-C15-S2 12682)  Two different ligand molecules
N4-C15-S2 125.03(2) C15-N3-N2 106.9(1) N4-C15-S2 119.2(3) dinate both A
N4-C15-52. 125.3(1) coordinate both copper atoms.
Each ligand thread uses the
amide nitrogen and one of the
triazole nitrogen atoms to coor-
— ] dinate one of the copper atoms, and uses the remaining tria-
zole and acetamide nitrogen atoms to coordinate the second
~ R metal. This coordinative behaviour results in complex 8 con-
cu TS"";:U% N/ ilN\/ cyclization, - 2H, taining both copper atoms in a tetracoordinated environ-
Ts—NH — N> T ; ; _ istor-
N/ H, & N s CH,CONH, ment with a distorted square-planar geometry. The distor

tion from this geometry is clearly shown by the angles sub-
tended by copper and the donor atoms of the ligands, with
values between 84.39° and 101.25°, quite different from the
ideal value (90°) for this geometry.

In the case of complex 9, the additional coordination of a
water molecule provides a new pentacoordinated environ-
ment for each copper atom that can be described in the
solid state as intermediate between square-planar pyramidal
(SP) and trigonal-bipyramidal (TBP), as shown by a value
of 0.49 for the 7 parameter.”

Cyclisation of thiosemicarbazones: It is well known that
semi- and thiosemicarbazones are polyfunctionalised com-
pounds that easily cyclise under the action of bases,F”
acids,®¥ oxidants,®” or other cyclisation reagents,*” and they
are useful and versatile precursors for the preparation of
five- or six-membered heterocyclic compounds. In fact, the
oxidative cyclisation of thiosemicarbazones has been em-
ployed as an alternative to conventional organic synthesis
and an inexpensive pathway for preparing ring-type mole-
cules in one step. This approach makes a large variety of
heterocycles accessible and offers very different conditions
under which the reactions can be performed. Recently, it
has been found that sometimes this ring-closure process
may be induced by high-valence metal ions (Fe**, Cu**).
The exact mechanism is still not well known, but it has been
suggested that the influence of the metal ions on this pro-
cess is probably due to both inductive and stereochemical
effects.*!] Nevertheless, some difficulties arise in mechanistic
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studies due to the Lewis acid nature of the metal cations,
because of the possible formation of different substrate—
cation complexes, and the inner-sphere nature of the elec-
tron-abstraction process. Under these circumstances, it is dif-
ficult to determine the exact steps of the reaction pathway
experimentally as well as to identify the reaction intermedi-
ates, but more work needs to be done in order to build-up a
thorough knowledge of reactions of this kind.

In the case of thiosemicarbazone ligands, the oxidative
cyclisation mainly yields 1,2,4-triazole (A) or 1,3,4-thiadia-
zole (B) rings (Scheme 5), depending on the mecha-

N—NH '

rR— ) NHRE ;i
Ho$ — o
A

NR?

Scheme 5. Heterocyclic products of the cyclisation of thiosemicarba-
zones: A) 1,2,4-triazole-3-thione and B) 1,3,4-thiadiazole.

nism.’>*Y Based on a careful analysis of the available data,
we surmise that the formation of the triazole ring could be
induced by an attack of the oxidising agent on the tail-like
thioamide moiety, followed by a single-electron transfer and
then a rate-limiting ring-closure step. Alternatively, the thia-
diazole heterocycle is formed as a result of an attack of the
metal cation on the imine nitrogen atom, followed by a ring-
closure step and finally an electron abstraction—dehydrogen-
ation step.

Other reported oxidation processes show the appearance
of sulfate groups, which arise from oxidation of the thione
sulfur atom™! or desulfurisation of the thiosemicarbazone-
copper(II) system by transformation of the thioamide group
into a nitrile.*"

All of these processes explain the versatility of thiosemi-
carbazone skeletons in supplying new organic and inorganic
systems.

Molecular structure of [Pb(LY)], (15): The molecular struc-
ture of [Pb(L")], (15) is shown in Figure 5, together with the
atom numbering scheme adopted. The main bond lengths
and angles are given in Table 1.

The crystalline structure of [Pb(L')], (15) consists of a
Pb" dimer, in which two doubly-deprotonated ligand threads
[L']*" coordinate two lead metal atoms in a box-type dispo-
sition.

Each lead atom is in a distorted [N;S] tetrahedral environ-
ment produced by the thioamide sulfur, amide nitrogen, and
imine nitrogen atoms of the closest ligand unit. The coordi-
nation sphere of the lead atom is completed by the hydra-
zide nitrogen of a second ligand unit. This coordinative be-
haviour gives rise to two five-membered [Pb1-N2-N3-C15-
S2], two six-membered [Pb1-N1-C8-C13-C14-N2], and a
central third six-membered chelate ring [Pb1-N3-N2-Pbl-
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Figure 5. Crystal structure of the complex [Pb(L")], (15).

N3-N2], which confers stability to the system. The coordina-
tion number of four in lead complexes is quite unusual and
only a few cases have been reported previously.! In particu-
lar, in the case of lead complexes with thiosemicarbazone li-
gands, we have found two complexes showing square or
trigonal-pyramidal geometries for the lead atom, with the
lone pair on lead being stereochemically active. This results
in the non-spherical charge distribution around the Pb"
cation and it gives rise to a clear gap in the disposition of
the ligand about the metal ion.[*”) Recently, using a penta-
dentate thiosemicarbazone ligand with an [N,S,] kernel, we
reported the first example of a pentacoordinated lead com-
plex clearly showing the “lone-pair effect”.['?]

Hancock et al. proposed that lead(II) complexes with a
coordination number of less that eight should have Pb-N
distances in the range 2.37-2.56 A.1*l Two of the three Pb-N
distances in our complex 15 are consistent with Hancock’s
proposal of the existence of a stereochemically active lone
pair [Pb1-N1 2.459(3), Pb1-N2 2.426(2) A]. The third one
is out of the range [Pb1—N3 2.618(3) A], because it relates
to a faraway ligand unit.

The absence of additional ligands in the free apical posi-
tion could be also controlled by the possible existence of a
secondary intramolecular interaction between the lead atom
and one of the tosyl oxygens due to the short bond length
[Pb1-O1, 2.9088(24) A]. With this fact in mind and consid-
ering the existence of the stereochemically active lone pair,
the environment about the lead atom can alternatively be
described as distorted octahedral, with four positions being
occupied by the [N;S] donor set provided by the two
doubly-deprotonated ligands [L']*", and the O1 tosyl oxygen
atom and the lone pair on lead completing the six-coordi-
nated environment.

The distortion of the coordination polyhedron is further
reinforced by the deviation from planarity of the Pb atom
and the [N;S] donor set of the nearest ligand. The maximum
deviation from the [N;S] least-squares calculated plane is
0.0610 A, with the lead 1.3745 A above this plane. This dis-
tortion of the lead atom in 15 is greater than that in other
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complexes showing the “lone-pair effect” that we have pre-
pared previously.['#47)

NMR studies are in agreement with these results and sug-
gest that the lone-pair effect around the lead(II) also per-
sists in solution.

Molecular structure of [Zn(L")], (12): Recrystallisation of
the solid compound [Zn(L")],2H,0 (11) from different sol-
vent mixtures gave single yellow plates of relatively poor
quality, which could nevertheless be characterised by single-
crystal X-ray analysis. The NMR spectra of the crude and
recrystallised materials were similar. The quality of the data
did not allow refinement to a satisfactory level, although we
trust the gross structural features. All attempts to subse-
quently grow better quality crystals have been unsuccessful.

The structure of this zinc complex is presented in
Figure 6. The complex consists of a supramolecular tetranu-

Figure 6. Molecular structure of the tetranuclear complex [Zn(L")], (12).

clear array of zinc atoms on the vertices of a square paralle-
logram (Zn-Zn angles are close to 90°). This parallelogram
is nearly planar and the distances between contiguous zinc
atoms are of the order of 4.7 A. This coordination mode cre-
ates a distorted square cavity with smaller dimensions (of
the order of 4 A) than the distance between metal centres
due to the fact that the thiosemicarbazone chains are slight-
ly oriented towards the interior hole. This particular self-as-
sembly generates a supramolecular 2D network (Figure 7)
in the crystal cell that resembles the structure of zeolites*!
and, indeed, it could be suitable for hosting small molecules
or ions through hydrogen bonds.

The environment about each zinc atom can be described
as [N;S] distorted tetrahedral. Each zinc atom is coordinated
to two anionic [L']*" ligands: one of them uses the amide
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Figure 7. Porous structure shown by the crystal cell for the tetranuclear
square complex [Zn(L")], (12).

and imine nitrogen atoms and the sulfur atom, while the
other ligand uses the hydrazide nitrogen atom (Scheme 6).

In addition, one of the O atoms of each tosyl group is
close to one metal centre [Zn-O ~2.459 A]. The existence
of these weak interactions, as well as the steric hindrance
exerted by the terminal ethyl groups of a neighbouring
ligand unit, clearly precludes the coordination of additional
ligands.

Scheme 6. Self-assembly of the tetranuclear complex [Zn(L")], (12).

Conclusion

We have presented the formation of a new disulfide ligand
by oxidation of a thiosemicarbazone. This reproducible pro-
cess opens up a synthetic route that will allow the creation
of a new library of disulfide ligands. Furthermore, the oxida-
tion of thiosemicarbazones to disulfides may provide new in-
formation pertaining to the well-known biological properties
of some thiosemicarbazone systems, above all those aspects
related to their possible therapeutic uses.

Chem. Eur. J. 2008, 14, 500-512



www.chemeurj.org



New Ligands Derived from Oxidation of a Thiosemicarbazone

Moreover, we have also presented a new thiosemicarba-
zone cyclisation process that is induced and catalysed by
copper atoms. This catalytic process yields metal complexes
derived from heterocyclic systems that could not be so
easily obtained by conventional organic synthesis.

Thiosemicarbazone skeletons provide suitable coordina-
tive environments for the generation of low-coordinated
lead complexes in which the lone pair is stereochemically
active.

The work presented herein also emphasises the versatility
of thiosemicarbazones as building blocks allowing the as-
sembly of interesting new supramolecular structures. In this
context, it should be noted that Zn?* ions induce a particu-
lar zeolite-type structure that may be capable of hosting
small molecules or ions, presumably through hydrogen
bonding.

Experimental Section

Materials: All solvents, 4-N-ethyl-3-thiosemicarbazide, and tetraethylam-
monium perchlorate are commercially available and were used without
further purification. 2-Tosylaminobenzaldehyde was synthesised accord-
ing to the published procedure.'” Metals (Ega Chemie) were used as
plates of approximate dimensions 2x2 cm?, except for manganese, which
was employed in the form of platelets.

Physical measurements: Elemental analyses of C, H, N, and S were per-
formed on a Fisons EA 1108 analyser. 'H, *C, and multinuclear (‘*Cd
and “’Pb) NMR spectra were recorded on Varian Mercury 300 and
Bruker AMX-500 spectrometers respectively, using [Dg]DMSO as sol-
vent. Chemical shifts are expressed relative to tetramethylsilane (‘H
NMR), 0.1m Cd(ClO,), (**Cd NMR), and neat tetramethyllead using a
saturated solution of PbPh, in CDCl; (6=-—178 ppm) as an external ref-
erence (*’Pb NMR). Infrared spectra were measured from samples in
KBr pellets on a Bruker IFS-66V spectrophotometer in the range 4000—
100 cm ™. Fast atom bombardment mass spectra (FAB) were obtained on
a Kratos MS-50 mass spectrometer, employing Xe atoms at 70 keV in m-
nitrobenzyl alcohol as a matrix; electronic impact (EI) mass spectra were
recorded on an HP 5988 A quadrupolar mass spectrometer and electro-
spray ionisation (ESI) mass spectra on an API4000 Applied Biosystems
mass spectrometer with triple quadrupole analyser. The conductivities of
107> solutions in acetone were measured using a Crison micro CM 2200
conductivimeter. Room temperature magnetic measurements were per-
formed using a Sherwood Scientific magnetic susceptibility balance, cali-
brated using mercury tetrakis(isothiocyanato)cobaltate(IT). UV/Vis ab-
sorption spectra were recorded from solutions in acetonitrile in the con-
centration range 1x10°-5x10°m at room temperature using a Hewlett
Packard 8452 A spectrophotometer. Steady-state corrected emission and
excitation spectra were recorded with a Fluoromax-2 spectrofluorimeter
using 4x 107" M solutions in acetonitrile. Quantum yields were determined
using quinine sulfate dihydrate in 1.0 N H,SO, (®=0.546) as a fluores-
cence standard.*!

Ligand synthesis: N-{2-([4-N-Ethylthiosemicarbazone]methyl)phenyl}-p-
toluenesulfonamide, H,L', was prepared by condensation of 4-N-ethyl-3-
thiosemicarbazide (0.43 g, 3.64 mmol) with 2-tosylaminobenzaldehyde
(1.00 g, 3.64 mmol) in ethanol (150 mL). The solution was heated under
reflux over a period of 5h, concentrated to ~30mL in an apparatus
fitted with a Dean-Stark trap, and then cooled over a period of 12 h
(4°C). The white solid formed was collected by filtration, washed with di-
ethyl ether (2x5 mL), and dried in vacuo. Recrystallisation from a mix-
ture of chloroform and acetone yielded colourless single crystals of 1,
which were suitable for X-ray diffraction analysis.

H,L' (1): Yield 85%; m.p. 206-208°C; elemental analysis calcd (%) for
C;HyN,O,S,: C 542, H 5.3, N 14.9, S 17.0; found: C 54.1, H 5.5, N 15.1,
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S 16.9; EI-MS: m/z (%): 376 (100) [H,L']; IR (KBr): # = »(NH) 3367
(W), 3151 (m), »(C=N+C-N) 1602 (m), 1547 (8), Vasym(SO,) 1340 (s), vy
(SO,) 1160 (s), »(C=S) 1091 (m), 814 cm™" (m); 'H NMR ([D¢]DMSO):
0=11.47 (s, 1H), 9.86 (s, 1H), 8.47 (t, 1H, /=59 Hz), 831 (s, 1H), 8.03
(dd, 1H, J=5.6,3.9 Hz), 7.52 (d, 2H, /=79 Hz), 7.32 (d, 2H, /=7.9 Hz),
7.24 (d, 1H, J=5.8Hz), 7.22 (d, 1H, J=5.3Hz), 6.78 (dd, 1H, J=523,
3.8Hz), 3.59 (q, 2H, J=6.6 Hz), 2.35 (s, 3H), 1.16 ppm (t, 3H, J=
6.6 Hz); *C NMR ([D¢]DMSO): 6=176.64 (C=S), 143.21 (C), 139.78
(HC=N), 136.41 (C), 134.92 (C), 130.81 (C), 129.81 (CH), 129.45 (2x
CH), 127.32 (CH), 126.90 (2xCH), 126.61 (2xCH), 38.26 (CH,), 20.95
(CH;), 14.53 ppm (CH;); UV/Vis (CH;CN): A, (€)=222 (20340), 240
(sh, 14890), 320 nm (20840 mol 'dm’cm ™).

Synthesis of the complexes: All complexes were synthesised by way of an
electrochemical method,”® which we have tailored to our needs.”” The
general procedure can be typified as follows: a solution of the ligand
H,L' in acetonitrile, containing about 10 mg of tetraecthylammonium per-
chlorate as supporting electrolyte, is electrolysed using a platinum wire
as the cathode and a metal plate as the anode. The cell can be summar-
ised as: Pt(—)|H,L' + CH;CN|M(+), where M=Mn, Fe, Co, Ni, Cu,
Ag, Zn, Cd, Sn, and Pb. (CAUTION: Although no problems have been
encountered in the course of our experiments, all perchlorate compounds
are potentially explosive and should therefore be handled in small quan-
tities and with great care!). The solids obtained were washed with diethyl
ether and dried in vacuo.

It must be noted that during the electrochemical syntheses involving
manganese and copper, different metal-catalysed processes took place
with important consequences in relation to the ligand skeleton structure.
In the electrochemical synthesis of the manganese complex, a new dithio-
late ligand H,L? was obtained as a side-product. In the case of copper,
the main solid compound contained the initial ligand H,L' and the prod-
uct crystallised from the mother liquor showed the metal atoms coordi-
nated to a new cyclised thiosemicarbazone ligand, H,L’. Unfortunately,
the yield of the crystalline complex containing H,L*> was too low to be
determined.

[Mn(LY], (2): Yield 64%:; m.p. >300°C; elemental analysis calcd (%)
for C3H3NgO,S;Mn,: C 47.5, H 4.2, N 13.0, S 14.9; found: C 47.9, H 4.4,
N 128, S 14.6; ESI-MS: m/z: 4282 [ML']*, 861.1 [M,L',+H]*; IR
(KBr): # = »(NH) 3367 (m), v(C=N+C—-N) 1609 (s), 1546 (s), V,ym(SO,)
1336 (m), vyu(SO,) 1159 (s), »(C—S) 1090 (s), 813 cm™' (w); 4=6.0 MB;
Apn=7.6 Q' cm’mol™"; UV/Vis (CH;CN): A, (8) =224 (52583), 252 (sh,
28387), 302 (sh, 28920), 316 (32660), 332 (33793), 348 (sh,
26613 mol~'dm?cm™"). Slow concentration of the mother liquor from the
manganese electrochemical synthesis, followed by recrystallisation of the
residue obtained from a dichloromethane/diethyl ether mixture, allowed
the isolation of pale-yellow crystals of a new ligand, H,L? (3), which was
fully characterised, including the determination of its structure by X-ray
diffraction analysis.

H,L? (3): Yield 30%; m.p. 183-185°C; elemental analysis calcd (%) for
C3,H3NgO,Sy: C 54.3, H 5.1, N 14.9, S 17.1; found: C 54.2, H 5.4, N 15.0,
S 17.0; ESI-MS: m/z: 752.2 [H,L’+H]*, 376.1 [H,L']*; IR (KBr): v =
v(NH) 3368 (s), 3357 (s), "(C=N+C-N) 1609 (s), 1546 (s), V,m(SO,)
1337 (s), vym(SO,) 1158 (s), v(C—S) 1089 (m), 812 (w), »(S—S) 481 cm™'
(m); '"H NMR ([D¢]DMSO): 6 =11.04 (s, 2H), 8.45 (s, 2H), 7.72 (d, 4H,
J=173Hz), 7.59 (d, 2H, J=8.0 Hz), 7.41-7.24 (m, 8H), 7.12 (t, 2H, J=
7.3 Hz), 6.96 (t, 2H, J=5.8 Hz), 3.48 (q, 4H, J=6.6 Hz), 2.32 (s, 6H),
1.15ppm (t, 6H, J=6.6 Hz); UV/Vis (CH;CN): 4., (¢)=224 (43640),
248 (sh, 23990), 302 (sh, 27230), 316 (33730), 334 (36750), 348 nm (sh,
30330 mol~'dm’cm™).

[Fe(LY],4H,0 (4): Yield 65%; m.p. >300°C; elemental analysis calcd
(%) for C3HyNgOgS,Fe,: C 43.8, H 4.7, N 12.0, S 13.8; found: C 43.6, H
4.6, N 11.8, S 13.2; ESI-MS: m/z: 431.0 [ML'4+H]*, 861.1 [M,L',]*; IR
(KBr): ¥ = v(OH+NH) 3397 (m), v(C=N+C—-N) 1597 (m), 1556 (m),
Vasym(SO5) 1345 (W), ¥ym(SO,) 1158 (m), »(C—S) 1083 (m), 814 cm™" (w);
u=53MB; Ay=557Q 'em’mol™!; UV/Vis (CH;CN): A... (¢)=226
(44704), 276 (24099), 303 (sh, 30013), 316 (31968), 332nm (sh,
30268 mol~'dm*cm™).

[Co(LY]1,:0.5H,0 (5): Yield 52 %; m.p. >300°C; elemental analysis calcd
(%) for C3;H3;N3O,45S,Co,: C 46.6, H 4.2, N 12.8, S 14.6; found: C 46.8,
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H 42, N 12.8, S 14.7; ESI-MS: m/z: 434.0 [ML'+H]*, 866.0 [M,L',]*; IR
(KBr): 7 = v(OH) 3432 (w), »(NH) 3348 (m), v(C=N+C-N) 1598 (m),
1552 (m), v,4ym(SO,) 1340 (m), v,,(SO,) 1127 (s), »(C=S) 1075 (s),
814 cm ™' (m); u=4.4 MB; Ay=2.5 Q 'ecm’mol™'; UV/Vis (CH;CN): L.
(e)=228 (98609), 321 (sh, 40853), 340 (37969), 374nm
(29968 mol~'dm*cm ™).

[Ni(LY1,:0.5H,0 (6): Yield 63 %; m.p. >300°C; elemental analysis calcd
(%) for C34H3NgO,5S,Ni,: C 46.6, H 4.2, N 12.8, S 14.7; found: C 46.9, H
42, N 129, S 14.1; ESI-MS: m/z: 4330 [ML']*, 861.1
[M,L,+Na—2CH;]*; IR (KBr): # = »(OH) 3416 (w), v(NH) 3234 (w),
V(C=N+C-N) 1592 (m), 1561 (8), V,5ym(SO,) 1342 (m), v,,,(SO,) 1134 (s),
»(C—S) 1082 (m), 815cm™" (w); u=3.2 MB; Ay=2.7 Q 'cm’mol'; UV/
Vis (CH;CN): Ay (6) =239 (105237), 286 (47571), 316 (45789), 376 nm
(33036 mol~'dm*cm ™).

[Cu(LY],:0.5H,0 (7): Yield 35%:; m.p. >300°C; elemental analysis calcd
(%) for C3H3;NgO,45S,Cu,: C 46.1, H 42, N 12.6, S 14.5; found: C 46.0,
H 44, N 124, S 138; ESI-MS: m/z: 439.0 [ML'+H]*, 861.1
[M,L,—CH,] (100%); IR (KBr): # = v(OH) 3455 (w), »(NH) 3395 (m),
V(C=N+C-N) 1596 (m), 1541 (5), V,5ym(SO,) 1334 (m), v,,(SO,) 1157 (s),
v(C=S) 1090 (m), 811 cm™ (w); u=22MB; Ay=14 Q 'cm’mol™'; UV/
Vis (CH3CN): A (€) =222 (42453), 292 (21632), 334 (26067), 370 nm
(19231 mol~'dm*cm™"). Slow evaporation of the solvent from the mother
liquor provided dark-green crystals of two new Cu complexes,
[Cu(L*)],:CH,CN (8) and [Cu(L?)(H,0)],;CH;CN-H,O (9), which were
also studied crystallographically.

[Agz(Ll)]z-SHZO (10): Yield 65 %; m.p. >300°C; elemental analysis calcd
(%) for C3,H,NgO;S,Ag,: C 32.7, H 3.6, N 8.9, S 10.1; found: C 33.1, H
3.4, N 9.1, S 10.4; ESI-MS: m/z: 482.9 [ML']*, 591.2 [M,L']*, 986.1
[M,L',+Na]*, 1180.1 [M,L,]*; IR (KBr): # = »(OH) 3470 (w), »(NH)
3395 (w), ¥(C=N+C-N) 1597 (m), 1529 (s), V,ym(SO,) 1333 (m), vy,
(S0O,) 1157 (s), »(C—S) 1089 (m), 812cm™" (w); 'H NMR ([D¢]DMSO):
0=17.68 (t, 1H, J=7.6 Hz), 7.58-7.50 (m, 3H), 7.35 (t, 1H, /J=7.9 Hz),
7.26 (t, 1H, J=4.8 Hz), 7.20-7.08 (m, 3H), 7.00 (d, 1H, J=7.8 Hz), 3.57
(q, 2H, J=7.0Hz), 2.34 (s, 3H), 1.29ppm (t, 3H, J=7.0Hz); Ay=
29 Q 'em’mol™'; UV/Vis (CH;CN): A (8)=226 (89670), 249 (sh,
57863), 298 (51838), 316 nm (54336 mol 'dm*cm™).

[Zn(LY)],+2H,0 (11): Yield 50%; m.p. >300°C; elemental analysis calcd
(%) for CeH7¢N4O0,0SgZny: C 45.5, H 4.2, N 12.5, S 14.3; found: C 45.1,
H 4.4, N 12.0, S 13.7; ESI-MS: m/z: 439.0 [ML']*, 879.9 [M,L',]*, 1318.7
[M,LL]*, 1757.9 [M,LL]*; IR (KBr): # = »(OH) 3419 (w), v(NH) 3362
(W), »(C=N+C-N) 1599 (m), 1556 (m), v,4n(SO,) 1340 (m), v,,,(SO,)
1127 (s), »(C=S) 1079 (s), 813 cm™! (w); '"H NMR ([D¢]DMSO): 6 =8.25
(s, 1H), 7.70 (d, 2H, J=7.9 Hz), 7.33 (d, 1H, J=6.9 Hz), 7.31-7.22 (m,
3H), 7.16 (t, 1H, J=4.8Hz), 7.09 (t, 1H, J=7.4 Hz), 6.85 (t, 1H, J=
7.4 Hz), 3.19 (q, 2H, J=73Hz), 2.30 (s, 3H), 1.12ppm (t, 3H, J=
7.3 Hz); Ay=4.0 Q 'cm?mol!; UV/Vis (CH;CN): A, (¢) =224 (86540),
266 (sh, 41490), 314 (sh, 35510), 330 (44340), 358 (49270), 374 nm (sh,
41550 mol'dm’cm™"). Recrystallisation of [Zn(L')],2H,O from the
mother liquor yielded colourless crystals of 12, which were studied by X-
ray diffraction analysis.

[Cd(LY],CH;CN (13): Yield 62%; m.p. >300°C; elemental analysis
caled (%) for C3H3oN,O,S,Cd,: C 42.6, H 3.8, N 12.4, S 12.6; found: C
422, H 4.1, N 12.2, S 12.3; ESI-MS: m/z: 487.0 [ML']*, 864.0 [ML',]*,
972.9 [M,L',]*; IR (KBr): # = »(NH) 3373 (w), »(C=N4+C—N) 1598 (m),
1516 (), Vaym(SO,) 1336 (m), v4,,(SO,) 1125 (s), »(C-S) 1080 (s),
813 cm™! (w); 'H NMR ([D¢]DMSO): §=8.15 (s, 1H), 7.63 (d, 2H, J=
7.5Hz), 725-7.15 (m, 4H), 7.01 (t, 1H, J=7.7Hz), 6.83 (t, 1H, J=
7.7Hz), 6.69 (t, 1H, J=4.8 Hz), 3.18 (q, 2H, J=7.3 Hz), 2.28 (s, 3H),
1.15ppm (t, 3H, J=7.3 Hz); '“Cd NMR ([Dg]DMSO): 6 =257.9 ppm;
Ay=13.6 Q7 'em’mol!; UV/Vis (CH;CN): A, (8)=222 (40275), 266
(19513), 314 (sh, 15183), 328 (sh, 17421), 356 (20863), 374 nm
(17079 mol'dm*cm ™).

[Pb(L")]1,:3H,0 (14): Yield 67 %; m.p. >300°C; elemental analysis calcd
(%) for C3,H,,NgO,S,Pb,: C 33.5, H 3.4, N 9.2, S 10.5; found: C 332, H
32,N 9.1, S 10.1; ESI-MS: m/z: 583.1 [ML'4+2H]*, 959.2 [ML',]*, 1163.1
[M,L4]%; IR (KBr): # = »(OH) 3405 (w), »(NH) 3271 (m), v(C=N+C—
N) 1595 (m), 1521 (8), Vuym(SO,) 1342 (m), v,,(SO,) 1122 (s), v(C=S)
1074 (s), 810 cm™! (m); '"H NMR ([D,]DMSO): 6=8.01 (s, 1 H), 7.81 (d,
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2H, J=79 Hz), 7.33 (d, 1H, J=8.5 Hz), 7.29-7.19 (m, 3H), 7.09 (t, 1H,
J=7.4Hz), 6.72 (t, 1H, /=74 Hz), 6.67 (t, 1H, J=4.7 Hz), 3.27 (q, 2H,
J=71Hz), 229 (s, 3H), 1.11ppm (t, 3H, J=7.1Hz); *’Pb NMR
([De]DMSO): 6 =-236.9 ppm; Ay =4.7 Q'cm?’mol™'; UV/Vis (CH;CN):
Amax  (8)=226  (72620), 270 (37830), 328 (23605), 396 nm
(9120 mol 'dm*cm™"). Slow concentration of the mother liquor yielded
orange crystals of [Pb(L")], (15), which were characterised by X-ray dif-
fraction analysis.

X-ray crystallographic studies: Crystals of 1, 3, 8, 9, 12, and 15 were
grown as described above. The main crystallographic data for these com-
pounds are summarised in Table 2 and Table 3. Data for 1 were collected
on an FRS91-Kappa CCD 2000 Bruker Nonius diffractometer using
graded mirror-monochromated Cuy, radiation (1=1.5418 A) from a ro-

Table 2. Crystal data and structure refinement for H,L' (1) and H,L? (3).

H,L' (1) H,L? (3)
empirical formula C;H,N,O,S, C3,HxNO,S,
crystal size [mm] 0.95x0.53x0.48 0.44 x0.09x0.08
formula weight 376.49 750.96
crystal system monoclinic monoclinic
space group P2(1)lc P2(1)/c
a[A] 13.150(1) 17.865(3)

b [A] 5.6677(9) 13.554(2)
c[A] 24.781(4) 16.122(3)
a[?] 90 90

B I°] 90.786(8) 112.967(2)
v [°] 90 90

V[AY] 1846.8(5) 3594.4(1)
T [K] 293(2) 110(2)

V4 4 4

u [mm™] 2.768 0.315
reflections collected 29669 30202

independent reflections [R;,]
R1, wR2 [I>20(1)]
R1, wR2 (all data)

3590 [0.1003]
0.0567, 0.1346
0.0583, 0.1371

7058 [0.0526]
0.0400, 0.0949
0.0675, 0.1043

Table 3. Crystal data and structure refinement for 8, 9, and 15.

[Cu(LY)]>CH,CN - [Cu(L)(H,0)l,  [Pb(L)], (15)
8) ‘CH;CN-H,0 (9)
empirical for-  CyHyN;;O6S,Cu, C,oHysN;OgS,Cu, CsHzNgO,S,Pb,
mula
crystal size 0.24x0.13x0.09  0.46x0.2x0.1 0.49x0.3x0.19
[mm]
formula weight 1027.08 1081.23 1163.37
crystal system  triclinic triclinic monoclinic
space group Pi P1 P1
a[A] 8.844(15) 8.841(5) 8.708(2)
b [A] 9.933(16) 10.985(5) 10.569(2)
c[A] 14.13(2) 13.333(5) 10.963(2)
al?] 70.37(3) 104.400(5) 78.131(4)
B I°] 86.89(3) 99.499(5) 79.032(4)
v [°] 73.14(3) 93.359(5) 85.183(4)
V[A%] 1118(3) 1230.3(10) 968.3(4)
T [K] 293(2) 293(2) 293(2)
V4 2 2 2
u [mm™] 1.202 1.103 8.946
reflections col- 13121 14072 11971

lected
independent re-
flections [Riy]

4706 [0.0421]

5003 [0.0232]

3671 [0.0237]

R1, wR2 0.0400 [0.0953] 0.0267 [0.0659] 0.0170 [0.0428]
[I>20(1)]

R1, wR2 (all 0.0727 [0.1128] 0.0318 [0.0688] 0.0191 [0.0435]
data)

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tating anode generator. The cell refinement was carried out by means of
HKL Denzo and Scalepack® and the data reduction by SAINT.’?) Data
for 3, 8, 9, and 12 were collected on a Smart CCD-1000 Bruker diffrac-
tometer, using graphite-monochromated Moy, radiation (1=0.71073 A)
from a fine-focus sealed-tube source. Computing and data reduction
were carried out using SAINT software in all of these cases.”? The struc-
tures of 1, 3, 8, and 12 were solved by SIR97 or SIR92,**! while DIRDIF-
9984 was used for 9. The structures of all these complexes were finally re-
fined by full-matrix, least-squares techniques based on F* using
SHELXL." In all cases, an empirical absorption correction was applied
using SADABS.®! All non-hydrogen atoms were anisotropically refined
except for the disordered atoms in 1. Some hydrogen atoms were includ-
ed in the model at geometrically calculated positions and refined using a
riding model, and some were refined by electronic density. Data for 15
were collected on a Bruker X8 Kappa CCD-APEX III diffractometer
using graphite-monochromated Moy, radiation (1=0.71073 A) from a
fine-focus sealed-tube source. Computing and data reduction were per-
formed using the SAINT softwarel™ and the preliminary structure solu-
tion was performed with SIR92.% Structural data are not included in
this manuscript but we are completely sure of the gross structural fea-
tures shown in this work.

CCDC-649340-649344 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Probing Hydroxyl Radicals and Their Imaging in Living Cells by Use of
FAM-DNA-Au Nanoparticles
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Liguo An," and Guiwen Yang

Abstract: The incorporation of gold
nanoparticles (AuNPs) as quencher
modules in fluorescent probes for
DNA damage caused by intracellular
hydroxyl radicals (HO) is reported.
Au NPs of 15 nm diameter were deco-
rated with DNA oligomers terminating
in thiol functions in their 3’ positions

[b]

switched off as a factor of HO-induced
strand breakage in the single-stranded
DNAs, restoring the fluorescence of
the quenched fluorophores, which can
be followed by spectrofluorimetry. In
vitro assays with HO™-generating
Fenton reagent demonstrated increases
in fluorescence intensity with a linear

range from 8.0 nm to 1.0 um and a de-
tection limit as low as 2.4 nm. Confocal
microscopic imaging of macrophages
and HepG2 revealed that the probe is
cell-permeable and intracellular HO™-
responsive. The unique combination of
good selectivity and high sensitivity es-
tablishes the potential value of the

and possessing 5’ fluorophore modifica-
tions. The Au NPs, which have high ex-
tinction coefficients, functioned as ex-
cellent fluorescent quenchers in the flu-
orophore—Au NP composites. FRET is

Introduction

Currently, the biochemistry of oxygen activation and the
biological significance of reactive oxygen species (ROS) are
attracting much interest. Oxygen-centered free radicals—
such as singlet oxygen, superoxide anion radical, hydrogen
peroxide, hydroxyl radical, and peroxynitrite—are potent
agents responsible for many potentially pathological effects
and aging.'¥ The OH radical, one of the strongest oxidants
known, is primarily responsible for cellular disorders and cy-
totoxic effects that can be traced back to oxidative damage
to DNA,™ proteins,” or lipids."! However, more detailed
understanding of the importance of HO" in initiating cellular
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probe for facilitating investigations of
HOr"-mediated cellular homeostasis and

(fluorescence o
injury.

injury has seldom been achieved, due largely to a lack of
highly selective, sensitive, and quantitative methods for its
detection under the complicated oxidative circumstances
found in biological systems.

Several methods to detect ROS, including electron spin
resonancel’! and chemiluminescence,® have been developed,
but fluorescence detection is superior in terms of high sensi-
tivity and of making ROS “visible” in living cells.”'?' Cen-
trally to its use, fluorescent probes have evolved into an ex-
tremely powerful tool for evaluating the characteristics of
HO -related biological processes.'”! These probes include
the succinimidyl ester of coumarin-3-carboxylic acid
(SECCA),™  fluorescamine-derivatized nitroxide,"™ and
chromophores with ROS-cleavable protecting groups.!'®!”)
However, limitations of currently available HO-responsive
probes include interference from background fluorescence
from other ROS and lack of effective direct means of bio-
logical monitoring. As Hempel and co-workers have pointed
out, the most commonly used fluorophore for cellular ROS
detection—2',7’-dichlorodihydrofluorescein (DCFH)—lacks
specificity between ROS and suffers from autoxidation; that
is, the fluorescence increases even in the absence of ROS
upon continued exposure to light irradiation.'¥ Hence, the
design of selective and stable fluorescent probes for individ-
ual ROS species and assays based on fluorescence imaging

Chem. Eur. J. 2008, 14, 522528





allowing for the assessment of single ROS generated from
living cells would be of special interest for biochemistry.

Recent advances in the growing field of nanobiotechnolo-
gy have resulted in favorable participation by inorganic
nanoparticles in FRET-based (fluorescence resonance
energy transfer-based) studies, due to their size-dependent
physical and chemical characteristics.'”?! Au NPs, which
display extremely high quenching efficiencies, open up new
perspectives in the use of hybrid materials as sensitive
probes in fluorescence-based assays.”?*! Since Mirkin®! and
Alivisatos” made the important step of exploiting the link-
ing of Au NPs to one another through complementary DNA
strands, many fascinating ideas for applications of DNA-
based nanostructures have been developed.’”" To the best
of our knowledge, however, no attempt to employ DNA-
conjugated fluorophore—Au NP composites for monitoring
of ROS in living cells has previously been made. Our strat-
egy here has been to design a new type of fluorescent
probe—FAM-DNA-Au NPs—for trapping HO", the detec-
tion mechanism being based the switching off of FRET
through the highly selective HO™-induced cleavage of DNA
strands. In vitro assays with HO-generating Fenton reagent
demonstrate an increase in fluorescence intensity attributa-
ble to HOinduced DNA strand breakage. The probe has
the merits of a very low background signal and hence high
achievable sensitivity, coupled with excellent selectivity
toward HO® over competing ROS. Confocal microscopy
studies of macrophages and HepG2 have revealed that the
probe is cell-permeable and intracellular HO™-responsive. In
particular, the presence of Au NPs featuring broad absorp-
tion in the UV and visible light regions provides efficient
background removal to avoid interference from autofluores-
cence. The features of these particular spectral regions make
them ideal for using the probe to detect HO' in living cells.
Our results have established the value of this nanotechnolo-
gy-based probe for imaging of HO" in living cells and open a
new window to facilitate investigations of ROS-mediated
cell behavior.

Results and Discussion

Designing FAM-DNA-Au NPs for HO': The available evi-
dence indicates that HO" radicals produced in vivo from
H,O, by a metal-mediated reaction may attack and cleave
the DNA phosphate/deoxyribose backbone in a largely se-
quence-independent manner.”*? Oxidative attack by HO*
on the deoxyribose moiety leads to the release of free bases
from DNA, generating strand breaks with various sugar
modifications and abasic (AP) sites (sites where a DNA
base has been lost).”! Cleavage by HO" occurs not only in
DNA but also in protein. However, this does not interfere
with probe specificity for HO", since DNA is cleaved much
more efficiently than protein, due to its higher sensitivity
toward HO"®Y The probe system involves an artful design
containing attack sites for HO® functions as outlined in
Scheme 1. Single-stranded DNAs labeled with thiol groups
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Scheme 1. Chemical structure of a FAM-DNA-Au NP and schematic il-
lustration of its FRET-based operating principles.

at their 3'-termini and 6-carboxyfluorescein (6-FAM; A., =
490 nm, A.,=517 nm) at their 5'-termini are attached to a
15 nm Au NP acting as a nano-quencher unit. FAM remains
a reagent of choice for the preparation of hydrolytically
stable fluorescent DNA conjugates. When HO" breaks the
DNA strands and the FAM is divorced from the particle sur-
face, the FAM fluorescence originally quenched by the
Au NPs will be recovered, and the fluorescence increase will
be related to the HO" concentration, thus providing a new
assay of HO" in biological systems.

Stern-Volmer Plot: The absorption spectrum of Au NPs
overlaps the emission spectrum of FAM, and so efficient
FRET between the donor-acceptor pair should be expect-
ed.! Indeed, when the concentration of FAM was stabi-
lized at 0.3 um, while the Au NP content was varied from 0-
1.2 nMm in increments of 0.2 nM, a regular decrease in the
emission of FAM was observed. Fluorescence quenching is
described by the well known Stern—Volmer equation:(*®

Fy/F = 1+Kgsy[Au NPs]

where F, and F denote the steady-state fluorescence intensi-
ties in the absence and in the presence, respectively, of
quencher Au NPs. A plot of F/F versus [Au NPs] produced
a straight line as shown in Figure 1, the slope of which gave
the Stern-Volmer constant (Kg,=1.54x10°m™"); knowing
the lifetime of the donor FAM (7,=4.5 ns), we were then
able to estimate its quenching rate constant: k= Kg/7,=
3.4x10"M s

Performance characteristics and statistical analysis: We
monitored changes in the fluorescence spectra of FAM-
DNA-Au NPs in the presence of different concentrations of
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Figure 1. Stern—Volmer plot of Fy/F versus [Au NPs]. The linear approxi-
mation gives Fy/F=0.88+1.54[Au NPs], R=0.9905.

HO- as shown in Figure 2. As expected, there was near-zero
background fluorescence before addition of HO", with a
donor quenching efficiency close to 100 %. Upon the occur-

[Fe™ (EDTA) ]/ M

8000

2000

fluorescence intensity
-3
o
o
o

500 520 540 560 580 600

A /nm
Figure 2. Fluorescence spectra of 1x probe solutions (250 pL, 0.3m PBS,
pH 7.4) after addition of varying amounts of Fenton reagent (Fe'-
(EDTA)/H,0, 1:6 molmol ). All spectra were obtained after incubation
at 37°C for an equilibration period of 15 min.

rence of HO-induced DNA chain scission, however, the
constrained conformation was opened, and the release of
the cleaved fragment resulted in a distinct fluorescence in-
crease due to the elimination of the FRET effect. The
change in the fluorescence intensity relative to that of the
probe increased with increasing concentration of Fenton re-
agent. At concentration ranges higher than 10 pm the fluo-
rescence intensity was saturated, indicating that nearly all of
the probe in the sample solution had reacted with HO" and
that all of the linkers of the probe had been cleaved.

To confirm further that the increase in fluorescence emis-
sion was indeed due to the HO"-induced breakdown of
DNA chains, DMSO, a typical HO"-scavenger,”” was used.
Before the addition of Fenton reagent to trigger the reac-
tion, DMSO was introduced into the reaction mixture, and
the extent of fluorescence increase was greatly suppressed.

Furthermore, we also examined the relationship between
the concentration of Fe"(EDTA) in the added Fenton re-
agent and the fluorescence increase in the Fenton reaction.
As can be seen from the calibration curve of fluorescence
signals versus Fe"(EDTA) concentrations shown in Figure 3,
the fluorescence increase is proportional to the concentra-
tion of Fe"(EDTA) in the 8.0 nM—1.0 um range. Fe"(EDTA)

524 —— www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

8000 -

7000

6000 4

5000 4

fluorescence intensity

4000

rel.

——r———— 1
0.0 0.2 0.4 0.6 0.8 1.0
[Fel (EDTA) 1 /uM

Figure 3. Linear plot of fluorescence intensity as a function of HO" con-
centration.

has often been used as an effective inorganic reagent for
mediating HO® production from H,O, according to the
Fenton reaction equation.’® A concentration of Fe'(EDTA)
as low as 2.4nm, generating approximately the expected
quantity of HO", could readily be detected. The precision,
expressed as the relative standard deviation (% RSD), ob-
tained from a series of 11 standards each containing 1 um of
HO:, was 2.7. Therefore, the probe can detect HO® formed
in the Fenton reaction in the form of a dose-dependent in-
crease in fluorescence.

Amount of alkanethiol-oligonucleotides loaded on Au NPs:
In previous work by Pir Sandstrom,”! alkanethiol-tagged
oligonucleotides were incubated with the particles in a 200-
fold excess of DNA strands. This ratio was used to ensure
that each particle bound at least one oligomer molecule. De-
ficiency in the amount of Au NPs made DNA deposition in-
sufficient, and high background fluorescence could be ob-
served. Use of excess Au NPs resulted in effective quench-
ing of the FAM fluorescence, but only very limited fluores-
cence recovery would be observed despite HO™-induced
strand breakage. By chemically tailoring the density of alka-
nethiol-oligonucleotides bound to the surface of Au NPs, we
found that 300-fold molar excesses of DNA strands may be
the appropriate amount regarding our experimental condi-
tions for HO" determination.

Specifically thiol-modified oligonucleotides tend to be
anchored to the particle at one end and thus stand up from
the surface. The loading of particles with DNA achieved by
this method was estimated by a fluorescence-based
method."! Dithiothreitol at 1.7 mm concentration was used
to displace the surface-bound oligonucleotides rapidly
through an exchange reaction, and the amount of released
DNA was measured by fluorescence. Standard curves were
derived according to the known concentrations of FAM-la-
beled oligonucleotides under identical conditions (such as
buffer pH, salt and dithiothreitol concentrations). The fluo-
rescence signals were converted into molar concentrations
of the thiol-modified oligonucleotides by interpolation from
a standard linear calibration curve. By dividing the total
number of oligomer molecules by the original Au NPs con-
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centration, we calculated that there were 144 oligomers per
Au NP.

Conditions of metal-mediated Fenton reaction: It is general-
ly assumedP®#!! that HO' is generated in biological processes
from H,O, through the Fenton reaction, known from inor-
ganic chemistry. Metal binding can occur on DNA, and this
can lead to partial site-specificity in HO® formation. Fe com-
plexed to chromatin functions as a catalyst for the Fenton
reaction in vivo, similarly to the role played by Fe-chelate in
vitro. Fe commonly catalyzes the decomposition of H,0O, to
produce HO', and an even higher number of strand breaks
is observed when Fe is complexed with EDTA, consistently
with the well known participation of Fe-EDTA chelate in
the Fenton reaction.*”)

The kinetic behavior of the reaction was investigated
(Figure 4) with the aim of determining the optimal experi-
mental conditions for the proposed method. The fluores-

8000 4
60004

40004

2000 -

fluorescence intensity

0 10 20 30 40

&/min

Figure 4. Fluorescence intensity of the system was recorded as a function
of reaction time after the introduction of Fenton reagent into 1x probe
buffer solutions (250 pL, 0.3m PBS, pH 7.4) at 37°C. a: Blank. m: [Fe'-
(EDTA)]/[H,0,], 10 nMm:60 nm. : [Fe"(EDTA)]/[H,0,], 1 um:6 pm.

cence signal was recorded as a function of reaction time on
addition of Fe"(EDTA) at 1 um concentration to stimulate
the reaction. The fluorescence signal increased sharply up to
the 15 min time point and then remained almost constant
with increasing reaction time. At 10 nm Fe"(EDTA) concen-
tration, however, the kinetics of HO" production and DNA
damage were fast enough to be finished within 10 min.
Therefore, a 15 min reaction time can be selected in subse-
quent experiments.

Effects of various species on the probe: Perhaps the most at-
tractive feature of the approach is its selectivity for HO’, es-
pecially in cellular systems, and so the effects of interfering
species normally found in association with HO® were studied
(Figure 5). The experimental results demonstrated that the
probe showed no remarkable fluorescence output when var-
ious ROS or reductants—such as superoxide anion radical
(0,7), hydrogen peroxide (H,0,), hypochlorite (C1O™), per-
oxynitrite (ONOQ"), single oxygen ('O,), nitric oxide (NO),
glutathione (GSH), and 1,4-hydroquinone (HQ)—were

Chem. Eur. J. 2008, 14, 522-528
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Figure 5. Comparison of the fluorescent responses of probe to various
ROS and reductants. The fluorescence intensities of the system were re-
corded after the introduction of various ROS and reductants (final 1 pum
for each) into 1x probe buffer solutions (250 uL, 0.3m PBS, pH 7.4). All
data were obtained after incubation at 37°C for an equilibration period
of 15 min. *O,~ was created by the enzymatic reaction of XA/XO, and
'0, was obtained by addition of NaClO to H,0, (10:1 mol per mol).
ONOO™ and NO were delivered by use of 3-morpholinosydnonimine
(SIN-1), and 3-(aminopropyl)-1-hydroxy-3-isopropyl-2-oxo-1-triazene
(NOC-5), respectively.

added with an equal amount of HO" (final 1 um for each).
However, it appears that addition of ONOO™ resulted in a
relatively large fluorescent augmentation. This is thought to
be because peroxynitrous acid decomposes to give about
28% free HO", so one would expect a relatively stronger re-
sponse of the probe if it is indeed specific for HO". A slight
fluorescence yield from added Fe" in the absence of H,O,
might further account for the probe specificity.

Imaging of intracelluar HO': Most probes rely on their posi-
tively charged surfaces to ensure cellular uptake. Unexpect-
edly, FAM-DNA-Au NPs readily entered cells despite their
coating with negatively charged DNA.®! We performed
uptake experiments with different cell types, including
mouse peritoneal macrophages and HepG2 (cancerous liver
cells). Probe-loaded macrophages showed weak intracellular
background fluorescence (Figure 6a). A strong fluorescence
signal was observed upon stimulation of probe-loaded mac-
rophages with phorbol myristate acetate (PMA, a stimulator
of cell respiratory burst to give rise to ROS) over 1 h, as de-
termined by confocal microscopy on living cells (Figure 6b
and c). Incubation of probe-loaded macrophage cells with
DMSO as a HO' scavenger prior to PMA stimulation result-
ed in negligible fluorescence yields (Figure 6¢), highlighting
the specificity of the measurement. Furthermore, we provide
a confocal microscopic image of HepG2 (Figure 6f) as a
practical biological model to demonstrate the practicability
and high membrane penetrability of the probe.

Apoptosis markers can address cell viability; acridine
orange (AO) is a vital fluorescent stain useful for identifying
cell apoptosis.*! AO staining should be informative for
checking putative toxic effects of the treatment with probe
and confirming that the cells were viable throughout the
imaging experiments. The experiment showed that cells did

www.chemeurj.org — 525



www.chemeurj.org



CHEMISTRY—

B. Tang et al.

A EUROPEAN JOURNAL

G e .
+

. f
[s]

Figure 6. Confocal fluorescence and phase-contrast images of living cells.
a) Fluorescence image of macrophages incubated with the probe for
30 min at 37°C. b) Fluorescence image of probe-stained macrophages
stimulated with PMA for 1 h at 37°C. c¢) Brightfield image of live macro-
phages shown in panel b, confirming their viability. d) AO staining of
probe-loaded macrophages, confirming their viability. e) Probe-loaded
cells were treated with DMSO (0.1 %) for 1 h prior to PMA stimulation.
f) Fluorescence image of HepG?2 incubated with the probe for 30 min at
37°C. g) AO staining of probe-loaded HepG2 cells, confirming their via-
bility.

not display typical apoptosis features such as cell shrinkage,
membrane blebbing, nucleus condensation, or the common
nucleus fragmentation (Figure 6d and g). Taken together,
these contrast images indicated that FAM-DNA-Au NPs, as
a cell-permeable probe, can respond to changes in intracel-
lular HO' concentrations, and that native cellular species do
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not contribute to the fluorescence imaging, as shown in the
HO' scavenging test (Figure 6¢).

Reliability assessment in cell biological applications: In
order to evaluate the reliability of this method, macrophages
were divided into four parallel groups. Cell imaging tests
were performed under the same experimental conditions as
described (Figure 6b). Average fluorescence intensities of in-
dividual cells (more than 50 cells) in each group were deter-
mined with the aid of an Image Pro plus analysis system.
Average fluorescence intensities were 746, 709, 713, and
719, which demonstrated good reliability of the method in
living cells.

A cell extract test was performed to evaluate the preci-
sion of the method. According to the procedure outlined
above, fluorescence readings of the cell supernatant solu-
tions were undertaken. Incubation of macrophage cells with
HO' scavenger DMSO (0.1 %) for 1 h prior to probe loading
resulted in autofluorescence output. The detected HO® con-
tent of PMA-stimulated cells was 0.31 um on average, de-
rived from the standard curve and the regression equation.
The average recovery test was carried out by using the stan-
dard addition method, and the RSD obtained from a series
of six cell suspensions was 3.4%. The results given in
Table 1 indicated that the recovery and precision of the
method applied to determine HO" in cell extracts were satis-
factory.

Table 1. Determination of HO' in cell extracts (n=6).

Sample HO* Added Found [um] Mean  Average RSD
content  [um] [um] recovery  [%]
(] [%]

Cellex- 031+ 0.30
tracts 0.04

0.58, 0.62, 0.60, 0.59+ 93.3 3.4
0.61,0.59, 0.56  0.02

Conclusions

What has been demonstrated here is that FAM-DNA-
Au NPs could serve as a new probe for detecting HO", con-
tributing to shedding new light in cases of appropriately
suited imaging of HO" at the cellular level. The probe fea-
tures excellent selectivity for HO® over competing cellular
ROS. Application of the FAM-DNA-Au NPs in macro-
phage assays resulted in low background signals before and
significant fluorescence readouts after stimulation of cellular
HO® production by PMA, and effective signals were also
readily obtained in HepG2 by use of the probe. It is to be
expected that this novel probe might work not only for in
vivo HO" imaging, with little or no interference from auto-
fluorescence, but might also quantify HO" in ex vivo biologi-
cal systems such as cell extracts with satisfactory results.
Our results have established the value of this nanotechnolo-
gy-based probe for imaging of HO" in living cells and hold
considerable promise in investigations of cellular behavior
mediated by other biological species.

Chem. Eur. J. 2008, 14, 522528
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Experimental Section

Materials and physical instrumentations: Hydrogen tetrachloroaurate(III)
(HAuCl,-3H,0) and trisodium citrate were purchased from Aldrich
Chemical Co. and used as supplied. HO' is chemically generated through
the Fenton reaction, catalyzed by a transition metal such as Fe"" in a che-
lated state. Fe'(EDTA) solution (5mmu) was prepared daily by adding
the appropriate amount of ammonium ferrous sulfate to EDTA solution
(Fe/EDTA 1:3 molmol™") in Sartorius ultrapure water (18.2MQcm™),
giving a slightly green, clear solution. A stock solution (100 mL) of H,O,
(0.3m) was freshly prepared by diluting H,O, (30 %, 3.4 mL) with water,
and the concentration was standardized by titration with potassium per-
manganate. The single-stranded oligonucleotide used in this work (syn-
thesis and purification by Shanghai Sangon, China) was derivatized with
3'-alkanethiol and 5-FAM to give the following sequence: 5-FAM-
(CH,)¢-AGGGTTAGGG-(CH,);-SH-3'. Absorption spectra were record-
ed on a UV-1700 spectrophotometer (Shimadzu Corp. Kyoto, Japan). Flu-
orimetric spectra were measured with an Edinburgh FLS 920 spectro-
fluorimeter (Edinburgh Instruments Ltd., UK) fitted with a xenon lamp
in a quartz cuvette (1.0 cm optical path) as the container. Spectrometer
slits were set for 1.0 nm band-pass. Transmission electron microscopy
(TEM) images were collected with a Hitachi Model H-800 instrument
operating at 100 keV accelerating voltage.

Gold-particle fabrication: The starting step for this work was the prepa-
ration of an aqueous solution of AuNPs (15 nm). Near-monodisperse
Au NPs of 15 nm diameter were prepared by the classical citrate reduc-
tion route pioneered by Frens.”! All glassware was cleaned in aqua regia
(3 parts HCI, 1 part HNO,), rinsed with Sartorius water, and then oven-
dried prior to use. Briefly, trisodium citrate (1%, 5.25 mL) was added
rapidly to HAuCl, (0.01 %, 150 mL) that was brought to reflux while stir-
ring. This mixture was heated at reflux for an additional 15 min, during
which the color changed to deep red. The solution was then set aside to
cool to room temperature. This resulted in AuNPs with a net negative
charge from the citrate ions stabilizing the particles. The size distribution
and quality of the resulting particles, of average diameter 15.7+2 nm,
were determined by TEM. Please note that we denote the concentration
of the as-prepared AuNPs to be 1x(1.2x10" particlesL™', ~2 nm)“
with a high molar extinction coefficient (e at 520 nm) 6.1x10°m'cm™". A
typical solution of 15nm diameter AuNPs was chosen because they
could be readily prepared with little deviation in size (+2 nm), and with
a characteristic absorption band centered at 520 nm, so that the FRET
process was highly efficient as there was an appreciable overlap between
the emission spectrum of the FAM donor and the absorption spectrum of
the Au NP acceptor.

Attachment of fluorescent alkanethiol oligonucleotides to AuNPs: In a
famous “Northwestern” preparation by Mirkin and co-workers,”*! fluo-
rescent alkanethiol oligonucleotides of 10 bases corresponding to 3.4 nm
were attached to Au NPs by incubation of thiolated single-stranded oligo-
nucleotides with a gold solution (250 pL, 1x) at a 300:1 mol ratio. After
standing for 16 h, the solution was gently treated with phosphate buffer
(10 mm, pH 7.4) and NaCl (0.1m), and allowed to “age” for an additional
40 h at room temperature. Please pay attention to the fact that a gradual
increase in electrolyte concentration and ionic strength over the course
of DNA deposition significantly increase surface coverage and conse-
quently particle stability. Unbound oligonucleotides were then removed
by repeated centrifugation and suspension of the red oily precipitate (Ep-
pendorf 5417R Centrifuge, 14000 rpm, x2). The DNA-complexed parti-
cles were finally redispersed in fresh PBS (250 uL, 0.3m, pH 7.4). This
procedure was used to prepare all the probes described here, and for sim-
plicity, their concentrations have been presented as 1x (1x AuNPs and
0.6 um fluorescent alkanethiol oligonucleotides unless otherwise noted).
The difference in the UV/Vis spectra of unmodified AuNPs of and
Au NPs modified with fluorescent thiol-oligonucleotides (Figure 7) is at-
tributed to slightly different particle size distributions, coupled with a de-
crease in particle concentration during the workup of the oligonucleo-
tide-modified particles.

Fluorescence detection: A PBS buffer (0.3m, pH7.4) containing 1x
probe solutions (250 uL) was incubated for HO" cleavage at 37°C for an
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Figure 7. Comparison of UV/Vis spectra of 15 nm diameter Au NPs and

of AuNPs functionalized with fluorescent thiol-oligonucleotides in fresh
PBS (0.3m, pH 7.4).

equilibration period of 15 min after addition of Fe"(EDTA) (10 nm-
100 um) and H,0, (60 nma600 um). Each sample solution was diluted
with pure PBS buffer to a final volume of 500 uL, and a fluorescence
spectrum of the diluted sample solution was obtained. Care was taken to
keep the pH and ionic strength of the sample solutions the same for all
measurements, due to the sensitivity of the optical properties of FAM to
these conditions.*”) The reproducibility of these experiments was checked
by the carrying out of two to three independent experiments. Selectivity
experiments for various ROS and reductants were carried out by the
same method.

Cell culture and imaging: Peritoneal exudate cells were harvested from
peritoneal lavage with use of chilled serum-free RPMI 1640 medium,
centrifuged at 1000 rpm for 5 min, and suspended with PBS. The concen-
tration of counted cells was adjusted to 10° cells mL™"' and samples were
placed on the culture plates above glass coverslips. After 3 h of incuba-
tion at 37°C in an atmosphere of 5% CO, in a CO, incubator, the nonad-
herent cells were removed by vigorous washing (x2) with warm serum-
free medium, and the adherent cells were incubated with 1x probe solu-
tions (0.3m PBS, pH 7.4) for 30 min at 37°C. A set of cells was stimulated
with PMA (2 ngmL™') at 37°C for 1 h. Another set of cells was treated
with DMSO (0.1%) for 1h prior to PMA stimulation. HepG2 cells
(human cancerous liver cells) were maintained by protocols provided by
the American Type Tissue Culture Collection. Cells were seeded at a
density of 10°cellsmL™" in high-glucose Dulbecco’s Modified Eagle’s
Medium (DMEM, 4.5 gL' glucose) supplemented with fetal bovine
serum (FBS, 10%), NaHCO; (2gL"'), and antibiotics (penicillin
100 UmL™", streptomycin 100 uygmL'). Cultures were maintained at
37°C under a humidified atmosphere containing 5% CO,.

Prior to imaging, the medium was removed. Cell imaging was carried out
after washing of cells with PBS to stop the progress of the labeling reac-
tion.

AO, generally regarded as a marker of apoptosis, was used to visualize
cellular changes characteristic of apoptosis and to confirm that the cells
were viable throughout the imaging experiments. Probe-loaded macro-
phages and HepG2 were incubated with acridine orange (1 ugmL™") at
37°C for 20 min. After washing with ice-cold PBS, the cells were ob-
served under a microscope. Florescent images were acquired on a
LSM 510 confocal laser scanning microscope (Carl Zeiss Co., Ltd.) with
commonly used Ar* laser irradiation at 488 nm.

Cell extracts: Cultured macrophages (RAW 264.7 cells were purchased
from the American Type Culture Collection, Manassas) were passaged in
cell culture flasks (10° cellsmL™") in DMEM. Incubation of a proportion
of the macrophage cells with HO" scavenger DMSO (0.1 %) for 1 h prior
to probe loading resulted in autofluorescence output. Stimulation of an-
other portion of macrophage cells with PMA (2ngmL™") at 37°C for
12 h was then carried out. After incubation with 1x probe solutions for
30 min at 37°C, all of the cells, harvested by centrifugation in the cold,
were washed twice with NaCl solution (0.9 %). These cells were again re-
suspended in a volume of PBS (0.1m, pH7.4) equal to that in the
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DMEM medium in which they had been grown, and were then disrupted
for 10 min in a VC 130 PB ultrasonic disintegrator (Sonics & Materials
Inc.). During sonic disruption, the temperature was maintained below
4°C with circulating ice water. The broken cell suspension was centri-
fuged at 4000 rpm for 10 min and the pellet was discarded. Cell superna-
tant solutions obtained were prepared for average recovery test.
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Synthesis, Structure and Emission Properties of Spirocyclic Benzofuranones
and Dihydroindolones: A Domino Insertion—Coupling—Isomerization—
Diels—Alder Approach to Rigid Fluorophores
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Abstract: An alkynoyl ortho-iodo phe-
nolester or alkynoyl ortho-iodo anilides
and propargyl allyl ethers react under
Sonogashira coupling conditions in the
sense of an insertion—coupling—isomeri-
zation-Diels—Alder hetero domino re-
action to furnish (tetrahydroisobenzo-
furan)-spirobenzofuranones and -spiro-

steric and electronic substituent effects
on the torsional angles of the terminal
(hetero)aryl groups and the central cis,-
trans-butadiene fragment. DFT compu-
tations reveal that in the final pericy-
clic step the Diels—Alder termination is

cC

by far thermodynamically and kineti-
cally favored over a possible Claisen
rearrangement. Compounds of this new
class of spirocyclic compounds possess
large Stokes shifts and fluoresce inten-
sively with blue over green to orange
colors. As a consequence of the spiro-
cyclic rigidity fluorescence lifetimes

Keywords:

dihydroindolones in good yields. Many cycloaddition -

representatives can be crystallized and
single crystal structure analyses display

Introduction

In the past decade the productive concepts of multicompo-
nent processes, domino reactions and sequential transforma-
tions have considerably stimulated the scientific community
in search for economical and ecological access to biological-
ly active scaffolds and lead structures."? In particular, these
diversity oriented syntheses® address the fundamental
issues of preparative efficiency and reaction design. Master-
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coupling . A
and quantum yields are rather high in

some cases.

ing various combinations of elementary organic and organo-
metallic transformations under similar conditions is the
major conceptual challenge in engineering novel types of
uni-, bi- and multimolecular sequences. From a practical
point of view the expansion of diversity oriented synthesis
into combinatorial chemistry*! and solid-phase syntheses®*”!
promises manifold opportunities for developing novel lead
structures of pharmaceuticals, catalysts and even novel mol-
ecule based materials.

Generally, domino reactions!”! are regarded as sequences
of uni- or bimolecular elementary reactions that proceed
without isolation of intermediates or workup. The reactive
functionality of the preceding step has been formed in the
previous transformation. Although, quite remarkable syn-
theses of natural products with polycyclic frameworks have
successfully been achieved by the application of domino re-
actions as key steps, a domino approach to functional mate-
rials, such as chromophores, fluorophores and redox active
molecules, is still in its infancy.”! Nevertheless, the prospect
to simultaneously accessing new scaffolds and a large struc-
tural space sets the stage for new innovative synthetic con-
cepts in search for fluorescent materials. In addition, the on-
going quest for high-performance fluorophores in OLED
with peculiar properties is a stimulating challenge.®! As part
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of our program to develop new multicomponent methodolo-
gies for the synthesis of chromophores and fluorophores, we
have recently communicated a domino synthesis of fluores-
cent butadienes that are structurally rigidified by a spirocy-
clic framework.’! Here, we report on the synthetic expan-
sion to diversely substituted representatives, computional
studies on the concluding pericyclic step, and photophysical
investigations of this new class of rigidified fluorophores.

Results and Discussion

Domino synthesis of spirobenzofuranones and spirodihy-
droindolones: In recent years we have developed consecu-
tive multicomponent syntheses of pharmaceutically relevant
heterocycles!""'! initiated by a coupling-isomerization reac-
tion'**2I (CIR) (Scheme 1).

5 % [PACL,(PPhy),] o
_ PH 5% Cul s
EWG-(het)aryl—Hal + _—< EWG—(het)aryl Ar

NEt;, THF, A
Ar

EWG: electron-withdrawing group

Scheme 1. Coupling—isomerization reaction (CIR), a novel synthesis of
chalcones and enones.

The CIR of electron deficient (hetero)aryl halides and
(hetero)aryl propargyl alcohols occurs under the conditions
of the Sonogashira coupling™ and represents a mild and ef-
ficient access to enones. Mechanistically, the CIR can be ra-
tionalized as a rapid palladium-copper catalyzed alkynyla-
tion reaction followed by a slow base catalyzed propargyl al-
cohol to enone isomerization (Scheme 2).

Abstract in German: Alkinoyl ortho-iodphenolester oder Al-
kinoyl ortho-iodanilide und Propargylallylether reagieren
unter den Bedingungen der Sonogashira-Kupplung im Sinne
einer Insertions—Kupplungs—Diels—Alder-Hetero-Domino-Re-
aktion zu (Tetrahydroisobenzofuran)-spirobenzofuranonen
bzw. -spirodihydroindolonen in guten Ausbeuten, von denen
viele kristallisiert werden konnten. Die Einkristallstruktur-
analysen offenbaren sterische und elektronische Substituen-
teneffekte auf die Torsionswinkel der terminalen (Hetero)ar-
vigruppen und des zentralen cistrans-Butadienfragments.
DFT-Rechnungen zeigen, dass im letzten pericyclischen
Schritt die Diels—Alder-Reaktion gegeniiber einer moglichen
Claisen-Umlagerung bei weitem thermodynamisch und kinet-
isch begiinstigt ist. Viele Verbindungen dieser neuen Spirocy-
clenklasse besitzen grofie Stokes-Verschiebungen und fluores-
zieren intensive mit blauer, griiner oder oranger Farbe. Als
Folge der spirocyclischen Rigiditdt sind in einigen Fiillen die
Fluoreszenzlebensdauern und Quantenausbeuten relative
hoch.

530 —— www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

EWG—(hetyaryl-Hal Pd/Cu-catalyzed

coupling OH
+ EWG—(hetyaryl———-H
NEt, R
OH + R
— \/ - H'NEt; Hal NEtaj
Ar
OH
EWG—(het)aryl— ==\
coupling— © R
isomerization H*NEt
reaction ®
\‘
0 H OH
D .
H,.__ SR =
EWG—(hetaryl H EWG-(het)aryl R
NEt,

Scheme 2. Mechanistic rationale of the CIR.

Although, the proposed allenol intermediate remains an
elusive and highly reactive intermediate, the major potential
of the CIR clearly lies in selectively addressing allenol deriv-
ative intermediates by thermodynamically and kinetically fa-
vored intramolecular trapping reactions. Furthermore, the
installation of the required conjugation of an electron-with-
drawing functionality by an organometallic elementary step
such as an insertion of an alkyne into a carbon—palladium
bond™ followed by a CIR would not only represent a meth-
odological extension, but could also provide new access to
hetero domino reactions.**! As a consequence of an inser-
tion-CIR an electron deficient diene can be readily estab-
lished. Assuming a highly reactive allenol intermediate of
the CIR (see above) in this particular case the transient
should be a vinyl allene, that is, a reactive diene in Diels—
Alder reactions. Hence, we set out to conduct the insertion—
CIR with a propargyl allyl ether, not only shutting off the ir-
reversible allenol-enone tautomerism but also implementing
a tethered dienophile functionality as a trap for an intramo-
lecular [4+2] cycloaddition with inverse electron demand.

Indeed, reaction of alkynoyl ortho-iodo phenolester 1 and
propargyl allyl ethers 2 in presence of catalytic amounts of
[Pd(PPh;),CL,] and Cul in a boiling mixture of toluene and
triethylamine gives rise to the formation of the class of (tet-
rahydroisobenzofuran)spirobenzofuranones 3 in moderate
to excellent yields (Scheme 3, Table 1).

Likewise, upon reacting alkynoyl ortho-iodo anilides 4
and propargyl allyl ethers 2 under Sonogashira conditions in
a boiling mixture of butyronitrile and triethylamine (tetrahy-
droisobenzofuran)spiroindolones 5 can be isolated in moder-
ate to excellent yields (Scheme 4, Table 2).

(het)aryl

RZ
Ph
RN\ 5 % [Pd(PPhs),Cl,] R
ll Y 2.5% Cul
_—
.
@i - ( toluene, NEt; oF‘h
o "0 (hetyaryl A 72h
. g
1 2 3 (29-66 %)

Scheme 3. Insertion—-coupling-isomerization-Diels-Alder domino reac-
tion to spirobenzofuranones 3.
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Table 1. Insertion—coupling-isomerization-Diels—Alder domino reaction
to spirobenzofuranones 3./

Entry®  Propargyl allyl ether 2 Spirobenzofuranones 3 (yield [%])""!

1 2a: R?=R*=H, 3a: R>=R’=H,
(het)aryl=p-NCC¢H, (het)aryl=p-NCC¢H, (51)

2 2b: R?=R*=H, 3b: R?=R°=H,
(het)aryl=0-FC,H, (het)aryl=0-FC.H, (50)

3 2¢: R?=R*=H, 3¢: R”*=R*=H,
(het)aryl=p-MeOC,H, (het)aryl=p-MeOC¢H, (66)

4 2d: R*=R°=H, 3d: R?=R°=H,
(het)aryl=p-EtOC,H, (het)aryl=p-EtOC,H, (46)

5 2e: R?=R’=H, 3e: R’=R’=H,
(het)aryl=p-Me,NC¢H, (het)aryl=p-Me,NC¢H, (32)

6 2f: R?=CH,, R°®=H,  3f: R*=CH,, R°=H,
(het)aryl=p-EtOC,H, (het)aryl=p-EtOC.H, (29)

7 2g: R*=CH;, R’=H, 3g: R*=CH,;, R*=H,
(het)aryl =2-thienyl (het)aryl =2-thienyl (49)

8 2h: R2=R*=CH,, 3h: R?=R*=CH,,

(het)aryl=p-MeOC.H, (het)aryl=p-MeOC¢H, (33)

[a] Reaction conditions: 1.0 equiv aryl iodide 1, 1.1 equiv propargyl allyl
ether 2 (0.1Mm in toluene/triethylamine 1:1), 0.05 equiv [Pd(PPh;),Cl,] and
0.05 equiv Cul were heated to reflux temperature for 72 h. [b] Yields
refer to isolated yields of compounds 3 after flash chromatography on
silica gel and recrystallization to be >95% pure as determined by NMR
spectroscopy and elemental analysis.

o (het)aryl

5 % [Pd(PPh;),Cl,]

RZ
.
R R‘/J\
Ol N
=

2.5 % Cul "
o 4
©iN o - butyronitrile, NEt; OR
! (hetjaryl A, 160r72 h N
R R?
R® = Tos, Ms, Ac, Me "
4 2 5 (38-86%)

Scheme 4. Insertion—-coupling-isomerization—-Diels-Alder domino reac-
tion to spiroindolones 5.

The structures of spirocycles 3 and 5 were unambiguously
supported by spectroscopic (‘H, “C and DEPT, COSY,
NOESY, HETCOR and HMBC NMR experiments, IR,
UV/Vis, mass spectrometry) and combustion analyses. Most
distinctly, the spirocyclic juncture causes a considerable con-
formational fixation and, therefore, the relative configura-
tion of both series of spirocycles 3 and 5 can be characteris-
tically assigned by examining the NOE contacts of the C™
methine multiplet resonances appearing between ¢ 3.52 and
4.02 ppm in the NOESY spectra (Figure 1).

e /O (het)aryl e /O (het)aryl
H"1-C! l HW\.‘C‘\ ’
NOE (* HC™ noe ( HUMC”
H / AH™
H7A\‘CT\ i /
- C
Ph
(0]

3a-e, 5a

3fg, 5b

Figure 1. Assignment of selected 'H NMR resonances of 3 and 5.
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These methine resonances not only show distinct cross-
peaks in the '"H,'"H-COSY spectra to the methylene protons
H'* but also to the methylene protons H’2. The methyl
group bound to carbon C’, which points in the same hemi-
sphere, can be identified in the NOESY spectra. In some
cases the splitting patterns of the methine and methylene
protons are well resolved and the dihedral angles as derived
from the Karplus curve are in good agreement with the data
obtained from X-ray structure analyses (see below). In the
BCNMR spectra the characteristic sp*-hybrized quaternary
spiro carbon resonances of C® are found between 6 53.1 and
62.4 ppm depending on the lactone or lactam nature of the
benzoannelated ring. Likewise, the carbonyl resonances, in-
dicative for lactams and lactones, range from ¢ 174.6 and
178.5 ppm.

Additionally, the molecular structure of the spirocyclic
systems 3 and § was corroborated by X-ray structure analy-
ses of the benzofuranones 3a-c, e, h, and the dihydroindo-
lones 5d, f-h, 1, p—q (Figures 2-13).11°

Besides the unambiguous structural assignment of the spi-
rocyclic scaffold the single crystal data disclose more de-
tailed insight into conformational biases exerted by substitu-
tion patterns. Since the central butadiene chromophore is ri-
gidified by its bicyclic nature the appending substituents,
which are predominantly (hetero)aromatic moieties, can
adopt preferred conformations (Figure 14). The mutual ori-
entations of these planar substituents are best described by
the interplanar angles between the (hetero)aromatic sub-
stituents at C* (plane 1) and the butadiene unit (plane 2)
and between plane 2 and the (hetero)aromatic fragment at
C® (plane 3) (Table 3).

For the benzofuranones 3 the interplanar angles between
planes 1 and 2 lie within the small range of 31.0 and 40.5°,
independent both of the electronic nature of the (hetero)ar-
omatic substituents at C* and the methyl substitution at C’.
Likewise, the interplanar angles between planes 2 and 3 are
also found in a narrow margin between 42.7 and 50.7°. For
the dihydroindolones the substituent variation is broader
and encompasses electronically variable substitution at both
C® and C’, and at the indolone nitrogen substituent. The in-
terplanar angles between planes 1 and 2 vary from 7.5 to
43.1°, a range that reflects the electronic and steric impact
of the (hetero)aromatic substituents at C°. Expectedly, with
an angle of 15.8° the thienyl substituent (5f)!"” is arranged
almost coplanarily with respect to the conformationally

fixed butadienyl system, how-

(hetyaryl ever, highest planarization is

H% ° ’ observed for the p-chlorophen-
wC!
H‘\A\

NOE ( H7a|n./c7a
H 7ACH3

yl substituted derivative 5d
(7.5°) and the p-formylphenyl
substituted representative Sq
(8.2°). In the latter case the
push—pull character of the sub-
stitution pattern is apparently
even responsible for the rather
small interplanar angle be-
tween planes 2 and 3 (30.2°).
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Table 2. Insertion—coupling-isomerization-Diels—Alder domino reaction to spiroindolones 5.1%!

Entry Alkynoyl iodo anilide 4

Propargyl allyl
ether 2

Spiroindolones 5 (yield [%])"!

10

11

12

13

14

15

16

17

18

19

20

21

22

23

4a: R’°=Ts, R*=Ph
4a

4a

4a

4a

4a

4a

4b: R*=Ts, R*=nBu
4b

4b

4¢: R*=Ts, R*=iPr,;Si
4c

4c

4d: R*=Ms, R*=p-
MeOC,H,

4d

4d

4e: R®*=Ts, R*=p-
MeOC,H,

4e

4e

4f: R?*=Ts, R*=10-methyl-
phenothiazin-3-yl

4g: R’=p-
(AcOCH,CH,0C¢H,SO,,
R*=Ph

4h: R*=Ac, R*=Ph

4i: R*=Me, R*=Ph

2c

2g

2i:
R*=R*=CH,,
(het)aryl=p-
OHCC(H,

2j:
R?=R*=CH,,
(het)aryl=p-
CICH,

2k:
R?=R*=CH,,
(het)aryl=Ph
21:
R2=R*=CH,,
(het)aryl =2-
thienyl

2h

2j

2k

2h

2j

2k

2h

2j

2k

2h

2i

2j

2k

2j

2k

2k

2k

5a: R>=R’=H,

(het)aryl = p-MeOCH,, R*=Ts, R*=Ph (81)

5b: R>=CH,, R*=H,

(het)aryl =2-thienyl, R*=Ts, R*=Ph (72)

5c¢: R*=R’=CHj, (het)aryl=p-OHCC¢H,, R*=Ts,
R*=Ph (71)

5d: R*=R’=CHj, (het)aryl=p-CIC;H,, R*=Ts,
R*—Ph (86)

5e: R?=R*=CHj;, (het)aryl=Ph, R*=Ts, R*=Ph (86)

5f: R?=R’=CH,, (het)aryl =2-thienyl, R*=Ts,
R*=Ph (72)

5g: R>=R*=CH,,
(het)aryl = p-MeOC,H,, R*=Ts, R*=Ph (79)
5h: R*=R*=CHj, (het)aryl=p-CICsH,, R*=Ts,

R*=nBu (81)

5i: R*=R*=CH,, (het)aryl=Ph, R*=Ts, R*=nBu
(79)

5j: R*=R*=CHj, (het)aryl=p-MeOC:H,, R*=Ts,
R*=nBu (77)

5k: R?=R*=CH;, (het)aryl=p-CIC;H,, R*=Ts,
R*—PrSi (79)

51: R>=R*=CH;, (het)aryl =Ph, R*=Ts, R*=iPr,Si
(85)

5m: R>=R’=CH,, (het)aryl =p-MeOCzH,, R*=Ts,
R*—PrSi (77)

5n: R*=R*=CHj, (het)aryl=p-CIC,H,, R*=Ms,
R*=p-MeOCH, (53)

50: R*=R*=CHj, (het)aryl=Ph, R*=Ms, R*=p-
MeOC,H, (63)

5p: R*=R*=CHj, (het)aryl=p-MeOC¢H,, R*=Ms,
R'=p-MeOCH, (63)

5q: R*=R*=CHj, (het)aryl=p-OHCC¢H,, R*=Ts,
R*= p-MeOCH, (66)

5r: R?>=R*=CHj;, (het)aryl =p-CIC¢H,, R*=Ts,
R*=p-MeOCH, (87)

5s: R?>=R*=CHj, (het)aryl=Ph, R*=Ts, R*=p-
MeOCH, (88)

5t: R*=R*=CHj, (het)aryl=p-CIC{H,, R*=Ts,
R*=10-methylphenothiazin-3-yl (58)

5u: R*=R*=CHj, (het)aryl=Ph, R*=p-
(AcOCH,CH,0CH,S0,, R'=Ph (73)

Sv: R?=R*=CHj;, (het)aryl=Ph, R*=Ac, R*=Ph
(46)

Sw: R?=R’=CH,, (het)aryl=Ph, R*=Me, R*=Ph
(38)

[a] Reaction conditions: 1.0 equiv aryl iodide 4, 1.1 equiv propargyl allyl ether 2 (0.1 M in butyronitrile/triethyl-
amine 1:1), 0.05 equiv [Pd(PPh;),Cl,] and 0.05 equiv Cul were heated to reflux temperature for 48-36 h.
[b] Yields refer to isolated yields of compounds 5 after flash chromatography on silica gel and recrystallization

to be >95% pure as determined by NMR spectroscopy and elemental analysis.

Most significantly, two anisyl substituents cause the inverse
effect and lead to torsions of 32.9° (interplanar angle plane
1 vs 2) and 56.0° (interplanar angle plane 2 vs 3) in com-

pound 5p.
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Based wupon the product
analysis the hetero domino se-
quence can be interpreted as a
combination of a transition-
metal-catalyzed insertion cas-
cade that concludes in a peri-
cyclic final step. Intramolecular
Heck reactions!™ have been
developed to a broad method-
ology and have culminated in
impressive domino sequences
like Negishi’s zippers,'¥ how-
ever, the termination of inser-
tion cascades by Sonogashira
alkynylation!" has received
only little attention."” Hence,
the hetero domino sequence
can be rationalized as follows
(Scheme 5): as an insertion al-
kynylation followed by a base-
catalyzed isomerization of an
electron poor vinyl propargyl
allyl ether to give an electron
poor vinyl allene that reacts in
an intramolecular [4+2] cyclo-
addition through an anti-exo
transition state to conclude the
sequence by formation of spi-
rocycles 3 or 5 (Table1, en-
tries 6 and 7, Table 2, entry 2).
Methodologically, upon forma-
tion of four new carbon—
carbon bonds with concomitant
generation of a complex tetra-
cyclic framework in high effi-
ciency this insertion—CI-Diels—
Alder domino reaction fur-
nishes spirocyclic benzofura-
nones 3 and dihydroindolones
5 in moderate to excellent
yields.

Computational studies on the
concluding pericyclic steps of
the domino sequence: In com-
parison with the CIR and most
distinctly, the tautomerism of
the elusive allenol can be shut
off by etherification of the
propargylic alcohol. Hence, the
allenyl intermediate should
react in an intramolecular peri-
cyclic fashion under the ap-

plied reaction conditions. The insertion establishes a conju-
gated electron-withdrawing vinyl carbonyl group that readily
activates the propargylic position. Now, the isomerization of

a coupled vinyl propargyl allyl ether to a vinyl allenyl allyl

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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N27

C33

C3

C36

C7,

Figure 2. Molecular structure of 3a (hydrogen atoms are omitted for
clarity).

C5

Figure 3. Molecular structure of 3b (hydrogen atoms are omitted for
clarity).

ether opens in principle two reaction pathways: either a
[3,3]-sigmatropic rearrangement in the sense of a allyl-vinyl
Claisen rearrangement or a [4+2] cycloaddition, that is, an
intramolecular Diels—Alder (IMDA) reaction with inverse

Chem. Eur. J. 2008, 14, 529 -547
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Figure 4. Molecular structure of 3¢ (hydrogen atoms are omitted for
clarity).

Figure 5. Molecular structure of 3e (hydrogen atoms are omitted for
clarity).

electron demand™ of the vinyl allene with the tethered allyl
dienophile. Experimentally, only the IMDA can be observed
(see above). Hence, the question arises whether the ob-
served cycloaddition is the thermodynamically or kinetically
favored process. As both pathways proceed intramolecularly,
thus, a direct comparison by computational studies lies at
hand.

Therefore, a model system, based upon a reduction on the
required functional features, was designed for quantum
chemical calculations (Scheme 6 and Table 4). Thus, starting

www.chemeurj.org — 533
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0

Figure 6. Molecular structure of 3h (hydrogen atoms are omitted for
clarity).

ci

012

C13

Figure 7. Molecular structure of 5d (hydrogen atoms are omitted for
clarity).

points of [3,3]-sigmatropic rearrangement or [4+2]-cycload-
dition pathways are the allyloxy enallenes 6 giving rise
either to the allyl substituted oxo dienes 8 or the tetrahydro-
benzofurans 10.

The structure optimizations of starting, end and transi-
tion-state geometries were performed by DFT calculations
using the [RB3LYP/6-31+G(d,p)] functional.?! Then, for
energy calculations the optimized geometries were entered
to post-HF single point energy calculations on the MP2

534 — www.chemeurj.org
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Cc24 s2
Vo

C45

C42
g 5 C44 C143
C4

Figure 8. Molecular structure of 5f (hydrogen atoms are omitted for
clarity).

Figure 9. Molecular structure of 5h (hydrogen atoms are omitted for
clarity).

level of theory [RMP2/6-311++G(2d,2p)//RB3LYP/6-314+-G-
(d,p)] (Table 4).”" The results obtained not only support the
observed exclusive preference of the intramolecular [4+2]
cycloaddition over the Claisen rearrangement but also clear-
ly indicate that the cycloaddition is the favored process both
thermodynamically and kinetically. This result also reprodu-
ces with slightly more expanded systems that emphasize the
actual steric bias at the termini of vinyl allene moieties, still
leading to spirocyclization, that is, the formation of benzo-

Chem. Eur. J. 2008, 14, 529 547
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c24 C23

Figure 12. Molecular structure of 5p (hydrogen atoms are omitted for

o3 clarity).

Figure 10. Molecular structure of 5i (hydrogen atoms are omitted for
clarity).

larity).
Figure 11. Molecular structure of 51 (hydrogen atoms are omitted for clarity)
clarity).
. . 5 '(het)aryl
furanones and dihydroindolones (Scheme 7 and Table 4). O~
. . . 1
Only if the vinyl allyloxyallene is truncated to an allyloxyal- HCq (I:La
. 7a —
ene Claisen rearrangements become the relevant process. . " plane 1: (het)aryl
lene Cl g tsb the relevant p 2] g Netn
RnC l/ plane 2: C*-C*-C*-C®
. . . . . . ~C lane 3: R
UV/Vis absorption and emission properties of spirocyclic Wl TN piane
benzofuranones 3 and dihydroindolones 5: Most interesting- o
ly, upon irradiation with UV light all members of this new X
class of pale yellow to yellow absorbing spirocycles display a Figure 14. Numbering of the tetrahydrobenzofuran and assignment of
pronounced and intense blue over green to yellow orange planes of 3 and 5.
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Table 3. Selected interplanar angles [°] of spirocyclic benzofuranones 3
to spiroindolones 5.

Compound Interplanar angle Interplanar angle
planes 1 vs 2 planes 2 vs 3
3a 35.1 49.8
3b 31.0 52.3
3¢ 40.5 42.7
3e 39.3 50.7
3h 353 44.9
5d 7.5 43.7
5f 15.8 48.5
5h 25.8 -
5i 17.1 -
51 43.1 -
Sp 329 56.0
5q 8.2 30.2
1o0rd
reductive (hetjary!
oxidative elimination
addition
toluene or butyronitrile
NEts, A, 3d
RI_R?
/ l ; ;
/ R’ [NEt,] \ isomerization

/
(het)aryl

transmetallation

O
\ (het)aryl N
alkyne insertion
(carbopalladation)

R3

[4+2]
JR? cycloaddition
o]
)%CUL” 3ors
(het)aryl

Scheme 5. Mechanistic rationale for the domino sequence to spirobenzo-
furans 3 and spirodihydroindolones 5.

fluorescence with large Stokes shifts in solution (4300 to
9600 cm™') and in the solid state (Figure 15, Table 5). All
spirocyclic benzofuranones 3 and dihydroindolones 5 were
studied by UV/Vis and fluorescence spectroscopy, and be-
sides absorption and emission also the fluorescence quan-
tum yields and lifetimes of the excited states were deter-
mined for all members of the
series. Albeit the structural re-
lations between spirocyclic

. . iven i N
benzofuranones and dihydroin- ~ gVen in kealmol 7).

[4+2] cycloaddition

[3,3] rearrangement

9a: X=0Me +16.8
9b: X = NHMs +8.9

6a: X=0Me 40
6b: X = NHMs +0

8a: X =0OMe -43.5
8b: X = NHMs -42.6

10a: X = OMe
10b: X = NHMs -60.8

-52.8

Scheme 6. Energy profile of the modeled pericyclic reactions (energies
are given in kcalmol ™).

O
|
[3+3] (7¢) [4+2] (9c) U
- —
O 22.6 keal mol'! O 7.0 keal mor"® O 0
(6]
10c
-41.0 keal mol” 0 kecal mol™ -58.0 kcal mol”!
[3+3] (7d) [4+2] (9d)

_ >
O 22.3 kcal mof™™ O 6.4 keal mor™®

-59.0 kcal mol”

0 keal mol”

-41.0 kcal mol”

Scheme 7. Expanded models for the gas-phase computations of conclud-
ing pericyclic step (transition-state energies in italics).?!!

the longest wavelength absorption maxima are between 327
to 398 nm with molar extinction coefficients ¢ ranging from
12700 to 35000 mol 'dm*cm™'. Position and magnitude of
these longest wavelength absorption bands can be therefore
assigned to m—m* transitions, also reflecting S-S, excitation.

Table 4. Relative single point energies of the structures 6, 8 and 10 and the corresponding transititon states 7
and 9 calculated on the MP2 level of theory [RMP2/6-311++G(2d,2p)//RB3LYP/6-314+G(d,p)] (energies are

dolones are striking, both ab- Allyloxy Claisen TS[3,3]7 Diels-Alder TS[4+42] 9 A[[TS[4+42] (7)

sorption and emission proper- ~ cnallenc 6 product 8 product 10 —TS[33] 9)]

ties are strongly effected by 0% (6a) 4350 8a)  22.60 (Ta) ~52.10 (10a) 1680 (9a))  —5.80 [(7a)—(9a)]

minute substituent variations 0l (6b) —42.60 (8b) 23.00 (7b) —60.00 (10b) 8.90 (9b)L! —14.10 [(7b)—(9b)]
X . 0 (6¢) —41.00 (8¢) 22.60 (7¢)!" —58.00 (10¢) 7.00 (9¢)te! —15.60 [(7¢)—(9¢)]

or conformational biases. 01 (6d) 4100 (8d) 2230 (7d)"  —5900 (10d)  6.40 (9d)" ~15.90 [(7d)—(94)]

All chromophores show ab-
sorptions between near UV
and the edge to visible where

transition states:
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[a] Energies are set to 0 kcalmol . Imaginary frequencies from the DFT geometry optimizations that verify
[b]i508.05 cm™.
[g] i456.88 cm ™. [h] i503.87 cm™". [i] i455.57 cm .

[c]463.57 cm™. [d]i508.78 cm™'. [e]i456.06 cm™'. [f]i505.64 cm~.
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Figure 15. Blue (5e), green (5f) and orange (5q) fluorescent single crys-
tals (excitation at 370 nm).

Table 5. Selected absorption and emission data, fluorescence quantum yields, Stokes shifts and fluorescence

FULL PAPER

sive state. The (hetero)aromatic substituents at C* can be ac-
counted for twisted intramolecular charge transfer (TICT),
most probably going along with a distortion of the molecu-
lar framework as reported for coumarin derivates.””! The
latter notion arises because the model trans,cis-1,4-diphenyl
butadiene does not fluoresce at all upon photo excitation,
but rather undergoes a conformational twisting and an effi-
cient internal conversion back to the ground state.”” This
deviating peculiar behavior of the spirocyclic 1-(hetero)aryl-
4-(hetero)aryl butadienes 3 and 5 can be unequivocally at-

tributed to structurally fixed

conformations in the excited

state.
lifetimes of spirocycles 3 and 5 (recorded in CH,Cl,, T=298 K). . .
oy o ( e vy ) Time-correlated single-
Compound Absorption'™ A, s [NM] (¢)  Emission'™ A, em Stokes shift A7 Fluorescence lifetimes .
p p avs [nm] (¢) ] R p photon counting (TCSPC)
[om] (@) [om ] i [05] measurements have revealed
3a 368 (12700) 282 (500), 242 500 (0.58) 7200 1.50 (0.10) 4.30 (0.90) . e .
(11000) luminescence lifetimes for spi-
3b 335 (23200) 282 (7900) 487 (0.29) 9300 1.20 (0.15) 2.70 (0.85) rocycles 3 and 5 that lie be-
3¢ 350 (26700) 255 (17500) 515 (0.06) 9200 0.81 tween 0.26 and 4.97 ns with ex-
3d 347 (23400) 254 (15600) 517 (0.07) 9500 2.00 (0.65) 2.70 (0.35) ception of compound 5h
3e 372 (21200) 284 (11400) 522 (0.12) 7700 2.78 (0.03) 1.00 (0.97) (0.09 ns). Therefore, the emis-
3f 345 (23000) 255 (15100) 512 (0.07) 9500 2.00 (0.06) 0.82 (0.94) o ¢ : h . d
3g 359 (21100) 257 (13900) 525 (0.08) 8800 0.90 (0.64) 1.8 (0.36) sion from the excited state can
3h 350 (35000) 254 (17000) 502 (0.25) 8700 2.3 (0.93) 0.98 (0.07) be attributed to fluorescence
Sa 345 (24900) 242 (20000) 502 (0.18) 9100 1.77 from an excited singlet state.
5h 360 (20500) 254 sh (20000) 528 (0.09) 8800 1.90 (0.41) 0.95 (0.59) In most cases a single expo-
5S¢ 391 (15900) 250 (23800) 532 (0.39) 6800 4.97 (0.93) 1.55 (0.07) nential is not sufficient fto
s5d 353 (22900) 243 sh (27000) 485 (0.50) 7700 3.62 (0.96) 1.44 (0.04) ! 1ct
Se 348 (24900) 244 sh (27600) 487 (0.44) 8200 3.40 model the measured decay
5f 367 (18600) 253 (19600) 515 (0.22) 7800 1.77 (0.31) 2.90 (0.69) curves, thus two, and in some
Sg 353 (20900) 250 (25500) 503 (0.25) 8400 2.20 cases even three exponentials
5h 327 (22000) 242 sh (20300) 436 (0.04) 7600 0.09 (0.99) 2.22 (0.01) have been used to describe the
5i 362 (18900) 246 (16900) 433 (0.05) 4500 0.30 (0.98) 1.85 (0.02) d - dicati Itiol
5§ 333 (20600) 246 (19600) 440 (0.21) 7300 1.05 (0.79) 1.65 (0.21) ata, ndicating multiple con-
5k 346 (17700) 466 (0.45) 7400 1.20 (0.06) 3.00 (0.94) curring pathways for non-radi-
51 388 (14900) 254 (14000) 466 (0.15) 4300 1.36 (0.41) 0.88 (0.59) ative de-excitation.
5m 343 (11800) 242 sh (16500) 475 (0.04) 8100 0.26 (0.98) 0.80 (0.02) Further indication of the
Sn 353 (24200) 338 (21200) 480 (0.62) 7500 3.66 ) . .
247 sh (19200) concomitant distortion of the
50 347 (21800) 270 (10300) 520 (0.58) 9600 3.64 (0.90) 1.49 (0.10) heterocyclic framework is re-
242 sh flected by steric substituent ef-
5p 351 (27400) 256 (21200) 488 (0.37) 8000 2.74 fects. Thus, dimethyl substitu-
5q ;32 gg;gg; 288'sh (12800) 545 (0.36) 6800 1.78 (0.10) 4.50 (0.90) tion at C" obviously leads to a
Sy 356 (28500) 242 sh (30100) 477 (0.53) 7100 1.00 (0.26) 3.50 (0.74) more ng{d.and hence stabi-
5s 349 (26600) 246 (26600) 475 (0.42) 7600 2.60 (0.93) 1.04 (0.07) lized emissive state, thereby
5t 377 (20300) 338 (35500) 225 545 (0.20) 8200 4.07 (0.89) 1.67 (0.11) lowering the Stokes shift by
Su 347 (29300) 245 (40200) 488 (0.43) 8300 337 1000 cm " and increasing excit-
Sy 348 (21300) 235 sh (24800) 485 (0.46) 8100 0.70 (0.04) 3.54 (0.96)

ed state lifetimes. Further pho-

[a] Recorded at ¢=10"*m. [b] Recorded at c=10""m. [c] Determined with DPA and with quinine in 0.1m sulfu-
ric acid as standards. [d] AV = aps—Amaxem [€M']. [¢] Determined by time-correlated single-photon counting

(TCSPC) at an excitation wavelength of 370 nm.

Expectedly, aldehyde substitution (compounds 5S¢, q) leads
to the most pronounced bathochromic shift of absorption
and emission maxima. In the fluorescence spectra, the short-
est wavelength emission maxima range from 433 to 545 nm
and are always accompanied by either a blue- or red-shifted
shoulder. The large Stokes shift can not be explained by
polar solvent relaxation alone but indicates further photo-
chemical mechanisms leading to the formation of the emis-
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tochemical studies of differen-
ces due to solvent polarity and
in rigid matrices accompanied
by theoretical quantum me-
chanical modeling are necessa-
ry to support this interpretation, and are currently under in-
vestigation.

Electronically, acceptor substitution at C* leads to higher
fluorescence quantum yields with exception of series Sh-j.
On the other hand the structural nature of the spirocyclic
framework by going from benzofuranones (compounds 3¢,
h) to dihydroindolones (compounds 5a, g) only affects ab-
sorption maxima to a minor extent. However, dimethyl sub-
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stitution increases the fluorescence quantum yield consider-
ably for benzofuranones 3 and only to a minor extent for di-
hydroindolones 5. But dimethyl substitution has no influ-
ence on the emission wavelength of dihydroindolones.

Arylsubstituted p-chlorophenyl butadienes (compounds
5d, n, r) are very similar with respect to absorption and
emission maxima, absorbance and fluorescence quantum
yield, phenothiazine as a substituent (compound 5r) causes
a red-shift of absorption and emission maxima, however,
with a decrease in fluorescence quantum yield. Upon alkyl
and silyl substitution (compounds 5h, k) both absorption
and emission maxima are blue-shifted. Remarkably, silyl
substituents display comparably high fluorescence quantum
yields, whereas the butyl chain causes a dramatic decrease.

Interestingly, variation of the nitrogen substituent in a
consanguineous series of dihydroindolones (compounds 5e,
u, v, w) with a diphenyl substituted butadiene chromophore
neither affects the absorption and emission maxima nor the
fluorescence quantum yields.

Conclusion

In conclusion, we have developed a new insertion—coupling—
isomerization-Diels—Alder domino reaction that furnishes
spirocyclic benzofuranones 3 and dihydroindolones 5 in
moderate to excellent yields. DFT and MP2 calculations
show that in the product forming step the Diels—Alder reac-
tion is thermodynamically and kinetically favored over a
Claisen rearrangement. The solid-state structure of these
poly(hetero)cyclic frameworks reveals considerable substitu-
ent effects on the torsional angles between the central buta-
diene chromophore and the terminal (hetero)aryl substitu-
ents. In addition, these new poly(hetero)cyclic entities estab-
lish a new class of fluorophores with tuneable absorption
and emission properties. As the fluorescence colors can
range from blue over green to orange and as emission shows
a high Stokes shift both in solution and in solid state they
are promising candidates for solution and solid state applica-
tions both in biolabeling (e.g. with side chain functionalized
representatives such as compound 5u) and OLED devices.
Furthermore, the complex structural framework in conjunc-
tion with a diversity oriented domino approach opens new
opportunities towards multifluorophore systems.

Experimental Section

General considerations: All reactions involving palladium/copper cataly-
sis were performed in degassed oxygen free solvents under a nitrogen at-
mosphere using Schlenk and syringe techniques. The catalysts [Pd-
(PhsP),Cl,], and Cul were purchased reagent grade from ACROS, Al-
drich, Fluka or Merck and used without further purification. Triethyla-
mine, toluene and butyronitrile were dried and distilled according to
standard procedures.” Detailed preparative procedures including full
analytics and 'H, C and 135DEPT NMR spectra of ortho-iodo pheno-
lester 1, propargyl allyl ethers 2 and ortho-iodo phenolamides 4 can be
found in the Supporting Information. Column chromatography: silica gel
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60 mesh 230-400 (Macherey-Nagel, Diiren). TLC: silica gel plates (60
F,s; Merck, Darmstadt). Melting points (uncorrected values): Biichi Melt-
ing Point B-540. '"H and “C NMR spectra in CDCl;: Bruker DRX 300,
Bruker DRX 500 and Bruker AC 300.The assignments of quaternary C
CH, CH, and CH; have been made by using DEPT spectra. IR: Bruker
Vector 22 FT-IR. UV/Vis: Perkin Elmer Models Lambda 16 and Hewlett
Packard HP8452A. Fluorescence: Perkin Elmer LS-55. MS: Jeol JMS-
700 and Finnigan TSQ 700. Elemental analyses were carried out in the
Microanalytical Laboratories of the Organisch-Chemisches Institut, Ru-
precht-Karls-Universitdt Heidelberg (Germany).

X-ray structure determination of compounds 3a-c, e, h, 5d, f, h, i, 1, p,
and q: Program SADABS V2.03 for absorption correction as well as soft-
ware package SHELXTL V6.12 for structure solution and refinement:*!
The data of the X-ray structure analyses of the compounds are summar-
ized in Tables 6 and 7.

Spectroscopy: Absorption spectra were taken on a Cary 500 UV-Vis-NIR
spectrometer (Varian, Darmstadt, Germany). All spectra were taken in
standard quartz cuvettes (Hellma, Miilheim, Germany) with a path
length of 0.3 cm in CH,Cl,.

Steady-state fluorescence spectra were measured on a Cary Eclipse fluo-
rescence spectrometer (Varian, Darmstadt, Germany) by excitation of
the respective absorption maxima. To avoid re-absorption and re-emis-
sion effects the concentrations were strictly kept below 1 pm.

Ensemble fluorescence lifetime measurements were performed on a
FluoTime 100 (PicoQuant, Berlin, Germany) using time-correlated
single-photon counting (TCSPC). For excitation we used a pulsed LED
emitting at 370 nm with a pulse width <600 ps (fwhm) operated at
20 MHz. The measurements were done in standard quartz cuvettes (d=
0.3 cm). To exclude polarization effects fluorescence was observed under
magic angle conditions (54.7°). Typically 10000 photons were collected in
the maximum channel of a total of 4096 channels. The lifetime was deter-
mined by least-squares deconvolution and their quality judged by the re-
duced y* values and the randomness of the weighted residuals.

We estimated the quantum yields of our compounds by comparison with
the known quantum yields of 9,10-diphenylanthracence and quinine sul-
fate at an excitation wavelength of 366 nm. According to Equation (1)
the fluorescence emission /; of standards R and samples S at five differ-
ent optical densities OD;, that is, concentrations, were determined and
corrected for the refractive index n; of the respective solutions i. The pre-
sented quantum yields Q were obtained in each case by averaging of five
measurements yielding a respective standard deviation <0.1%."

I ODg ng?

Qs = QRE ODS "R2 (1)

General procedure for the insertion—coupling-isomerization—cycloaddi-
tion sequence to spirobenzofuranones 3: In a heat gun dried and nitrogen
filled Schlenk crew cap vessel phenylpropynoic acid 2-iodophenyl ester
(1) (348 mg, 1.00 mmol) and propargyl allyl ether 2 (1.10 mmol) were dis-
solved in toluene (3 mL) and triethylamine (3 mL) (for experimental de-
tails see Table 8). The solution was deaerated with a weak stream of ni-
trogen through a cannula for 5min. Then, [PdClL(PPh;),] (35 mg,
0.05 mmol) and Cul (10 mg, 0.05 mmol) were added and the mixture was
stirred for 1 h at RT. The vessel was placed in the reactor®! and the reac-
tion mixture was heated to reflux temperature for 72 h. Then, the reac-
tion mixture was cooled to room temp, the solvents were removed in
vacuo and the residue was purified by chromatography on silica gel (hex-
anes/ethyl acetate). Further purification was achieved by recrystallization
from pentane/ether and the spirobenzofuranones 3 were obtained as ana-
lytically pure crystalline solids.

3H-Benzofuran-2-one-3-spiro-5'-4'-(6’-phenyl-3',3a’,4',5'-tetrahydroisoben-
zofuran-1"-yl)-benzonitrile (3a): According to the general procedure after
chromatography on silica gel (hexanes/ethyl acetate 5:1) and recrystalli-
zation from diethyl ether/pentane spirobenzofuranone 3a was obtained
as intensively yellow-blue fluorescent crystals. M.p. 241°C; 'H NMR
(CDCl;, 500 MHz): 6=2.19 (dd, J=12.2Hz, 1H), 2.37 (t, J=12.3 Hz,
1H), 3.93 (m, 1H), 4.01 (dd, J=8.1, 13.0 Hz, 1H), 4.78 (t, /=83 Hz,
1H), 6.85-6.87 (m, 2H), 7.11 (s, 1H), 7.15-7.20 (m, 4H), 7.33 (dd, /=0.8,
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Table 6. Crystal data and structure refinements for 3a—c, e, and h.

Compound 3a 3b 3c 3e 3h

Empirical CysHyNO; Cy;HyFO5 CsHx,0, CyHpsNO; C3Hys04

formula

F, 417.44 410.42 422.46 435.50 450.51

T [K] 200(2) 200(2) 200(2) 100(2) 200(2)

1 [A] 0.71073 0.71073 0.71073 0.71073 0.71073

crystal monoclinic monoclinic monoclinic monoclinic triclinic

system

space group  P2,/n P2/n P2,/c P2,/c P1

V4 4 4 4 4 2

unit cell di-

mensions

a[A] 12.1661(8) 11.9124(2) 12.5638(3) 12.2819(15) 7.1775(1)

b [A] 11.5630(7) 14.3534(2) 11.8966(2) 12.2233(15) 8.0619(1)

c[A] 14.5855(10) 12.6520(2) 14.2975(3) 15.0269(19) 20.0116(1)

a[°] 90 90 90 90 81.414(1)

A1 92.381(1) 112.350(1) 92.121(1) 92.821(2) 84.705(1)

v [°] 90 90 90 90 81.149(1)

Vv [AY] 050.1(2) 2000.77(5) 2135.53(8) 2253.2(5) 1128.49(2)

Peatca [gem ™ 135 1.36 131 1.28 1.33

u [mm™] 0.09 0.09 0.09 0.08 0.09

crystal size 0.40x0.34x029 0.32x0.26x0.23 0.40x0.30x0.26 0.30x0.30x0.16  0.50x0.24 x0.22

[mm?’]

6 range for 2.1to0 275 2.0to27.5 22t0275 2.1t028.3 1.0 to 27.5

data collec-

tion [°]

index ranges —11<h<15 —15<h<25 —-16<h<16 —-16<h<13 —-9<h<9
—-11<k<13 —18<k<18 —-15<k<15 —-14<k<16 —-10<k <10
-14<1<18 -16<1<16 —-18<1<18 -19<1<20 —25<1<25

reflections 6776 20352 21703 16528 10926

collected

independent 4418 (R- 4585 (R- 4877 (R- 5596 (R- 5115 (R-

reflections (int) =0.0192) (int) =0.0330) (int) =0.0264) (int) =0.0316) (int) =0.0203)

obsd reflec- 3200 (I >20(l)) 3304 (I >20()) 4012 (I >20(l)) 4548 (I >20(I)) 4140 (I >20(1))

tions

absorption semiempirical from equivalents

correction

max. and 0.97 and 0.97 0.98 and 0.97 0.98 and 0.97 0.99 and 0.98 0.98 and 0.96

min. trans-

mission

refinement full-matrix least-squares on F*

method

data/re- 4418/0/289 4585/3/289 4877/0/1290 5596/0/398 5115/0/310

straints/pa-

rameters

GoF on F* 1.03 1.02 1.02 1.03 1.01

final R indi-

ces (I

>20(1))

R1 0.040 0.043 0.037 0.041 0.040

wR2 0.090 0.098 0.088 0.108 0.096

7.6 Hz, 1H), 7.40-7.43 (m, 2H), 7.69 (d, J=8.4 Hz, 2H), 7.78 ppm (d, J=
8.5Hz, 2H); "CNMR (CDCl, 125 MHz): 6=383 (CH), 38.6 (CH,),
533 (Cyur)s 746 (CH,), 1114 (CH), 112.1 (Cqu)s 1137 (Cu), 1186
(Cqu)» 122.6 (CH), 1246 (CH), 1247 (CH), 126.6 (CH), 127.5 (CH),
1279 (CH), 128.6 (CH), 129.5 (CH), 132.3 (CH), 1323 (Cuy), 134.8
(Couar): 1352 (Cyuar): 139.7 (Cou)s 149.8 (Cpuar), 1524 (Copar), 177.8 ppm
(Cou): EI MS (70 eV): mlz (%): 417 (100) [M*], 388 (9), 312 (10), 296
(9), 259 (7), 162 (7), 130 (11); HRMS: mi/z: caled for CyH,,NOs:
417.1365; found: 417.1351; IR (KBr): #=3056 (w), 2934 (w), 2877 (),
2226 (s), 1805 (s), 1607 (s), 1520 (m), 1474 (s), 1230 (m), 1078 (s), 1051
(s), 762 cm™" (m); UV/Vis (CH,CL): A (€)=246 (11000), 282 (500),
368 nm (12700 mol'dm’cm™'); elemental analysis caled (%) for
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CyxHyNO;0.2C,H,O (417.5 + 14.8):
C 80.02, H 4.90, N 3.24; found: C
79.96, H 4.56, N 3.50.
3H-Benzofuran-2-one-3-spiro-6’-3'-
(2'-fluorophenyl)-5'-phenyl-1',6,7',7a’-
tetrahydroisobenzofuran (3b): Ac-
cording to the general procedure
after chromatography on silica gel
(hexanes/ethyl acetate 5:1) and re-
crystallization from diethyl ether/pen-
tane spirobenzofuranone 3b was ob-
tained as intensively yellow fluores-
cent crystals. M.p. 189°C; 'H NMR
(CDCl;, 500 MHz): 0=2.18 (dd, J=
4.4,12.0 Hz, 1H), 2.38 (t, J=12.4 Hz,
1H), 3.92 (m, 1H), 4.04 (dd, /=84,
12.8 Hz, 1H), 4.77 (t, /J=8.5 Hz, 1H),
6.83-6.85 (m, 2H), 6.94 (d, J=2.4 Hz,
1H), 7.13-7.17 (m, 4H), 7.20 (dt, J=
1.0, 7.6 Hz, 2H), 724 (dd, J=1.0,
5.7Hz, 1H), 7.40 (dq, J=1.3, 7.8 Hz,
2H), 7.44 (dd, J=1.1, 7.6 Hz, 1H),
7.6l ppm (dt, /=18, 7.4Hz, 1H);
BCNMR (CDCl,, 125 MHz): §=37.9
(CH), 39.1 (CH,), 53.3 (Cyu), 74.9
(CH,), 111.2 (CH), 113.0 (Cyy,), 116.2
(CH), 116.4 (CH), 118.4 (Cqar), 1185
(Cqua)» 123.4 (CH), 123.4 (CH), 124.2
(CH), 124.5 (CH), 1249 (CH), 126.5
(CH), 126.7 (CH), 127.5 (CH), 128.1
(Cqua)» 128.5 (CH), 129.3 (CH), 130.2
(CH), 130.2 (CH), 130.9 (CH), 131.0
(CH), 132.4 (CH), 132.8 (Cyua), 140.0
(Cqual), 1474 (Cqual)’ 152.4 (Cqual)’
158.4 (Cyua)> 160.4 (Cyua), 178.2 ppm
(Cqua)s EI MS (70 eV): mlz (%): 410
(100) [M*], 381 (12), 305 (12), 289
(14), 259 (6), 123 (22); HRMS: miz:
caled for C;H;iFO;: 410.1318; found:
410.1326; IR (KBr): #=3058 (w),
2989 (w), 2935 (w), 2876 (w), 1902
(s), 1615 (m), 1596 (w), 1492 (m),
1461 (m), 1230 (m), 1051 (s), 758 (s),
590 cm ™" (w); UV/Vis (CH,ClL): Apax
(e)=282 (7900), 334 nm
(23200 mol 'dm*cm™'); elemental
analysis caled (%) for C,H,)FO,
(422.5): C 79.01, H 4.67; found: C
78.86, H 4.74.
3H-Benzofuran-2-one-3-spiro-6’-3'-
(4-methoxyphenyl)-5'-phenyl-
1',6',7',7a’-tetrahydroisobenzofuran
(3¢): According to the general proce-
dure after chromatography on silica
gel (hexanes/ethyl acetate 5:1) and

recrystallization from diethyl ether/pentane spirobenzofuranone 3¢ was
obtained as intensively yellow-blue fluorescent crystals. M.p. 208°C;
'"HNMR (CDCl;, 500 MHz): 6=2.16 (dd, J=4.4, 12.0 Hz, 1H), 2.32 (t,
J=122Hz, 1H), 3.86 (s, 3H), 3.89 (m, 1H), 3.97 (dd, J=8.1, 12.8 Hz,
1H), 4.73 (t, J=8.3 Hz, 1H), 6.85-6.87 (m, 2H), 6.95 (d, /=8.9 Hz, 2H),
7.15-7.16 (m, 4H), 7.20 (d, /J=8.0 Hz, 1H), 7.24 (dt, /=0.6, 7.6 Hz, 1H),
7.39 (dd, J=1.3, 7.9 Hz, Hz, 1H), 7.43 (d, /J=7.6 Hz, 1H), 7.64 ppm (d,
=8.9 Hz, 1H); "CNMR (CDCl;, 125 MHz): §=38.0 (CH), 38.8 (CH,),
53.2 (Cquar)» 55.3 (CH;), 74.5 (CH,), 108.9 (Cyua), 111.2 (CH), 114.0 (CH),
1232 (Cya); 123.7 (CH), 1244 (CH), 124.8 (CH), 126.4 (CH), 1273
(CH), 128.5 (CH), 128.8 (CH), 129.2 (CH), 131.5 (Cya), 133.1 (Cyuar)s
140.3 (Cyua)s 150.4 (Cyua), 152.4 (Cyua), 160.3 (Cyuar), 178.3 ppm (Cyra)s
EI MS (70eV): m/z (%): 422 (100) [M*], 393 (29), 369 (6), 301 (31), 267
(26), 162 (32), 113 (52); HRMS: m/z: caled for C,H,,O,: 422.1518;
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Table 7. Crystal data and structure refinements for 5d, f, h, i, I, p, and q.

Compound 5d 5f 5h 5i 51 S5p 5q

empirical formula C5H;5,CINO,S Cy,H,yNO,S, CyH;5,CINO,S Cy,H5NO,S C,H,;NO,SSi Cy,H; NOS CyH33sNOGS

F, 608.12 579.70 588.13 553.69 653.93 557.64 631.71

T [K] 200(2) 200(2) 200(2) 200(2) 200(2) 200(2) 200(2)

1 [A] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073

crystal system monoclinic monoclinic triclinic triclinic monoclinic monoclinic triclinic

space group P2,/n P2,/n P1 P1 P2,/c P2,/c P1

V4 4 4 2 2 4 4 2

unit cell dimensions

a[A] 11.2088(2) 11.424(1) 9.1393(3) 9.8926(3) 10.7040(3) 10.1932(3) 9.170(1)

b [A] 19.9746(3) 18.584(2) 11.7505(4) 10.5896(3) 11.8527(4) 10.4287(3) 12.481(2)

c[A] 13.8293(2) 13.719(1) 14.4395(4) 14.8590(4) 27.9972(9) 25.6579(8) 14.435(2)

a[°] 90 90 104.341(1) 70.728(1) 90 90 103.203(3)

B°] 99.168(1) 101.869(3) 94.156(1) 79.595(1) 95.053(1) 95.436(1) 93.917(3)

v [°] 90 90 94.205(1) 73.190(1) 90 90 98.107(3)

V[AY] 3056.71(8) 2850.1 1491.71(8) 1400.33(7) 3538.24(19) 2715.22(14) 1583.7(5)

Ocaled [gem ] 1.32 1.35 1.31 1.31 1.23 1.36 1.33

 [mm™] 0.23 0.23 0.24 0.16 0.17 0.17 0.15

crystal size [mm?] 0.32x0.30x0.20 0.14x0.12x0.08 0.24x0.18x0.14 0.30x0.16x0.10 0.24x0.16x0.10 0.22x0.18x0.12 0.31x0.15x0.12

0 range for data collec- 1.8 to 27.5 1.9 t0 233 1.8 to 27.5 2.1t0 275 1.5to024.4 1.6 to 25.4 1.5 to 24.1

tion [°]

index ranges —14<h<14 —12<h<12 —11<h<11 —12<h<12 —-12<h 12 —12<h<12 -10<h<10
—25<k<25 —20<k<20 —15<k<15 —13<k<13 —13<k<13 —12<k<12 —14<k<14
—-17<i<17 —15<i<15 —18<i<18 —-19<i<19 —-32<I<32 -30<1<30 —-16<i<16

reflns collected 31600 19052 15673 14660 28571 23583 11956

independent reflns 7008 (R- 4057 (R- 6786 (R- 6372 (R- 5842 (R- 4979 (R- 5038 (R-

(int) =0.0379)

(int) =0.0807)

(int) =0.0406)

(int) =0.0336)

(int) =0.0638)

(int) =0.0560)

(int) =0.0246)

obsd reflns 2138 (I >20(l)) 3697 (I >20(1)) 4376 (I >20(1)) 4392 (I >20(I)) 3955 (L >20()) 3401 (I >20(1)) 3861 (I >20(l))
absorption correction semiempirical from equivalents

max. and min. transmis-  0.95 and 0.93 0.98 and 0.97 0.97 and 0.95 0.98 and 0.95 0.98 and 0.96 0.98 and 0.96 0.98 and 0.95
sion

refinement method full-matrix least-squares on F*

data/restraints/parame-  7008/0/391 4057/0/368 6786/2/383 6372/0/365 5842/0/424 4979/0/367 5038/0/419
ters

GoF on F* 1.01 1.34 1.00 1.01 1.01 1.01 1.03

final R indices (/

>20(1))

R1 0.038 0.112 0.044 0.042 0.041 0.039 0.040

wR2 0.094 0.199 0.094 0.093 0.093 0.082 0.097

largest diff. peak and 0.25 and —0.38  0.68 and —0.50  0.35 and —0.36  0.24 and —0.42  0.25and —0.36  0.22 and —0.27  0.22 and —0.23
hole [e A7)

Table 8. Experimental details of the synthesis of spirobenzofuranones 3.

Entry Propargyl allyl ether 2 [mg] Spirobenzofuranones 3
([mmol]) (Yield [%])
1 217 (1.10) of 2a 213 (51) of 3a
2 209 (1.10) of 2b 211 (50) of 3b
3 222 (1.10) of 2¢ 279 (66) of 3¢
4 194 (1.10) of 2d 201 (46) of 3d
5 237 (1.10) of 2e 139 (32) of 3e
6 253 (1.10) of 2 131 (29) of 3f
7 212 (1.10) of 2¢g 202 (49) of 3g
8 253 (1.10) of 2h 149 (33) of 3h

found: 422.1532; IR (KBr): 7=3053 (w), 2933 (w), 2872 (w), 1803 (s),
1612 (s), 1510 (m), 1474 (m), 1254 (m), 1078 (w), 1050 (s), 755 (m),
600cm™" (w); UV/Vis (CH,ClL): Apee (£)=256 (17500), 348 nm
(26700 mol 'dm*’cm™'); elemental analysis caled (%) for C,H,O,
(422.5): C79.60, H 5.25; found: C 79.28, H 5.23.

3H-Benzofuran-2-one-3-spiro-6'-3'-(4'-ethoxyphenyl)-5'-phenyl-1',6',7',7a’-
tetrahydroisobenzofuran (3d): According to the general procedure after
chromatography on silica gel (hexanes/ethyl acetate 5:1) and recrystalli-
zation from diethyl ether/pentane spirobenzofuranone 3d was obtained
as intensively yellow fluorescent crystals. M.p. 198°C; '"H NMR (CDCl,,
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500 MHz): 6=1.44 (t, J=7.9 Hz, 3H), 2.15 (dd, J=4.3, 12.0 Hz, 1H),
2.32 (t, J=12.1 Hz, 1H), 3.87 (m, 1H), 3.96 (dd, /=82, 12.8 Hz, 1H),
4.08 (q, J=6.9 Hz, 2H), 4.72 (t, J=8.2 Hz, 1H), 6.85-6.87 (m, 2H), 6.94
(d, /=89 Hz, 2H), 7.15-7.16 (m, 4H), 7.20 (d, /=8.0 Hz, 1H), 7.24 (dt,
J=0.7, 7.6 Hz, 1H), 7.39 (dd, /=11, 7.8 Hz, 1H), 7.42 (d, /=7.8 Hz,
1H), 7.63 ppm (d, J=8.9 Hz, 2H); *C NMR (CDCl,, 125 MHz): 6 =14.8
(CH;), 38.0 (CH), 38.8 (CH,), 53.2 (Cyy), 63.5 (CH,), 74.4 (CH,), 108.9
(Cqua)» 111.2 (CH), 114.6 (CH), 123.0 (Cy), 123.8 (CH), 124.4 (CH),
1249 (CH), 1624 (CH), 127.3 (CH), 1285 (CH), 128.8 (CH), 129.2
(CH), 1314 (Cyua)s 133.1 (Cya). 140.3 (Ca). 1523 (Cqua): 1525 (Cua,
159.7 (Cquar)> 178.3 ppm (Cyuer): EI MS (70eV): m/z (%): 436 (100) [M*],
408 (8), 407 (18), 311 (11), 315 (17), 287 (8), 149(13); HRMS: m/z: calcd
for C,0H,,0,: 436.1675; found: 436.1660; IR (KBr): #=3053 (w), 2981
(W), 2934 (w), 2873 (w), 1803 (s), 1610 (s), 1509 (m), 1474 (m), 1252 (m),
1231 (w), 1078 (w), 1049 (s), 756 cm™"' (m); UV/Vis (CH,CL): Apuy (8)=
256 (15600), 348 nm (23400 mol 'dm*cm™'); elemental analysis calcd
(%) for CH,,0, (436.5): C 79.80, H 5.54; found: C 79.76, H 5.55.
3H-Benzofuran-2-one-3-spiro-5"-dimethyl-[4'-(6'-phenyl-3',3a’,4',5"-tetra-
hydroisobenzofuran-1'-yl)phenylJamine (3e): According to the general
procedure after chromatography on silica gel (hexanes/ethyl acetate 5:1)
and recrystallization from diethyl ether/pentane spirobenzofuranone 3e
was obtained as intensive yellow crystals. M.p. 205°C; '"H NMR (CDCl,,
500 MHz): =2.14 (dd, J=12.0 Hz, 1H), 2.30 (t, J=12.1 Hz, 1H), 3.03
(s, 6H), 3.68 (m, J=4.4 Hz, 1H), 3.94 (dd, J=8.0, 12.7 Hz, 1H), 4.70 (t,
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J=8.1Hz, 1H), 6.74 (d, J=8.4 Hz, 2H), 6.82-6.88 (m, 2H), 7.13-7.16 (m,
3H), 7.19-7.21 (m, 2H), 7.23 (dt, J=1.0, 7.6 Hz, J=1.0 Hz, 1H), 7.40 (dt,
J=14, 78Hz, 2H), 743ppm (dd, J=1.0, 7.6 Hz, 2H); “CNMR
(CDCl,, 125 MHz): 6=37.9 (CH;), 38.9 (CH,), 40.2 (CH), 53.1 (Cyua)s
74.3 (CH,), 107.5 (Cgu). 111.1 (CH), 111.8 (CH), 1243 (CH), 124.4
(CH), 1249 (CH), 1263 (CH), 127.1 (CH), 128.5 (CH), 128.5 (CH),
129.1 (CH), 130.0 (Cyua), 133.4 (Cyua), 140.6 (Cyua), 150.8 (Cya), 152.3
(Cquar)s 153.4 (Cyua)s 178.5 ppm (Cyua): EI MS (70eV): miz (%): 435
(100) [M™*], 407 (11), 406 (32), 330 (7), 314 (9), 267 (8), 236 (8), 217 (10),
162 (21), 113 (15); HRMS: m/z: caled for CyH,sNO;: 435.1834; found:
435.1830; IR (KBr): 7=3054 (w), 2985 (w), 2931 (w), 2875 (w), 1803 (s),
1610 (s), 1512 (m), 1475 (m), 1373 (m), 1230 (w), 1053 (m), 760 cm™" (w);
UV/Vis (CH,CL): Apy (£) =286 (11400), 374 nm (21200 mol 'dm*cm™');
elemental analysis calcd (%) for C,0H,sNO;-0.2C,HoO (435.5 + 14.9): C
79.48, H 6.04, N 3.11; found: C 79.18, H 5.73, N 3.34.
3H-Benzofuran-2-one-3-spiro-6'-3'-(4'-ethoxyphenyl)-7'-methyl-5'-phenyl-
1,6',7',7a’-tetrahydroisobenzofuran (3f): According to the general proce-
dure after chromatography on silica gel (hexanes/ethyl acetate 5:1) and
recrystallization from diethyl ether/pentane spirobenzofuranone 3f was
obtained as yellow fluorescent crystals. M.p. 206°C; '"H NMR (CDCl,,
300 MHz): 6=0.68 (d, /J=6.6 Hz, 3H), 1.44 (t, J=7.1 Hz, 3H), 2.49 (dq,
J=6.9, 12.5Hz, 1H), 3.57 (dt, J=8.9, 12.4 Hz, 1H), 3.97 (dd, /=84,
12.5 Hz, 1H), 4.07 (q, /J=6.8 Hz, 2H), 4.70 (t, J=8.5 Hz, 1H), 6.82-6.86
(m, 2H), 6.93 (d, J=8.8 Hz, 2H), 7.15-7.22 (m, 5H), 7.25-7.28 (m, 1H),
7.35-7.44 (m, 2H), 7.61 pppm (d, J=8.8 Hz, 2H); "C NMR (CDCl,,
75 MHz): 6=14.0 (CH;), 14.7 (CHy), 42.5 (CH), 44.1 (CH), 58.6 (Cqua0),
63.5 (CH,), 74.0 (CH,), 109.1 (C,), 110.8 (CH), 114.5 (CH), 114.5 (CH),
123.1 (Cgua), 123.4 (CH), 1245 (CH), 125.5 (CH), 126.8 (CH), 127.3
(CH), 1284 (CH), 128.7 (CH), 129.3 (CH), 130.0 (Cya), 133.4 (Cyua)s
140.7 (Cquar)s 152.3 (Cgua), 153.1 (Cguar), 159.6 (Cuar)s 178.1 ppm (Couad);
EI MS (70eV): m/z (%): 450 (100) [M ], 407 (9), 301 (17), 194 (8), 149
(21), 121 (21); IR (KBr): #=3053 (w), 2981 (w), 2934 (w), 2872 (w), 1803
(s), 1610 (s), 1596 (w), 1509 (m), 1475 (m), 1252 (m), 1231 (m), 1078 (m),
1049 (s), 755 cm ™! (m); UV/Vis (CH,CL): Apa (£) =256 (15100), 348 nm
(23000 mol~'dm*’cm™); elemental analysis caled (%) for C;H,O,
(450.5): C79.98, H 5.82; found: C 79.80, H 5.54.
3H-Benzofuran-2-one-3-spiro-6'-7-methyl-5'-phenyl-3'-thien-2'-yl-
1,6',7,7a’-tetrahydroisobenzofuran (3g): According to the general proce-
dure after chromatography on silica gel (hexanes/ethyl acetate 5:1) and
recrystallization from diethyl ether/
pentane spirobenzofuranone 3g was
obtained as deep yellow fluorescent

FULL PAPER

(m), 704 cm™ (w); UV/Vis (CH,Cly): Ay (€)=260 (13900), 358 nm
(21100 mol~'dm*cm™'); elemental analysis calcd (%) for C,H,O5S
(412.5): C75.70, H 4.89, S 7.77; found: C 75.77, H 491, S 7.74.
3H-Benzofuran-2-one-3-spiro-6'-3'-(4-methoxyphenyl)-7',7 -dimethyl-5'-
phenyl-1',6',7',7a’-tetrahydroisobenzofuran (3h): According to the general
procedure after chromatography on silica gel (hexanes/ethyl acetate 5:1)
and recrystallization from diethyl ether/pentane spirobenzofuranone 3h
was obtained as yellow-blue fluorescent crystals. M.p. 199°C; 'H NMR
(CDCl;, 500 MHz): 6=0.72 (s, 3H), 1.28 (s, 3H), 3.86 (s, 3H), 3.94 (dd,
J=8.7, 124 Hz, 1H), 423 (dd, /=87, 124 Hz, 1H), 4.51 (dd, /=89,
9.6 Hz, 1H), 6.83-6.85 (m, 2H), 6.96 (d, /=9.0 Hz, 2H), 7.05 (s, 1H),
7.16-7.19 (m, 4H), 7.23 (dt, J=1.0, 7.6 Hz, 1H), 7.34 (dd, /=1.3, 7.6 Hz,
1H), 7.40 (dt, /=13, 7.6Hz, 1H), 7.66 ppm (d, J=89Hz, 2H);
“CNMR (CDCl;, 125 MHz): 6=16.6 (CHs), 22.5 (CH,), 39.4 (Cqya), 47.7
(CH), 55.3 (CHj;), 61.8 (Cyya), 70.1 (CH,), 108.1 (C,,0), 110.5 (CH), 114.0
(CH), 122.6 (CH), 123.3 (Cg0), 124.1 (CH), 126.0 (CH), 126.2 (CH),
127.2 (CH), 128.5 (CH), 128.8 (CH), 129.2 (CH), 131.7 (Cyu.), 132.9
(Caun)s 1412 (Cqua). 153.0 (Cyuu), 1603 (Cya). 175.6 ppm (Cy): EI MS
(70eV): m/z (%): 450 (100) [M*], 381 (5), 369 (5), 315 (11), 267 (6), 247
(10), 162 (11), 135 (24), 113 (10); HRMS: m/z: calcd for CsH,0,:
450.1831; found: 450.1824. IR (KBr): 7=3053 (w), 2954 (w), 2894 (w),
2837 (w), 1803 (s), 1609 (s), 1595 (w), 1511 (m), 1474 (m), 1255 (s), 1080
(m), 1046 (s), 757 (m), 699 cm™' (w); UV/Vis (CH,CL,): An. (€) =256
(17000), 350 nm (35000 mol 'dm*cm™); elemental analysis calcd (%)
for C;)H,0, (450.5): C 79.98, H 5.82; found: C 79.70, H 5.72.

General procedure for the insertion—coupling-isomerization—cycloaddi-
tion sequence to spiroindolones 5: In an heat gun dried and nitrogen
filled Schlenk crew cap vessel alkynyoyl iodo anilide 4 (1.50 mmol) and
propargyl allyl ether 2 (1.65 mmol) were dissolved in butyronitrile
(6 mL) and triethylamine (6 mL) (for experimental details see Table 9).
The solution was deaerated with a weak stream of nitrogen through a
cannula for 5 min. Then, [PdClL,(PPh;),] (53 mg, 0.08 mmol) and Cul
(8 mg, 0.04 mmol) were added and the mixture was stirred for 1 h at RT.
The vessel was placed in the reactor’® and the reaction mixture was
heated to reflux temperature for 16 or 72 h. Then, the reaction mixture
was cooled to RT, the solvents were removed in vacuo and the residue
was purified by chromatography on silica gel (hexanes/ethyl acetate).
Further purification was achieved by recrystallization from pentane/ether

Table 9. Experimental details of the synthesis of spiroindolones 5.

crystals.  M.p. 204°C; 'HNMR Entry

Alkynoyl iodo anilide 4 [mg]

Propargyl allyl ether 2 [mg]
([mmol])

Spiroindolones 5 [mg]
(Yield [%])™

334 (1.65) of 2¢ 698 (81%) of 5a

(CDCl;, 500 MHz): 6=0.68 (d, J= ([mmol])

6.7 Hz, 1H), 252 (dq, /=69, 123 Hz,  —
1H), 3.56 (dt, /=87, 124Hz, 1H), 17 752 (1.50) of 4a
399 (dd, J=8.5, 12.6 Hz, 1H), 471 (t. 2 752 (1.50) of 4a
J=85Hz, 1H), 685687 (m, 2H). 752 (1.50) of 4a
710 (dd, J=37, 50Hz, 1H), 714 % 752 (1.50) of 4a
7.7 (m, 5H), 724 (dd, /=08, 76 Hz, O, 752 (1.50) of 4a
1H), 7.33 (dd, J=1.1, 7.5Hz, 1H), & 752 (1.50) of 4a
739-741ppm (m, 3H); "CNMR | 752 (1.50) of 4a
(CDCl,, 125MHz): 6=140 (CH). & 722 (1.50) of 4b
426 (CH), 440 (CH), 587 (Con)s ° 722 (1.50) of 4b
k 101 722 (1.50) of 4b

744 (CHy), 1103 (C,,). 1109 (CH), 107
122.7 (CH), 1246 (CH), 1254 (CH), 'L 872 (1.50) of dc
1264 (CH), 1267 (CH), 1268 (CH), 127 872 (1.50) of dc
1275 (CH), 127.5 (CH), 1285 (CH), 13 872 (1.50) of dc
141 683 (1.50) of 4d

1295 (CH), 1297 (Cyu). 1326 4
(Cqu)s 1346 (Cy), 1404 (Cg)s 1 683 (1.50) of 4d
) ; « 16" 683 (1.50) of 4d

146.8 (Cyu). 153.1 (Cpo). 177.9ppm 16
(Cqu): ELMS (70eV): mlz (%): 412 170 797 (1.50) of de
(100) [M*], 369 (7), 317 (5), 301 (16), 18 797 (1.50) of de
201 (5), 194 (7). 150 (11), 113 (10), %) 797 (1.50) of de
111 (23); HRMS: miz: caled for 20 955 (1.50) of 4f
CaHyOsS: 4121133 found: 21 884 (1.50) of 4g
4121119; TR (KBr): #=2963 (w), 22 584 (1.50) of 4h
230 542 (1.50) of 4i

2871 (w), 1803 (s), 1617 (s), 1460 (m),
1229 (w), 1054 (m), 1031 (w), 759
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317 (1.65) of 2g
499 (1.65) of 2i
387 (1.65) of 2j
330 (1.65) of 2k
340 (1.65) of 21
380 (1.65) of 2h
387 (1.65) of 2j
330 (1.65) of 2k
380 (1.65) of 2h
387 (1.65) of 2j
330 (1.65) of 2k
380 (1.65) of 2h
387 (1.65) of 2j
330 (1.65) of 2k
380 (1.65) of 2h
499 (1.65) of 2i
387 (1.65) of 2j
330 (1.65) of 2k
387 (1.65) of 2j
330 (1.65) of 2k
330 (1.65) of 2k
330 (1.65) of 2k

612 (72) of 5b
641 (71) of 5¢
785 (86) of 5d
740 (86) of Se
627 (72) of 5¢
712 (79) of 5¢
715 (81) of 5h
658 (79) of 5i
673 (77) of 5§
811 (79) of 5k
831 (85) of 51
789 (77) of 5m
450 (53) of 5n
500 (63) of 50
510 (63) of 5p
625 (66) of 5q
833 (87) of 5r
797 (88) of 5s
647 (58) of 5t
725 (73) of 5u
318 (46) of 5v
247 (38) of 5w

[a] Heating for 72 h. [b]Heating for 16 h.
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and the spiroindolones 5 were obtained as analytically pure, yellow fluo-
rescent solids.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-3'-(4'-methoxyphenyl)-5'-
phenyl-1',6',7',7a’-tetrahydroisobenzofuran (5a): According to the general
procedure after chromatography on silica gel (hexanes/ethyl acetate 3:1)
and recrystallization from diethyl ether/pentane spiroindolone 5a was ob-
tained as a yellow fluorescent solid. M.p. 179°C; 'H NMR (500 MHz,
CDCL): 6 = 2.00 (dd, J=4.4, 11.8 Hz, 1H), 2.17 (t, J=12.1 Hz, 1H),
2.43 (s, 3H), 3.79 (m, 1H), 3.84 (s, 3H), 3.89 (m, 1H), 4.67 (t, J=8.1 Hz,
1H), 6.51 (d, J=8.1Hz, 2H), 6.75 (t, J=7.4Hz, 2H), 6.93 (dd, /=22,
8.8 Hz, 3H), 7.10 (s, 1H), 7.19 (d, J=8.5Hz, 2H), 7.24 (d, /=7.7 Hz,
1H), 7.35 (d, J=7.4Hz, 1H), 743 (td, /=0.8, 8.1 Hz, 2H), 7.60 (d, J=
8.5 Hz, 2H), 8.02 ppm (d, J=8.1 Hz, 1H); ®*C NMR (125 MHz, CDCL):
0 = 21.7 (CHj), 37.9 (CH), 38.8 (CH,), 54.6 (Cya), 55.3 (CH;), 74.5
(CH,), 109.1 (Cy), 113.8 (CH), 114.0 (CH), 123.3 (Cyy,), 123.9 (CH),
124.6 (CH), 1249 (CH), 125.7 (CH), 1262 (CH), 127.5 (CH), 1279
(CH), 128.5 (CH), 128.8 (CH), 129.4 (CH), 131.8 (Cyu), 133.3 (Cyua)s
135.0 (Cyua)s 137.9 (Cyua)> 140.2 (Cyua), 1452 (Cyua)s 152.3 (Cyuar)> 160.2
(Cquar)s 177.1 ppm (Cyyee); EI MS (70eV): mlz (%): 575 (100) [M*], 420
(28) [M*-SO,CH,CH;], 369 (11), 317 (9); HRMS: m/z: calcd for
C35sH,NOsS: 575.1766; found: 575.1755; IR (KBr): 7=2934 (w), 1763 (s),
1604 (s), 1510 (m), 1376 (m), 1175 (s), 1070 (s), 759 (m), 581 (m),
566cm™"  (w); UV/Vis (CH,ClL): Ap (8)=242 (20000), 350 nm
(24900 mol 'dm*’cm™");  elemental  analysis caled (%) for
C3sHpNOsS-0.5H,0 (575.7 + 9.0): C 71.90, H 5.17, N 2.40; found: C
72.10,H 5.31, N 2.47.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-3'-(4'-methoxyphenyl)-7'-
methyl-5"-phenyl-1',6',7',7a’-tetrahydroisobenzofuran (5b): According to
the general procedure after chromatography on silica gel (hexanes/ethyl
acetate 3:1) and recrystallization from diethyl ether/pentane spiroindo-
lone 5b was obtained as a yellow fluorescent solid. M.p. 184°C; '"H NMR
(500 MHz, CDCL): 6=0.53 (d, J=6.7 Hz, 3H), 2.42 (s, 3H), 2.40-2.44
(m, 1H), 3.52 (dt, J=8.7, 12.4 Hz, 1H), 3.93 (dd, /=8.5, 12.8 Hz, 1H),
4.65 (t, J=8.5Hz, 1H), 6.55 (m, 2H), 6.80 (dd, /=7.7, 8.1 Hz, 2H), 6.96
(m, 1H), 7.04 (s, 1H), 7.07 (dd, J=3.8, 5.0 Hz, 1H), 7.17 (m, 1H), 7.19
(m, 1H), 7.25 (dd, /J=1.0, 7.4 Hz, 1H), 7.28 (m, 1H), 7.36 (m, 2H), 7.43
(m, 1H), 7.78 (d, J=8.4 Hz, 2H), 8.00 ppm (d, /=83 Hz, 1H); C NMR
(125 MHz, CDCL): 6 = 13.3 (CH;), 21.7 (CHj;), 43.0 (CH), 43.9 (CH),
59.3 (Cqua)» 74.5 (CH,), 110.3 (C,,,), 113.4 (CH), 123.0 (CH), 124.9
(CH), 125.8 (CH), 126.3 (CH), 126.6 (CH), 126.6 (CH), 126.7 (CH),
1274 (CH), 127.8 (CH), 128.1 (CH), 129.2 (CH), 129.6 (CH), 130.0
(Cauar)s 1327 (Caua)s 1349 (Cya)s 1352 (Ca)s 1393 (Coa): 1403 (Coa),
145.2 (Cyua), 146. 6 (Cyua), 176.7 ppm (Cyyo); EI MS (70eV): miz (%):
565 (100) [M*], 411 (28) [M*-SO,CH,CH;]; HRMS: m/z: caled for
Cy;HyNO,S,: 565.1381; found: 565.1390; IR (KBr): #=3125 (w), 3015
(w), 1758 (s), 1599 (s), 1460 (s), 1377 (s), 1234 (m), 1212 (w), 1190 (w),
1178 (m), 1092 (s), 759 (s), 702 (s), 569 cm™"' (s); UV/Vis (CH,Cl,): Amax
(£)=256 (20000), 358 nm (20500 mol 'dm’cm™'); elemental analysis
caled (%) for C;3H,NO,S, (565.7): C 70.06, H 4.81, N 2.48; found: C
69.60, H 4.81, N 2.60.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-3'-(4'-formylphenyl)-7'-methyl-
5'-phenyl-1',6',7',7a’-tetrahydroisobenzofuran (5c¢): According to the gen-
eral procedure after chromatography on silica gel (hexanes/ethyl acetate
3:1) and recrystallization from diethyl ether/pentane spiroindolone 5¢
was obtained as a yellow fluorescent solid. M.p. 199°C; 'H NMR
(500 MHz, CDCL,): 6=0.53 (d, J=6.7 Hz, 3H), 2.42 (s, 3H), 2.40-2.44
(m, 1H), 3.52 (dt, J=8.7, 12.4 Hz, 1H), 3.93 (dd, /=8.5, 12.8 Hz, 1H),
4.65 (t, J=8.5Hz, 1H), 6.55 (m, 2H), 6.80 (dd, /=77, 8.1 Hz, 2H), 6.96
(m, 1H), 7.04 (s, 1H), 7.07 (dd, J=3.8, 5.0 Hz, 1H), 7.17 (m, 1H), 7.19
(m, 1H), 7.25 (dd, /J=1.0, 7.4 Hz, 1H), 7.28 (m, 1H), 7.36 (m, 2H), 7.43
(m, 1H), 7.78 (d, J=8.4 Hz, 2H), 8.00 ppm (d, J=8.3 Hz, 1H); *C NMR
(125 MHz, CDCl;): 6 = 13.3 (CH;), 21.7 (CHj;), 43.0 (CH), 43.9 (CH),
593 (Cqua)s 745 (CH,), 1103 (Cyu), 1134 (CH), 123.0 (CH), 124.9
(CH), 125.8 (CH), 126.3 (CH), 126.6 (CH), 126.6 (CH), 126.7 (CH),
127.4 (CH), 127.8 (CH), 128.1 (CH), 129.2 (CH), 129.6 (CH), 130.0
(Caua) 1327 (Cyuar). 1349 (Cyun). 1352 (Cyuar). 1393 (Cun). 1403 (Cypa).
1452 (Cyuar)» 146. 6 (Cyua), 176.7 ppm (Cyy): EI MS (70eV): miz (%):
565 (100) [M*], 411 (28) [M*—SO,CH,CH;]; HRMS: m/z: caled for
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C;3HNO,S,: 565.1381; found: 565.1390; IR (KBr): #=3125 (w), 3015
(w), 1758 (s), 1599 (s), 1460 (s), 1377 (s), 1234 (m), 1212 (w), 1190 (w),
1178 (m), 1092 (s), 759 (s), 702 (s), 569 cm ™" (s); UV/Vis (CH,Cly): Apmax
(£)=256 (20000), 358 nm (20500 mol'dm’cm™); elemental analysis
caled (%) for C;3H,NO,S, (565.7): C 70.06, H 4.81, N 2.48; found: C
69.60, H 4.81, N 2.60.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-3'-(4'-chlorophenyl)-7',7'-di-
methyl-5"-phenyl-1',6,7',7a’-tetrahydroisobenzofuran (5d): According to
the general procedure after chromatography on silica gel (hexanes/ethyl
acetate 3:1) and recrystallization from THF spiroindolone 5d was ob-
tained as yellow fluorescent crystals. M.p. 254°C: 'H NMR (500 MHz,
CDCL): 0 = 0.72 (s, 3H), 1.20 (s, 3H), 2.43 (s, 3H), 3.90 (dd, /=9.0,
12.4 Hz, 1H), 421 (dd, 7=9.0, 12.4 Hz, 1H), 452 (m, 1H), 6.43 (m, 2H),
6.68 (dd, /=17.7, 8.0 Hz, 2H), 6.90 (t, /=7.4 Hz, 1H), 6.94 (s, 1H), 7.19
(d, J=8.4Hz, 2H), 7.22 (dd, J=1.0, 7.4 Hz, 1H), 7.26 (m, 1H), 7.37 (d,
J=8.4Hz, 2H), 7.43 (m, 1H), 7.60 (d, J=8.7 Hz, 2H), 7.84 (d, /=8.4 Hz,
2H), 8.03 ppm (d, J=8.0 Hz, 1H); C NMR (125 MHz, CDCL;): §=16.8
(CHs), 21.7 (CHa), 21.9 (CH;), 40.0 (Cyua), 47.8 (CH), 62.3 (Cyua), 70.2
(CH,), 110.1 (Cyy), 112.9 (CH), 122.4 (CH), 124.5 (CH), 125.9 (CH),
126.2 (CH), 126.3 (CH), 127.9 (CH), 128.1 (CH), 128.5 (CH), 128.8
(CH), 129.2 (CH), 129.6 (CH), 131.5 (Cyur)> 134.8 (Cyua)> 134.9 (Cyuar)s
1349 (Cyuat)s 139.0 (Cyuar)s 141.0 (Cyuar)s 145.2 (Cyuar)s 151.6 (Couar)s
174.8 ppm (Cyuu): EI MS (70eV): m/z (%): 609 (45) [M*—'Cl], 607
(100) [M*-*Cl], 454 (11) [M*-CI-SO,CH,CH;), 452 (29) [M*
—¥Cl1-S0,C.H,CH;]; HRMS: m/z: caled for CyHsCINO,S: 607.1584;
found: 607.1552; IR (KBr): #=3048 (w), 2974 (m), 2895 (w), 1759 (s),
1598 (s), 1490 (s), 1460 (s), 1374 (s), 1237 (s), 1190 (m), 1178 (s), 1162 (s),
1093 (s), 1068 (s), 760 (s), 702 (m), 691 (m), 659 (m), 573 cm™" (s); UV/
Vis (CH,CL,): Apae (8) =242 (27000), 350 nm (22900 mol~'dm?cm™'); ele-
mental analysis calcd (%) for C;H;CINO,S (608.2): C 71.10, H 4.97, N
2.30, C15.83, S 5.2.7; found: C 71.07, H 5.02, N 2.37, C1 5.84, S 5.27.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-3,5'-diphenyl-7',7'-dimethyl-
1,6',7',7a’-tetrahydroisobenzofuran (5e): According to the general proce-
dure after chromatography on silica gel (hexanes/ethyl acetate 3:1) and
recrystallization from THF spiroindolone Se was obtained as yellow fluo-
rescent crystals. M.p. 219°C; "H NMR (500 MHz, CDCL): 6 = 0.73 (s,
3H), 1.21 (s, 3H), 2.44 (s, 3H), 3.91 (dd, J=10.0, 12.4 Hz, 1H), 4.23 (dd,
J=8.7, 124 Hz, 1H), 4.53 (dd, /=8.7, 9.7Hz, 1H), 6.44 (dd, J=1.2,
8.3 Hz, 2H), 6.68 (dd, /=7.5, 82 Hz, 2H), 6.90 (tt, J=1.1, 7.4 Hz, 2H),
7.01 (s, 1H), 7.19 (m, 2H), 7.23 (dd, J=1.0, 7.6 Hz, 1H), 7.29 (dd, J=1.3,
7.6 Hz, 1H), 7.34-7.45 (m, 4H), 7.67 (m, 2H), 7.85 (d, /=84 Hz, 2H),
8.04 ppm (d, J=82Hz, 1H); "CNMR (125 MHz, CDCL): 0=16.8
(CH,), 21.6 (CHy), 21.9 (CHj), 39.9 (Cyua) 47.7 (CH), 62.3 (Cyuar), 70.2
(CH,), 109.5 (Cyuu), 112.8 (CH), 122.8 (CH), 124.4 (CH), 126.1 (CH),
126.2 (CH), 127.2 (CH), 127.9 (CH), 128.0 (CH), 128.5 (CH), 129.0
(CH), 129.1 (CH), 129.5 (CH), 129.6 (CH), 130.7 (Cyya), 131.6 (Cyuar),
134.1 (Cyua)> 134.9 (Cyua)s 139.0 (Cyuar), 141.1 (Cya), 145.1 (Cyua), 152.8
(Cquar)s 174.9 ppm (Cyue); EI MS (70eV): miz (%): 573 (100) [M*], 418
(32) [M*-SO,CH,CH;], 267 (10), 201 (10); HRMS: m/z: caled for
C3H3NO,S: 573.1974; found: 573.1957; IR (KBr): #=3054 (w), 2974
(w), 1758 (s), 1598 (m), 1492 (w), 1460 (s), 1376 (s), 1190 (m), 1064 (s),
760cm™  (s); UV/Vis (CH,CL): A, (£)=244 (27600), 348 nm
(24900 mol~'dm*cm™'); elemental analysis caled (%) for Cy;H;NO,S
(573.7): C75.37, H 545, N 2.44, S 5.59; found: C 75.04, H 5.33, N 2.65, S
5.63.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-7',7'-dimethyl-5"-phenyl-3'-(2'-
thienyl)-1',6',7’,7a’-tetrahydroisobenzofuran (5 f): According to the gener-
al procedure after chromatography on silica gel (hexanes/ethyl acetate
3:1) and recrystallization from THF spiroindolone 5f was obtained as
yellow fluorescent crystals. M.p. 169°C; '"H NMR (500 MHz, CDCl,): 6
= 0.71 (s, 3H), 1.20 (s, 3H), 2.44 (s, 3H), 3.87 (dd, /=10.0, 12.0 Hz, 1H),
4.22 (dd, J=8.7, 123 Hz, 1H), 4.51(m, 1H), 6.46 (dd, J=1.1, 8.3 Hz,
2H), 6.69 (dd, /=175, 8.1 Hz, 2H), 6.90 (t, J=7.4 Hz, 1H), 7.07 (s, 1H),
7.09 (dd, J=3.7, 5.0 Hz, 1H), 7.19-7.26 (m, 4H), 7.38 (m, 2H), 7.43 (m,
1H), 7.85 (d, J=8.4Hz, 2H), 8.03 ppm (d, /=83 Hz, 1H); CNMR
(125 MHz, CDCly): 6=16.8 (CH;), 21.7 (CH;), 21.9 (CH;), 40.2 (Cyuar),
47.7 (CH), 62.3 (Cyua), 70.6 (CH,), 109.2 (Cy), 112.8 (CH), 122.3 (CH),
1245 (CH), 125.8 (CH), 126.3 (CH), 126.3 (CH), 1264 (CH), 126.6
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(CH), 127.4 (CH), 128.0 (CH), 128.1 (CH), 129.2 (CH), 129.6 (CH),
131.5 (Cyua)s 132.7 (Cyuar)> 134.4 (Cyua), 134.9 (Cyua)s 139.0 (Cyuar)> 1409
(Cquar)» 1452 (Cyua)s 147.3 (Cyua)» 174.8 ppm (Cyyo); EI MS (70eV): m/z
(%): 579 (100) [M*], 424 (16) [M*—SO,C¢H,CH;]; HRMS: m/z: caled
for C3,H,0NO,S,: 579.1538; found: 579.1511; IR (KBr): #=3021 (w), 1758
(s), 1624 (s), 1598 (m), 1460 (s), 1375 (s), 1237 (m), 1190 (s), 1178 (s),
1148 (m), 1092 (m), 1068 (s), 757 (s), 702 (s), 691 (m), 573 (w), 564 (s),
545cm™ (m); UV/Vis (CH,CL): Any (£)=246 (19600), 362 nm
(18600 mol'dm*’cm™"); elemental analysis caled (%) for Cs3H,,NO,S,
(579.7): C 70.44, H 5.04, N 2.42, S 11.06; found: C 70.10, H 5.09, N 2.46,
S 11.01.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-3'-(4'-methoxyphenyl)-7',7'-di-
methyl-5'-phenyl-1,6',7',7a’-tetrahydroisobenzofuran (5g): According to
the general procedure after chromatography on silica gel (hexanes/ethyl
acetate 3:1) and recrystallization from diethyl ether/pentane spiroindo-
lone 5g was obtained as a yellow fluorescent solid. M.p. 223°C; '"H NMR
(300 MHz, CDCL): 6 = 0.72 (s, 3H), 1.20 (s, 3H), 2.44 (s, 3H), 3.84 (s,
3H), 3.88 (dd, /=9.9, 11.9 Hz, 1H), 4.20 (dd, J=8.7, 12.3 Hz, 1H), 4.50
(t, J=9.1 Hz, 1H), 6.44 (m, 2H), 6.68 (m, 2H), 6.86-6.94 (m, 2H), 6.98
(s, 1H), 7.20 (m, 2H), 7.27 (m, 3H), 7.43 (m, 1H), 7.62 (d, /=89 Hz,
2H), 7.85 (d, J=83 Hz, 2H), 8.04 ppm (d, /=83 Hz, 1H); "CNMR
(75 MHz, CDCL): 6=16.8 (CH;), 21.6 (CH;), 21.9 (CH;), 39.8 (Cqua)s
47.7 (CH), 55.3 (CH3;), 62.2 (Cyya), 70.1 (CH,), 108.0 (Cyya), 112.7 (CH),
114.0 (CH), 123.0 (CH), 123.4 (CH), 1244 (CH), 125.8 (CH), 126.0
(CH), 126.3 (CH), 127.9 (CH), 128.0 (CH), 128.7 (CH), 129.0 (CH),
129.5 (Cyuar)s 131.8 (Cquar)> 133.2 (Cyuar), 135.0 (Cyua)s 139.0 (Cyuar)> 141.2
(Caua): 145.1 (Cy). 152.9 (o). 1602 (Cu), 175.0 ppm (Coue): EI MS
(70eV): m/z (%): 603 (100) [M*], 448 (27) [M*—SO,CsH,CH;]; HRMS:
miz: caled for C;;HyNOSS: 603.2079; found: 603.2087; IR (KBr): 7=
3115 (w), 1757 (s), 1628 (s), 1608 (s), 1511 (m), 1460 (m), 1375 (s), 1253
(s), 1190 (m), 1083 (s), 1068 (s), 758 (m), 585cm™"' (m); UV/Vis
(CH,CL,): Agyy (£) =242 (25500), 350 nm (20900 mol ' dm’*cm'); elemen-
tal analysis caled (%) for C3;H3;3NOsS (603.7): C 73.61, H 5.51, N 2.32, S
5.31; found: C 73.23, H 5.51, N 2.40, S 5.27.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-5'-butyl-3'-(4'-chlorophenyl)-

7', 7-dimethyl-1',6',7',7a’-tetrahydroisobenzofuran (5h): According to the
general procedure after chromatography on silica gel (hexanes/ethyl ace-
tate 3:1) and recrystallization from THF/pentane spiroindolone 5h was
obtained as yellow fluorescent crystals. M.p. 222°C; 'H NMR (500 MHz,
CDCL): 6 = 0.52 (t, J=7.1Hz, 3H), 0.56 (s, 3H), 0.66-.089 (m, 4H),
1.10 (s, 3H), 1.20-1.27 (m, 1H), 1.52-1.59 (m, 1H), 2.40 (s, 3H), 3.75 (t,
J=10.7Hz, 1H), 412 (dd, J=8.8, 11.9 Hz, 1H), 4.41 (m, 1H), 6.54 (s,
1H), 7.10 (m, 1H), 7.14 (dt, J=1.0, 7.6 Hz, 1H), 7.30 (d, /=8.0 Hz, 2H),
7.36 (m, 3H), 7.53 (d, J=8.7Hz, 2H), 7.99 ppm (m, 3H); “C NMR
(125 MHz, CDCly): 6=13.5 (CH;), 17.0 (CHj;), 21.6 (CH;), 22.0 (CH,),
22.1 (CH,), 29.6 (CH,), 33.5 (CH,), 39.4 (Cyya), 48.1 (CH), 63.0 (Cyua)s
69.5 (CH,), 109.8 (C.), 112.8 (CH), 117.8 (CH), 1242 (CH), 125.9
(CH), 1279 (CH), 128.1 (CH), 128.6 (CH), 128.8 (CH), 129.5 (CH),
129.6 (Cyuar)s 131.3 (Cyuay), 134.1 (Cyua)s 135.1 (Cyuar), 136.0 (C), 139.2
(Cquat)» 145.6 (Cyua)» 148.5 (Cyua)» 175.6 ppm (Cyyo); EI MS (70eV): m/z
(%): 589 (40) [M*-7Cl], 587 (100) [M*-*Cl], 434 (12) [M*
—¥C1-S0,C¢H,CH;], 432 (42) [M+—-*C1-SO,C,H,CH;]; HRMS: m/z:
caled for Cy,H,,PCINO,S: 587.1897; found: 587.1904; IR (KBr): #=2959
(m), 2921 (m), 1752 (s), 1598 (m), 1490 (m), 1460 (s), 1378 (s), 1238 (m),
1190 (m), 1179 (m), 1146 (m), 1093 (m), 1065 (s), 755 (m), 690 (m), 658
(m), 571 (s), 546 cm™' (m); UV/Vis (CH,CL,): An. (£) =246 (19600), 252
(16400), 276 (7700), 332 nm (20600 mol 'dm*cm™"); elemental analysis
caled (%) for C3,H3CINO,S (588.2): C 69.43, H 5.83, N 2.38, Cl 6.03, S
5.45; found: C 69.43, H 5.91, N 2.45, C1 6.21, S 5.48.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-5'-butyl-7',7' -dimethyl-3'-
phenyl-1',6',7',7a’-tetrahydroisobenzofuran (5i): According to the general
procedure after chromatography on silica gel (hexanes/ethyl acetate 3:1)
and recrystallization from THF/pentane spiroindolone 5i was obtained as
yellow fluorescent crystals. M.p. 201°C; '"H NMR (500 MHz, CDCL): 6
= 0.52 (t, J=7.1Hz, 3H), 0.56 (s, 3H), 0.69-0.87 (m, 4H), 1.11 (s, 3H),
1.21-1.26 (m, 1H), 1.56 (m, 1H), 2.40 (s, 3H), 3.76 (m, 1H), 4.13 (dd, J=
9.0, 11.8 Hz, 1H), 4.43 (dd, /=9.0, 10.0 Hz, 1H), 6.60 (s, 1H), 7.10-7.16
(m, 2H), 7.30 (d, /=8.4 Hz, 2H), 7.32-7.37 (m, 2H), 7.39 (m, 2H), 7.60
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(m, 2H), 799 ppm (m, 3H); "CNMR (125 MHz, CDCL): 6=13.6
(CH,), 17.0 (CHs;), 21.6 (CHj;), 22.1 (CHj;), 22.2 (CH,), 29.7 (CH,), 33.6
(CH,), 39.5 (Cyua)» 48.1 (CH), 63.1 (Cya), 69.5 (CH,), 109.3 (Cy), 112.8
(CH), 1183 (CH), 1242 (CH), 1252 (CH), 126.1 (CH), 126.9 (CH),
1284 (CH), 128.5 (CH), 128.8 (CH), 129.6 (CH), 131.2 (Cy,), 131.6
(Caua)> 1352 (Caua)s 1353 (Cyua)s 1392 (Cya)s 1456 (Co)s 1498 (Copa).
175.8 ppm (Cyuar); EIMS (70eV): m/z (%): 553 (100) [M™*], 298 (31) [M™*
—S0O,C¢H,CH;]; HRMS: m/z: caled for C;H;NO,S: 553.2287; found:
553.2288; IR (KBr): 7=2956 (m), 2930 (m), 1752 (s), 1598 (m), 1460 (s),
1377 (s), 1237 (m), 1190 (s), 1148 (m), 1090 (s), 1062 (s), 755 (m),
571em™  (s); UV/Vis (CH,CL): An, (£)=246 (16900), 362 nm
(18900 mol 'dm*cm™'); elemental analysis caled (%) for CyH;sNO,S
(553.7): C 73.75, H 6.37, N 2.53, S 5.79; found: C 73.48, H 6.37, N 2.59, S
5.75.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-5'-butyl-3'-(4-methoxyphenyl)-
7', 7-dimethyl-1',6',7',7a’-tetrahydroisobenzofuran (5j): According to the
general procedure after chromatography on silica gel (hexanes/ethyl ace-
tate 3:1) and recrystallization from diethyl ether/pentane spiroindolone
5j was obtained as a yellow fluorescent solid. M.p. 193°C; 'H NMR
(500 MHz, CDCl;): 6 = 0.51 (t, J=7.2 Hz, 3H), 0.55 (s, 3H), 0.69-0.85
(m, 4H), 1.10 (s, 3H), 1.22-1.28 (m, 1H), 1.53-1.59 (m, 1H), 2.34 (s, 3H),
3.74 (t, J=11.0 Hz, 1H), 3.81 (s, 3H), 4.11 (dd, /=87, 11.7 Hz, 1 H), 4.40
(t, J=9.7Hz, 1H), 6.58 (s, 1H), 6.92 (d, /=8.8 Hz, 2H), 7.12-7.14 (m,
1H), 7.23 (d, /=8.4 Hz, 2H), 7.32-7.36 (m, 1H), 7.55 (d, /=8.8 Hz, 2H),
7.99ppm (d, J=84Hz, 2H); "CNMR (125 MHz, CDCL): =135
(CH,), 16.9 (CHs;), 21.5 (CHj;), 22.0 (CH;), 22.1 (CH,), 29.7 (CH,), 33.5
(CH,), 48.0 (CH), 55.2 (CH3), 62.9 (Cyuar)> 69.4 (CH,), 107.6 (Cyua), 112.6
(CH), 113.8 (CH), 118.3 (CH), 123.8 (Cyu), 124.1 (CH), 126.0 (CH),
127.9 (CH), 1282 (CH), 128.6 (CH), 129.5 (CH), 131.6 (Cy.), 1343
(Caua)> 1351 (Cauar)s 1391 (Cyua)s 1455 (Cya)s 1496 (Coa)s 1597 (Copa).
175.8 ppm (Cyua); EIMS (70eV): miz (%): 583 (100) [M™*], 428 (49) [M*
—S0O,C¢H,CH;]; HRMS: m/z: caled for C;sHyNOsS: 583.2392; found:
583.2371; IR (KBr): #=2956 (m), 2932 (w), 1753 (s), 1610 (m), 1599 (m),
1510 (s), 1460 (s), 1376 (s), 1300 (w), 1252 (s), 1190 (m), 1178 (s), 1065
(s), 836 (w), 572cm™" (s); UV/Vis (CH,CL): An. () =244 (20300),
324nm (22000 mol 'dm*cm™); elemental analysis caled (%) for
C3sH3NOsS (583.8): C 72.02, H 6.39, N 2.40, S 5.49; found: C 71.98, H
6.45,N 2.47, S 5.72.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-3'-(4'-chlorophenyl)-5'-tris(iso-
propyDsilyl-7’,7'-dimethyl-1',6',7',7a’-tetrahydroisobenzofuran (5k): Ac-
cording to the general procedure after chromatography on silica gel (hex-
anes/ethyl acetate 4:1) and recrystallization from THF/pentane spiroindo-
lone 5k was obtained as yellow fluorescent crystals. M.p. 203°C;
'"HNMR (500 MHz, CDCLy): 6 = 0.49 (sept, J=7.3 Hz, 3H), 0.56 (s,
3H), 0.67 (d, J=7.3 Hz, 9H), 0.73 (d, J=7.3 Hz, 9H), 0.96 (s, 3H), 2.42
(s, 3H), 4.10-4.19 (m, 2H), 451 (dd, /=7.7,9.5 Hz, 1H), 7.11 (dt, J=1.1,
73 Hz, 1H), 721 (dd, J=1.1, 7.7Hz, 1H), 7.27 (s, 1H), 7.31 (d, J=
8.1 Hz, 2H), 7.35-7.38 (m, 3H), 7.54 (d, J=8.4Hz, 2H), 794 (d, J=
8.1 Hz, 1H), 8.05 ppm (d, J=8.4 Hz, 2H); *C NMR (125 MHz, CDCl,):
0=122 (CH), 18.7 (CH;), 19.1 (CH,), 19.2 (CH,), 21.7 (CH,), 21.9
(CH;), 40.1 (Cyya), 45.3 (CH), 61.9 (Cya), 70.3 (CH,), 110.6 (Cyp), 112.4
(CH), 123.5 (CH), 127.6 (CH), 128.3 (CH), 1284 (CH), 128.7 (CH),
129.1 (CH), 129.5 (CH), 129.5 (Cyua)s 129.5 (Cyuar), 130.2 (Cyua), 134.5
(Cqua)s 135.1 (o). 1364 (CH), 140.2 (Cyr). 1456 (Cypa). 1502 (Cour).
175.7 ppm (Cyuy); EIMS (70eV): miz (%): 689 (11) [M*—""Cl], 687 (21)
[M*—*Cl], 646 (48) [M*T—YCI-CH(CHj;),], 644 (100) [M*—*Cl-CH-
(CHy),), 53¢ (4 [M*-CI-SO,CH,CH;], 532 (6) [M*
—¥Cl1-S0,C¢H,CH;]; HRMS: m/z: caled for C3H,NO,S,: 687.2605;
found: 687.2606; IR (KBr): 7=2945 (m), 2866 (m), 1747 (s), 1626 (s),
1600 (m), 1489 (m), 1460 (s), 1378 (s), 1238 (m), 1190 (w), 1178 (s), 1093
(m), 1081 (s), 759cm™ (m); UV/Vis (CH,CL): An., (&)=344nm
(17700 mol~'dm?cm™); elemental analysis caled (%) for Ci;H,NO,S,
(579.7): C 68.05, H 6.74, N 2.03, S 4.66; found: C 67.98, H 6.78, N 2.11, S
4.88.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-5'-tris(isopropyl)silyl-3'-phenyl-
7',7-dimethyl-1,6',7',7a’-tetrahydroisobenzofuran (51): According to the
general procedure after chromatography on silica gel (hexanes/ethyl ace-
tate 4:1) and recrystallization from THF/pentane spiroindolone 51 was
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obtained as yellow fluorescent crystals. M.p. 179°C; 'H NMR (500 MHz,
CDClL): 0 = 0.49 (sept, J=7.3 Hz, 3H), 0.56 (s, 3H), 0.68 (d, J=7.3 Hz,
9H), 0.74 (d, /=73 Hz, 9H), 0.97 (s, 3H), 2.42 (s, 3H), 4.11-4.21 (m,
2H), 4.53 (dd, J=8.1, 9.5 Hz, 1H), 7.11 (dt, J=1.1, 7.7 Hz, 1H), 7.22 (dd,
J=1.1, 7.3 Hz, 1H), 7.31-7.40 (m, 7H), 7.62 (d, /=8.4 Hz, 2H), 7.94 (d,
J=81Hz, 1H), 806 ppm (d, /=84 Hz, 2H); CNMR (125MHz,
CDCly): 6=12.3 (CH), 18.7 (CH;), 19.1 (CHj;), 19.2 (CH,), 21.7 (CHs;),
21.9 (CH;), 40.1 (Cyua), 45.3 (CH), 61.9 (Cyua), 70.3 (CH,), 110.0 (Cyuar)s
112.8 (CH), 123.3 (CH), 127.1 (CH), 127.6 (CH), 1284 (CH), 1284
(CH), 128.7 (CH), 129.0 (CH), 129.3 (Cyu), 129.5 (CH), 129.7 (Cyua)s
131.1 (Cyuar)» 135.1 (Cyuar)> 136.9 (CH), 140.2 (Cyua), 145.5 (Cyua), 151.4
(Cquar)> 175.8 ppm (Cque); EI MS (70eV): m/z (%): 653 (36) [M*], 610
(100) [M*—CH(CH,),], 498 (7) [M*—-SO,C,H,CH;]; HRMS: m/z: caled
for C3H,NO,S,: 653.2995; found: 653.3019; IR (KBr): #=2944 (m),
2866 (m), 1747 (s), 1626 (m), 1601 (s), 1460 (m), 1377 (s), 1237 (m), 1190
(w), 1178 (m), 1140 (m), 1084 (s), 1069 (s), 758 (m), 703 cm™! (m); UV/
Vis (CH,CL): An, (8) = 254 (14000), 266 (8400), 274 (6500), 388 nm
(14900 mol'dm’*cm™"); elemental analysis calcd (%) for C;H,NO,S,
(579.7): C 71.63, H 7.24, N 2.14, S 4.90; found: C 71.61, H 7.38, N 2.21, S
5.01.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-5'-tris(isopropyl)silyl-3'-(4'-me-
thoxyphenyl)-7',7'-dimethyl-1',6',7',7a’-tetrahydroisobenzofuran (5m): Ac-
cording to the general procedure after chromatography on silica gel (hex-
anes/ethyl acetate 4:1) and recrystallization from diethyl ether/pentane
spiroindolone 5m was obtained as a yellow fluorescent solid. M.p.
188°C; '"H NMR (500 MHz, CDCl;): 6 = 0.49 (sept, J=7.4 Hz, 3H), 0.54
(s, 3H), 0.68 (d, /=7.4Hz, 9H), 0.74 (d, /J=7.4 Hz, 9H), 0.96 (s, 3H),
2.42 (s, 3H), 3.84 (s, 3H), 4.08-4.17 (m, 2H), 4.50 (dd, /=74, 8.7 Hz,
1H), 6.92 (d, J=9.0 Hz, 2H), 7.10 (dt, /=1.0, 7.7 Hz, 1H), 7.22 (dd, J=
7.7, 8.0 Hz, 1H), 7.30-7.32 (m, 3H), 7.35 (m, 1H), 7.56 (d, /=9.0 Hz,
2H), 7.94 (d, J=8.0 Hz, 1H), 8.05ppm (d, J=8.4 Hz, 2H); "C NMR
(125 MHz, CDCly): 6 = 12.3 (CH), 18.7 (CHj3), 19.1 (CHj;), 19.2 (CHs;),
21.7 (CHs), 21.9 (CH3), 39.9 (Cqua)> 452 (CH), 55.3 (CHj;), 61.8 (Cyua)s
70.2 (CH,), 108.6 (Cgu). 112.8 (CH), 113.8 (CH), 123.3 (CH), 123.8
(Cqua)» 127.6 (CH), 128.0 (Cyyar), 128.4 (CH), 128.6 (CH), 129.0 (CH),
129.5 (CH), 129.8 (Cgua), 135.2 (Cyua), 137.2 (CH), 140.2 (Cyua), 145.5
(Cquar)s 151.5 (Cyua)s 160.0 (Cyua), 175.9 ppm (Cyyo): EI MS (70eV): m/z
(%): 683 (80) [M™*], 640 (100) [M*—CH(CHs),], 528 (12) [M*
—S0,C¢H,CHj;]; HRMS: m/z: caled for C3H,0NO,S,: 683.3101; found:
683.3087; IR (KBr): 7=2945 (m), 2866 (m), 1747 (s), 1626 (m), 1607 (s),
1508 (m), 1460 (m), 1377 (s), 1251 (s), 1190 (w), 1177 (s), 1140 (m), 1081
(s), 607 cm™ (s); UV/Vis (CH,CL): A, (¢) = 248 (16500), 336 (11800),
486 nm (400 mol 'dm’cm™'); elemental analysis caled (%) for
C3,H,NO,S, (579.7): C 70.24, H 7.22, N 2.05, S 4.69; found: C 70.40, H
7.50, N 2.05, S 4.68.
1-Mesyl-1,3-dihydroindol-2-one-3-spiro-6’-3'-(4'-chlorophenyl)-5'-(4'-me-
thoxyphenyl)-7',7'-dimethyl-1',6',7',7a’-tetrahydroisobenzofuran (5n): Ac-
cording to the general procedure after chromatography on silica gel (hex-
anes/ethyl acetate 1:1) and recrystallization from diethyl ether/pentane
spiroindolone 5n was obtained as a yellow fluorescent solid. M.p. 219°C;
"H NMR (300 MHz, CDCl,): 6 = 0.73 (s, 3H), 1.25 (s, 3H), 3.08 (s, 3H),
3.72 (s, 3H), 3.95 (dd, J=10.1, 11.8 Hz, 1H), 4.24 (dd, /=8.7, 12.2 Hz,
1H), 4.54 (dd, J=8.7, 9.7 Hz, 1H), 6.69 (m, 4H), 6.95 (s, 1H), 7.26 (m,
1H), 7.36-7.41 (m, 4H), 7.62 (d, J=8.7 Hz, 2H), 7.86 ppm (d, J=8.7 Hz,
1H); "CNMR (75 MHz, CDCL): 6 = 169 (CH;), 22.1 (CH3), 40.0
(Cqua)» 40.9 (CH,), 47.8 (CH), 55.2 (CHj), 62.8 (Cyuar), 70.1 (CH,), 110.0
(Cqua)» 113.0 (CH), 113.7 (CH), 121.6 (CH), 124.8 (CH), 126.3 (CH),
127.8 (CH), 128.4 (CH), 128.8 (CH), 129.2 (CH), 129.3 (Cg.). 131.4
(Cauar): 1339 (Cauan)s 1345 (Cyua). 1347 (Cyuar). 1389 (Ca). 1512 (Coa),
158.9 (Cquar)s 176.2 ppm (Cquo); EI MS (70eV): m/z (%): 563 (41) [M~*
=71, 561 (100) [M*-*Cl], 484 (16) [M*—Cl-SO,CH;], (28) [M~
—¥$Cl1-SO,CH;]; HRMS: m/z: caled for C;;H,sCINOSS: 561.1377; found:
563.1342; IR (KBr): #=2973 (m), 2836 (m), 1753 (s), 1602 (m), 1510 (m),
1461 (m), 1369 (s), 1246 (s), 1176 (s), 1070 (s), 968 (s), 832 (m), 765 (m),
535cm™ (s); UV/Vis (CH,CL): Anax (€) = 246 (19200), 270 (11700), 338
(21200), 352nm (24200 mol'dm*cm™"); elemental analysis caled (%)
for C3H,sCINO;S (562.1): C 66.24, H 5.02, N 2.49, Cl 6.31, S 5.70; found:
C66.32, H5.05,N 2.47, C1 6.24, S 5.47.
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1-Mesyl-1,3-dihydroindol-2-one-3-spiro-6'-5'-(4-methoxyphenyl)-7',7'-di-
methyl-3'-phenyl-1',6,7',7a’-tetrahydroisobenzofuran (50): According to
the general procedure after chromatography on silica gel (hexanes/ethyl
acetate 1:1) and recrystallization from diethyl ether/pentane spiroindo-
lone 50 was obtained as a yellow fluorescent solid. M.p. 205°C; '"H NMR
(300 MHz, CDCLy): 0 = 0.73 (s, 3H), 1.26 (s, 3H), 3.08 (s, 3H), 3.72 (s,
3H), 3.97 (dd, /=99, 11.8 Hz, 1H), 4.25 (dd, J=8.8, 12.2 Hz, 1H), 4.55
(dd, /=88, 9.9 Hz, 1H), 6.70 (m, 4H), 7.02 (s, 1H), 7.21-7.29 (m, 1H),
7.38-7.43 (m, 5H), 7.70 (m, 2H), 7.86 ppm (d, J=8.3 Hz, 1H); "C NMR
(75 MHz, CDCly): 6 = 16.9 (CH;), 22.1 (CHj;), 40.0 (Cyy.), 40.9 (CHy),
47.8 (CH), 55.2 (CH;), 62.8 (Cyua), 70.0 (CH,), 109.4 (Cyyy), 112.9 (CH),
113.7 (CH), 122.1 (CH), 124.7 (CH), 126.4 (CH), 127.2 (CH), 127.8
(CH), 128.5 (CH), 129.0 (CH), 129.1 (CH), 130.8 (Cyua), 131.6 (Cyuar),
1338 (Cqu): 1341 (Cqua). 1388 (Couds 1524 (Cyua). 1588 (Cua),
176.3 ppm (Cyyo); EIMS (70eV): miz (%): 527 (100) [M*], 448 (21) [M*
—SO,CH;]; HRMS: m/z: caled for C;H,NOsS: 527.1766; found:
527.1756; IR (KBr): #=2973 (m), 1750 (s), 1602 (m), 1510 (m), 1460 (m),
1371 (s), 1246 (s), 1176 (s), 962 (m), 767 (m), 535cm™"' (s); UV/Vis
(CH,CL): Amax (¢) = 270 (10300), 348 nm (21800 mol ' dm*cm™); ele-
mental analysis caled (%) for C;;H,)NOsS (527.6): C 70.57, H 5.54, N
2.65, S 6.08; found: C 70.49, H 5.53, N 2.66, S 6.08.
1-Mesyl-1,3-dihydroindol-2-one-3-spiro-6'-3',5-bis(4'-methoxyphenyl)-

7', 7-dimethyl-1',6',7',7a’-tetrahydroisobenzofuran (5p): According to the
general procedure after chromatography on silica gel (hexanes/ethyl ace-
tate 3:1) and recrystallization from THF spiroindolone 5p was obtained
as yellow fluorescent crystals. M.p. 187°C; 'H NMR (300 MHz, CDCl,):
0 = 0.73 (s, 3H), 1.24 (s, 3H), 3.08 (s, 3H), 3.72 (s, 3H), 3.85 (s, 3H),
393 (t, J=11.1Hz, 1H), 422 (dd, /=87, 12.1Hz, 1H), 452 (t, /=
8.7Hz, 1H), 6.69 (m, 4H), 6.94 (d, /=89 Hz, 2H), 6.98 (s, 1H), 7.26 (dt,
J=09, 8.6 Hz, 1H), 7.38 (d, J=7.5Hz, 2H), 7.64 (d, /=89 Hz, 2H),
7.85ppm (d, J=8.0Hz, 1H); "CNMR (75MHz, CDCL): 6 = 16.9
(CH;), 22.1 (CHj3), 39.8 (Cyu), 40.9 (CH3), 47.7 (CH), 55.2 (CH;), 55.3
(CH3), 62.7 (Cqua), 70.0 (CH,), 107.9 (Cyyo), 1129 (CH), 113.7 (CH),
114.0 (CH), 122.3 (CH), 123.5 (Cyu). 124.7 (CH), 126.4 (CH), 127.8
(CH), 128.7 (CH), 129.1 (CH), 131.7 (Cyua)> 132.9 (Cyuar)> 134.3 (Cyuar)»
1388 (Cqua): 1525 (Cqua). 158.7 (Couar). 160.2 (Cyuar). 176.4 ppm (Cou):
EI MS (70eV): miz (%): 557 (100) [M*], 478 (17) [M*—-SO,CH;];
HRMS: m/z: caled for C;,H;NOGS: 557.1872; found: 557.1895; IR
(KBr): #=2953 (m), 2837 (m), 1750 (s), 1608 (s), 1508 (s), 1370 (s), 1249
(s), 1175 (s), 969 (s), 833 (m), 536 cm™' (m); UV/Vis (CH,CL): Aoy (8)=
256 (21200), 352 nm (27400 mol'dm*cm™"); elemental analysis calcd
(%) for C;,H;NOGS (557.7): C 68.92, H 5.60, N 2.51, S 5.75; found: C
68.85, H 5.56, N 2.54, S 5.91.
1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-3'-(4'-formylphenyl)-7'-methyl-
5'-(4-methoxyphenyl)-1',6',7,7a’-tetrahydroisobenzofuran (5q): Accord-
ing to the general procedure after chromatography on silica gel (hexanes/
ethyl acetate 3:1) and recrystallization from diethyl ether/pentane spi-
roindolone 5q was obtained as a yellow fluorescent solid. M.p. 217°C;
'"HNMR (300 MHz, CDCLy): 6=0.71 (s, 3H), 1.21 (s, 3H), 2.44 (s, 3H),
3.67 (s, 3H), 3.92 (dd, /=9.9, 12.1 Hz, 1H), 4.23 (dd, /=8.9, 12.1 Hz,
1H), 4.54 (t, J=9.0 Hz, 1H), 6.23 (d, J=8.8 Hz, 2H), 6.37 (d, /=8.7 Hz,
2H), 6.96 (s, 1H), 7.22 (m, 1H), 7.27 (m, 1H), 7.44 (m, 1H), 7.80-7.86
(m, 4H), 7.88-7.91 (m, 3H), 8.03 (d, /=7.6 Hz, 2H), 10.00 ppm (s, 1H);
BCNMR (75 MHz, CDCl;): 6 =16.8 (CH3), 21.6 (CH3), 21.9 (CH,), 40.1-
(Cquar)» 48.0 (CH), 55.0 (CH3), 62.5 (Cyua), 70.1 (CH,), 112.9 (CH,), 113.5
(CH,), 121.0 (CH,), 124.5 (CH,), 126.1 (CH,), 127.0 (CH,), 127.4 (CH,),
128.0 (CH,), 129.3 (CH,), 129.5 (CH,), 129.8 (CH,), 131.1 (Cya), 1332
(Coun)s 1348 (Cqua). 1358 (Cua)s 1362 (Cyu). 1365 (Cyr). 1366
(Caua)s 1390 (Cqua) 145.5 (Cyua), 1504 (Cy)s 1584 (Co). 1746
(Cquat)> 191.5 ppm (CH,); EI MS (70eV): m/z (%): 631 (100) [M™*], 476
(17) [M*—SO,CH,CH;]; HRMS: m/z: caled for CiH3NOSS: 631.2029;
found: 631.2003; IR (KBr): 7#=2966 (w), 1758 (s), 1699 (s), 1604 (s), 1511
(m), 1460 (s), 1376 (s), 1248 (w), 1245 (s), 1211 (m), 1178 (s), 1082 (s),
832 (m), 575cm™ (s); UV/Vis (CH,CL): An. (8)=252 (24200), 292
(12800), 398 nm (20100 mol'dm*cm™"); elemental analysis calcd (%)
for C33H33NOSS (631.8): C 72.25, H 5.27, N 2.22; found: C 72.32, H 5.10,
N 2.40.
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1-Tosyl-1,3-dihydroindol-2-one-3-spiro-6'-3'-(4'-chlorophenyl)-5'-(4'-me-
thoxyphenyl)-7',7-dimethyl-1',6',7',7a’-tetrahydroisobenzofuran (5r): Ac-
cording to the general procedure after chromatography on silica gel (hex-
anes/ethyl acetate 1:1) and recrystallization from diethyl ether/pentane
spiroindolone Sr was obtained as a yellow fluorescent solid. M.p. 236°C;
'HNMR (300 MHz, CDCLy): 6=0.71 (s, 3H), 1.20 (s, 3H), 2.44 (s, 3H),
3.67 (s, 3H), 3.89 (dd, /=104, 12.2 Hz, 1H), 4.20 (dd, /=8.6, 12.2 Hz,
1H), 4.50 (dd, J=9.1, 9.3 Hz, 1H), 6.23 (d, J=8.7 Hz, 2H), 6.36 (d, /=
8.7Hz, 2H), 6.87 (s, 1H), 7.21 (d, J=8.4 Hz, 2H), 7.22 (m, 1H), 7.27 (m,
1H), 7.36 (d, J=8.4 Hz, 2H), 7.43 (m, 1H), 7.59 (d, J=8.5 Hz, 2H), 7.85
(d, J=83Hz, 2H), 8.03 ppm (d, /=8.0Hz, 1H); "CNMR (75 MHz,
CDCl;): 6=16.8 (CH5;), 21.6 (CH;), 22.0 (CHs), 39.9 (Cyua), 47.8 (CH),
55.0 (CHj), 62.4 (Cyu), 70.1 (CH,), 1102 (Cyyr), 112.8 (CH), 113.4
(CH), 121.3 (CH), 1245 (CH), 126.2 (CH), 127.0 (CH), 128.0 (CH),
1284 (CH), 128.7 (CH), 129.1 (CH), 129.5 (CH), 131.4 (Cy), 1335
(Cau)s 1335 (Cyua): 1346 (Ca)s 1347 (Cyua), 1349 (Cypr). 139.1
(Caua)s 1454 (Cyuar)s 1509 (Cyuy), 1583 (Cua): 174.8 ppm (Cyper); EI
MS (70eV): m/z (%): 639 (61) [M*—""Cl], 637 (100) [M*—*Cl], 484 (13)
[M*-¥Cl1-SO,C¢H,CH;], 482 (33) [M*—""CI-SO,CH,CH;]; HRMS:
ml/z: caled for CyH,,CINOSS: 637.1690; found: 637.1734; IR (KBr): 7=
2961 (w), 1758 (s), 1626 (s), 1601 (s), 1510 (s), 1490 (m), 1460 (s), 1376
(s), 1245 (s), 1178 (s), 1092 (m), 1069 (m), 833 (m), 660 (m), 574 cm™' (s);
UV/Vis (CH,CL,): Apax (£) =246 (30100), 356 nm (28500 mol 'dm*cm™');
elemental analysis caled (%) for C3;H3,CINOSS (638.2): C 69.64, H 5.05,
N 2.19; found: C 69.49, H 5.05, N 2.24.
1-Tosyl-1,3-dihydroindol-2-on-3-spiro-6'-5"-(4'-methoxyphenyl)-7',7'-di-
methyl-3'-phenyl-1',6’,7,7a’-tetrahydroisobenzofuran (5s): According to
the general procedure after chromatography on silica gel (hexanes/ethyl
acetate 2:1) and recrystallization from diethyl ether/pentane spiroindo-
lone 5s was obtained as a yellow fluorescent solid. M.p. 207°C. '"H NMR
(300 MHz, CDCl,): 6=0.71 (s, 3H), 1.21 (s, 3H), 2.44 (s, 3H), 3.67 (s,
3H), 3.90 (dd, J=9.9, 12.2 Hz, 1H), 4.22 (dd, J=8.7, 12.2 Hz, 1H), 4.52
(dd, J=8.7,9.9 Hz, 1H), 6.23 (d, J=8.8 Hz, 2H), 6.38 (d, /=8.8 Hz, 2H),
6.95 (s, 1H), 7.21 (d, J=8.3 Hz, 2H), 7.22 (m, 1H), 7.29 (m, 1H), 7.35-
7.46 (m, 4H), 7.67 (m, 2H), 7.86 (d, /=8.4 Hz, 2H), 8.03 ppm (d, J=
8.1 Hz, 1H); "C NMR (75 MHz, CDCL,): 6=16.8 (CHj;), 21.6 (CH3;), 22.0
(CH;), 39.9 (Cyuar)> 47.8 (CH), 55.0 (CHs), 62.4 (Cyua), 70.1 (CH,), 109.6
(Cquar)> 112.8 (CH), 113.4 (CH), 121.7 (CH), 124.4 (CH), 126.3 (CH),
127.1 (CH), 1272 (CH), 128.0 (CH), 128.5 (CH), 1289 (CH), 129.1
(CH), 129.5 (CH), 130.9 (Cyuar)> 131.6 (Cyuar)» 133.6 (Cyuar)> 134.0 (Cyuar)s
1350 (Cua)s 139.0 (Cyu): 1453 (Cqua). 1522 (Couar)s 1582 (Cua):
174.9 ppm (Cgyue); EI MS (70eV): m/z (%): 603 (100) [M*], 448 (21)
[M*-SO,C¢H,CH;]; HRMS: m/z: caled for CyHyNOsS: 603.2079;
found: 603.2092; IR (KBr): #=2953 (w), 1758 (s), 1600 (s), 1510 (s), 1493
(s), 1460 (s), 1375 (s), 1285 (m), 1178 (s), 1064 (s), 833 (m), 693 (m),
575ecm™  (s); UV/Vis (CH,CL): An (8)=246 (26600), 352nm
(26600 mol 'dm’cm™"); elemental analysis caled (%) for CiHz;NOsS
(603.7): C73.61, H 5.51, N 2.32; found: C 73.43, H 5.50, N 2.34.
1-(Toluol-4-sulfonyl)-1,3-dihydroindol-2-on-3-spiro-6'-3'-[ 3'-(4'-chlorphen-
yb-7',7-dimethyl-1',6’,7',7a’-tetrahydroisobenzofuran-5'-yl]-10"-methyl-

10 H'-phenothiazin (5t): According to the general procedure after chro-
matography on silica gel (hexanes/ethyl acetate 1:1) and recrystallization
from diethyl ether/pentane spiroindolone 5t was obtained as a green flu-
orescent solid. M.p. 266°C; 'H NMR (300 MHz, CDCl,): 6=0.67 (s, 3H),
1.17 (s, 3H), 2.31 (s, 3H), 3.19 (s, 3H), 3.87 (dd, J=12.0 Hz, /=10.5 Hz,
1H), 420 (dd, J=122Hz, J=8.7Hz, 1H), 450 (dd, J=9.5Hz, J=
9.4 Hz, 1H), 6.08 (m, 2H), 6.55 (m, 1H), 6.73 (d, J=8.1 Hz, 1H), 6.86 (s,
1H), 691 (m, 1H), 7.07 (dd, J=7.6 Hz, J=1.4 Hz, 1H), 7.13 (m, 1H),
7.17 (d, J=8.4 Hz, 2H), 7.24 (m, 2H), 7.37 (d, J=8.6 Hz, 2H), 7.43 (m,
1H), 7.58 (d, J=8.6 Hz, 2H), 7.85 (d, /=83 Hz, 2H), 8.00 ppm (d, /=
8.2 Hz, 1H); "C NMR (75 MHz, CDCLy): 6 =16.9 (CH,), 21.7 (CH;), 21.9
(CHs), 35.1 (CH3), 40.0 (Cyua), 47.8 (CH), 62.3 (Cyuar)> 70.1 (CH,), 110.0
(Cquar)> 113.0 (CH), 1132 (CH), 113.8 (CH), 121.8 (CH), 122.5 (CH),
1245 (CH), 1249 (CH), 1252 (CH), 1262 (CH), 127.1 (CH), 127.4
(CH), 1279 (CH), 1284 (CH), 128.8 (CH), 129.2 (CH), 129.2 (Cyuur)s
129.6 (CH), 131.1 (Cyyar)> 133.8 (Cyuar)s 133.8 (Cyuar)s 134.7 (Cyuar)> 135.3
(Caua)s 1353 (Cqua): 1391 (Cyua), 1391 (Cyua)s 1443 (Copy). 145.0
(Cauan)s 145.2 (Cyuar), 1513 (Cyuar), 174.6 ppm (Cyuur): FAB MS: milz (%):
744 (63) [MT-Cl, 742 (100) [M*T-*CI], 587 (16) [M*
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—%#C1-S0,C¢H,CH;]; HRMS: m/z: caled for Cy3Hys™CIN,O,S,: 742.1727;
found: 742.1750; IR (KBr): #=2972 (w), 2887 (w), 1758 (s), 1599 (s),
1490 (m), 1464 (s), 1374 (m), 1333 (m), 1259 (m), 1237 (m), 1189 (m),
1177 (s), 1145 (m), 1091 (s), 752 (m), 658 (m), 572cm™' (s); UV/Vis
(CH,LCL): Ay (8) =244 (35500), 378 nm (20300 mol~'dm*cm™); elemen-
tal analysis calcd (%) for C,;H;5CIN,O,S, (743.4): C 69.48, H 4.75, N
3.77; found: C 69.53, H 5.04, N 3.78.
7',7-Dimethyl-3',5'-diphenyl-1',6',7',7'-tetrahydroisobenzofuranyl-6'-spiro-
3-2-[4-(2-0x0-2,3-dihydroindol-1-sulfonyl)-phenoxy]-ethyl acetate (Su):
According to the general procedure after chromatography on silica gel
(hexanes/ethyl acetate 1:1) and recrystallization from diethyl ether/pen-
tane spiroindolone Su was obtained as a yellow fluorescent solid. M.p.
237°C; 'THNMR (300 MHz, CDCl;): 6=0.72 (s, 3H), 1.21 (s, 3H), 2.12
(s, 3H), 3.91 (dd, J=10.0, 12.2 Hz, 1H), 4.22 (m, 3H), 4.47 (m, 2H), 4.53
(t, /=92 Hz, 1H), 6.45 (d, J=7.5Hz, 2H), 6.72 (t, J=7.7 Hz, 2H), 6.86
(d, J=9.0Hz, 2H), 6.89 (m, 1H), 7.00 (s, 1H), 722 (m, 1H), 7.29 (m,
1H), 7.40 (m, 4H), 7.67 (m, 2H), 7.90 (d, J=9.0 Hz, 2H), 8.03 ppm (d,
J=82Hz, 1H); ®*CNMR (75 MHz, CDCly): 6=16.8 (CH;), 20.8 (CH;),
21.9 (CHs), 39.9 (Cyuar)s 47.7 (CH), 62.2 (CH,), 62.3 (Cyur), 66.3 (CH,),
702 (CH,), 109.5 (Cy), 112.8 (CH), 114.6 (CH), 122.9 (CH), 124.5
(CH), 1259 (CH), 1262 (CH), 126.3 (CH), 127.3 (CH), 128.1 (CH),
128.5 (CH), 129.0 (CH), 129.1 (CH), 130.3 (CH), 130.7 (Cyu), 131.6
(Coun)s 1341 (Cqua). 1390 (Cya)s 1412 (Cyu). 1529 (Cyr). 1629
(Cquar)s 170.8 (Cguar)s 175.0 ppm (Cyuar): EI MS (70eV): miz (%): 661
(100) [M*], 418 (35) [M*—-SO,C,H,O(CH,),0C(O)CH;]; HRMS: m/z:
caled for C3H;3sNO,S: 661.2134; found: 661.2126; IR (KBr): 7=2946 (w),
1753 (s), 1630 (s), 1596 (s), 1495 (m), 1460 (m), 1375 (s), 1234 (s), 1172
(s), 1064 (s), 762 (m), 579 cm™ (s); UV/Vis (CH,CL): Apa (£)=248
(40200), 348 nm (29300 mol 'dm’cm™"); elemental analysis caled (%)
for C3H;3sNO;S (661.8): C 70.78, H 5.33, N 2.12; found: C 70.89, H 5.39,
N 2.18.

1-Acetyl-1,3-dihydroindol-2-one-3-spiro-6'-7',7' -dimethyl-3',5'-diphenyl-
1,6',7',7a’-tetrahydroisobenzofuran (5v): According to the general proce-
dure after chromatography on silica gel (hexanes/ethyl acetate 2:1) and
recrystallization from diethyl ether/pentane spiroindolone Sv was ob-
tained as a yellow fluorescent solid. M.p. 165°C; 'H NMR (500 MHz,
CDCly): 0=0.63 (s, 3H), 1.25 (s, 3H), 2.53 (s, 3H), 3.99 (dd, J=10.3,
12.2 Hz, 1H), 425 (dd, /=87, 12.3 Hz, 1 H), 4.54 (t, /=9.3 Hz, 1H), 6.79
(m, 2H), 7.11 (s, 1H), 7.14-7.15 (m, 3H), 7.29 (d, J=7.4 Hz, 1H), 7.36
(d, J=7.0Hz, 1H), 7.39 (d, J=7.3 Hz, 1H), 7.41-7.46 (m, 3H), 7.71 (d,
J=73Hz, 2H), 833ppm (d, J=82Hz, 1H); "CNMR (125MHz,
CDCly): 6=17.1 (CH3), 22.3 (CH;), 26.7 (CHy), 40.0 (Cyya), 47.7 (CH),
62.7 (Cyua), 702 (CHy), 109.7 (Cyua), 1162 (CH), 122.8 (CH), 125.0
(CH), 125.6 (CH), 126.2 (CH), 127.1 (CH), 127.3 (CH), 128.4 (CH),
128.6 (CH), 128.9 (CH), 129.1 (CH), 130.8 (Cy), 131.7 (Cy), 1347
(Cquar)s 140.0 (Cyuar), 141.6 (Cyuar), 152.8 (Cyua)s 170.8 (Cyuar)» 176.6 ppm
(Cqua); EIMS (70eV): m/z (%): 461 (100) [M™*], 314 (19); HRMS: m/z:
caled for C;;H,,NO;: 461.1991; found: 461.1993; IR (KBr): 7=2951 (w),
1763 (s), 1708 (s), 1629 (s), 1601 (m), 1463 (m), 1372 (m), 1338 (m), 1305
(m), 1278 (s), 1163 (m), 766 (s), 699 cm™" (s); UV/Vis (CH,Cl,): Ay (€)=
238 (24800), 348 nm (21300 mol'dm*cm™"); elemental analysis calcd
(%) for C;;HyNO; (461.6): C 78.38, H 6.05, N 2.95; found: C 78.08, H
5.95, N 2.79.

1-Methyl-1,3-dihydroindol-2-one-3-spiro-6'-7',7' -dimethyl-3',5'-diphenyl-
1,6',7',7a’-tetrahydroisobenzofuran (5w): According to the general proce-
dure after chromatography on silica gel (hexanes/ethyl acetate 4:1) and
recrystallization from diethyl ether/pentane spiroindolone 5w was ob-
tained as a yellow fluorescent solid. M.p. 189°C; 'H NMR (500 MHz,
CDCly): 0 = 0.60 (s, 3H), 1.32 (s, 3H), 3.14 (s, 3H), 4.02 (dd, /=9.7,
12.4 Hz, 1H), 4.26 (dd, /=8.7, 12.4 Hz, 1H), 4.54 (dd, /=8.7, 9.7 Hz,
1H), 6.77 (m, 2H), 6.89 (d, /=7.7Hz, 1H), 7.05 (s, 1H); 7.11-7.13 (m,
4H), 7.33 (d, J=7.7 Hz, 1H), 7.35-7.39 (m, 2H), 7.42 (m, 2H), 7.72 ppm
(m, 2H); C NMR (125 MHz, CDCL,): 6 = 16.7 (CH;), 22.0 (CHj,), 26.0
(CHj;), 39.0 (Cyuar), 48.6 (CH), 62.2 (Cyua)> 70.1 (CH,), 107.6 (CH), 110.4
(Cqua)> 122.1 (CH), 122.2 (CH), 125.8 (CH), 126.3 (CH), 126.8 (CH),
1272 (CH), 128.1 (CH), 128.4 (CH), 1285 (CH), 128.8 (CH), 131.0
(Cauads 132.9 (Cyua), 1358 (Cqua). 1419 (o). 144.0 (Cy)s 152.0 (Cua,
176.9 ppm (Cyue); EI MS (70eV): m/z (%): 433 (100) [M*]; HRMS: m/z:
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caled for C;)H,,NO,: 433.2042; found: 433.2071; IR (KBr): 7=2951 (w),
1714 (s), 1627 (w), 1607 (s), 1490 (m), 1469 (m), 1371 (m), 1344 (m), 1256
(m), 1088 (s), 1067 (s), 1025 (w), 764 (s), 747 cm™" (s); UV/Vis (CH,Cl,):
Amax (8) =246 (18800), 348 nm (22800 mol ' dm*cm™"); elemental analysis
caled (%) for C3H,,NO,-H,O (433.6 + 18.0): C 82.43, H 6.32, N 3.20;
found: C 82.44, H 6.37, N 3.26.
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Synthesis and Study of Calix[6]cryptamides: A New Class of Heteroditopic
Receptors that Display Versatile Host—-Guest Properties Toward Neutral
Species and Organic Associated Ion-Pair Salts

Stéphane Le Gac'™ and Ivan Jabin*"!

Abstract: The synthesis of a new
family of molecular receptors, namely
the calix[6]cryptamides, was achieved
through an original [14+1] macrocycli-
zation step that consists of a peptide-
coupling reaction between tripodal tris-
carboxylic acids and a calix[6]trisamine
subunit. Several C;- or C;,-symmetrical
calix[6]arene-based compounds capped
by a trisamido cryptand unit on the
narrow rim have been obtained, with
the more flexible partners leading to
the best yields. These calix[6]crypt-

binding sites for the complexation of
organic-associated ion pairs in close
proximity: a well-defined calix[6]arene
cavity suitable for the inclusion of am-
monium ions and a cryptamide unit for
the coordination of anions. We demon-
strate one example, chiral calix[6]crypt-
amide 12, that constitutes a heterodi-
topic receptor capable of cooperatively

Keywords: calixarenes - host-guest
systems - ion pairs - molecular rec-
ognition - supramolecular chemistry

binding both a primary ammonium ion
and its chloride counterion, thanks to a
combination of polarization and in-
duced-fit effects. In addition, the hy-
drophobic calixarene cavity of 12 can
strongly bind neutral guests through
hydrogen bonding and is capable of
discriminating between different enan-
tiomers. All these versatile host-guest
properties differ greatly from those ob-
served in the parent calix[6]azacrypt-
ands.

amides exhibit two favorably positioned

Introduction

There is a growing interest in the design of synthetic recep-
tors that are able to recognize neutral molecules or charged
species through specific interactions."! These receptors can
find potential applications in many areas, such as sensing,
modeling of enzymic active sites, catalysis, nanoscience, drug
delivery and separation science. Readily available calixar-
enes have emerged as very attractive building blocks for the
development of such host-guest systems.”! Of the different

[a] Dr. S. Le Gac
URCOM, Université du Havre
Faculté des Sciences et Techniques
25 rue Philippe Lebon, BP 540
76058 Le Havre cedex (France)

Prof. 1. Jabin

Laboratoire de Chimie Organique

Université Libre de Bruxelles (U.L.B.)

Avenue F. D. Roosevelt 50, CP160/06

1050 Brussels (Belgium)

Fax: (432)2-650-27-98

E-mail: ijabin@ulb.ac.be

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

[b

—

0

WILEY

58— InterScience

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

oligomers, calix[4]arenes have been extensively studied,
since control of their conformational mobility and their se-
lective functionalization can be more easily achieved. How-
ever, calix[4]arenes suffer from the smallness of their hydro-
phobic cavity and consequently they have mostly been used
as molecular platforms for the preorganization of a binding
site outside the cavity. The larger calix[6]arenes display a
cavity size that is well adapted for the inclusion of organic
guests™, but usually their high conformational flexibility
needs to be restricted first. To do this, different strategies
such as self-assembly,’) metal-ion coordination,” and graft-
ing of covalent bridges have been developed.”! We have syn-
thesized calix[6]arenes bearing a tripodal azacryptand cap
on the narrow rim.[®! These calix[6]azacryptands exhibit re-
markable host-guest properties toward polar neutral mole-
cules or cationic species (ammonium and metal ions),
thanks to the presence of the basic azacryptand cap that
preorganizes the cavity and provides a tunable binding
site.’] In the course of designing versatile calixarene based
endo-receptors for organic guests, we wanted to test the fea-
sibility of grafting a tripodal amido cap (that is, a crypta-
mide unit) onto a calix[6]arene core. So far, only calix[6]ar-
enes that have intramolecular dipodal amido bridges have
been described.™] Apart from the synthetic challenge, the

Chem. Eur. J. 2008, 14, 548557





target calix[6]cryptamides were particularly attractive, since
they were predicted to possess both an ammonium ion bind-
ing site in the form of the hydrophobic cavity, and an anion
binding site in the form of the tripodal arrangement of the
amide groups.'” Neutral heteroditopic receptors capable of
simultaneously binding cations and anions are currently
being intensively studied since they present the advantage
of avoiding the competitive ion-pairing of the guest salt.l'’]
In this regard, heteroditopic calix[4]arene-based receptors
that possess amido or urea
groups have been already pro-
duced.™ However, owing to
the smallness of their cavity
they are mostly used for the
complexation of metal ions
and their counterions.™ With
the larger calix[5,6]arenes, the
introduction of urea moieties
led to receptors capable of rec-
ognizing organic ion-pair salts,
but only a few examples have
been reported so far.*¥ 1

Here we describe an effi-
cient synthesis of calix[6]crypt-
amides, a new class of bifunc-
tional receptors, and also the
NMR spectroscopic host-guest
studies of chiral calix[6]crypt-  ©or3

FULL PAPER

carboxylic acid derivative 2 was synthesized according to the
procedure described in the literature.”!

First, the [141] macrocyclization reaction between calixar-
ene 1 and trisacyl chloride 3 was tested under classical high
dilution conditions (trisacyl chloride 3 was prepared quanti-
tatively from CTV 2 and oxalyl chloride in dichloro-
methane).”"! The desired calix[6]cryptamide 4 (15%) was
isolated after purification by flash chromatography (FC)
(Scheme 1, entry 1 of Table 1).

BN IO,
LT e A

) 2X=0H
i
E 3X=Cl

Scheme 1. Synthesis of calix[6]cryptamide 4; i) (COCl),, CH,Cl,; ii) see Table 1.

Table 1. Synthesis of calix[6]cryptamide 4 through reaction between calix[6]trisamine 1 and CTV derivatives 2

amide 12. This versatile hetero- Entry CTV derivative Solvent Conc.[m]® Reaction conditions!® Yield[% ]
ditopic receptor exhibits 1 3 toluene 2.6x1073 TEA, 0°C then RT, 15 h 15
unique host properties towards 2 2 CHCIy/CH;NO,; 4:1 1.0x1072 PyBOP, 50°C, 2 h 46
both organic-associated ion 3 2 CHCI;/CH;NO,; 4:1 1.0x1072 HBTU, 50°C, 2 h 42
. 4 2 CHCIy/DMF; 2:1 1.0x1072 HBTU, 50°C, 2 h 41
pair salts and neutral guests. 5 2 CHCL/CH,NO,; 41  1.0x10"'  PyBOP,50°C, 15h 10
6 2 CHCI;/CH;NO,; 4:1 4.0%x107* HBTU, 50°C, 15 h <54

[a] Concentration of 1 and CTV derivative. [b] Reactions with HBTU and PyBOP were performed by the

Results and Discussion

slow addition of a mixture of the coupling reagent and TEA (6 equiv each; see the Experimental Section).

[c] The yields correspond to the isolated compound 4 after purification by flash chromatography. [d] This yield

Synthesis of calix[6]crypt-
amide 4: For the key step of
the synthesis of calix[6]crypt-
amides, we chose a [1+1] mac-
rocyclization reaction between two tripodal subunits, since
this strategy has proved its efficiency with the parent cal-
ix[6]azacryptands.®! The reaction conditions for the macro-
cyclization step were first tested and optimized with calix[6]-
trisamine 1 and well-preorganized tris-electrophilic partners
2 and 3 derived from a cyclotriveratrylene (CTV) skeleton.
In addition, we were interested in producing a multitopic re-
ceptor that displayed two concave subunits linked by a tris-
amido binding site.”

The preparation of calix[6]trisamine 1 from the C;, sym-
metrical 1,3,5-tris-O-methylated 7Bu-calix[6]arene has al-
ready been reported by us. The synthesis is an efficient
three-step sequence: per-alkylation with ethylbromoacetate
in presence of a strong base (NaH), reaction with ammonia
in MeOH, and subsequent reduction of the obtained amide
groups by BHyTHF (79% overall yield).’¥! (£)-CTV tris-

Chem. Eur. J. 2008, 14, 548 -557
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was estimated by using an NMR spectrum of the crude reaction mixture.

With the aim of improving the yield of the macrocycliza-
tion reaction, we decided to test the direct reaction between
calix[6]trisamine 1 and CTV-trisacid 2 in the presence of
peptide-coupling reagents such as HBTU or PyBOP.*?? Mix-
tures of solvents such as CHCI/CH;NO, or CHCl;/DMF
were used to solubilize the two tripodal partners and the
coupling reagent.”® In addition, the influence of the concen-
tration of subunits 1 and 2 was studied (entries2-6,
Table 1). The highest yield for 4 (46 %) was obtained when
subunits 1 and 2 were reacted at 50°C and at a concentra-
tion of 107>m in a 4:1 mixture of CHCly/CH;NO,, with
PyBOP as the coupling reagent (entry2, Table 1).?¥ It is
worth noting that the nature of the coupling reagent and the
solvent have little influence on the yield (41-46%) (en-
tries 3 vs. 2 and 4 vs. 3, respectively, Table 1). In contrast,
high concentration (10~'m) or high dilution (4 10~*m) of the
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two subunits led to low yields

Table 2. Reaction conditions for the synthesis of calix[6]cryptamides 10-13.

(entries 5 and 6, Table 1). The  Entry Trisamine Trisacid Solvent Coupling reagent Product Yield[% ]!
1
HNMR spectra of the crude 1 1 5 CHCL/CH,NO,; 4:1  HBTU or PyBOP - -
reaction mixture show in both 2 1 6 CHCIy/CH;NO,; 4:1 HBTU 10 130!
cases the presence of multiple 3 1 7 CHCL/CH;NO,; 4.1 HBTU 1 21

. . . . . 4 1 8 CHCI,/DMF; 4:1 HBTU 12 33
species displaying ill-defined 3 ’
P paymsg 5 1 9 CHCI,/CH;3NO,; 4:1 PyBOP 13 58

resonances.”

This first set of experiments
shows that the peptide-cou-
pling reaction can constitute
an efficient strategy for [1+1]
macrocyclization reactions between tripodal units® and
thus we decided to test these reaction conditions for the syn-
thesis of various calix|[6]cryptamides.

product ("H NMR estimation).

Synthesis of calix[6]cryptamides 10-13: Calix[6]trisamine 1
was reacted with triscarboxylic acid derivatives 5-9, which
display different degrees of flexibility®” (Scheme 2). All the
reactions were performed under the optimal conditions de-
termined for 2 (50°C, 6 equiv of TEA, 6 equiv of coupling
reagent, 107>M in a 4:1 mixture of CHCl/CH;NO, or
CHCIL,/DMF; Table 2). The choice of coupling reagent was
governed by purification considerations. The reactions were
monitored by 'H NMR spectroscopy and the obtained cal-
ix[6]cryptamides were purified by flash chromatography. In
the case of triscarboxylic acid 5, a complex mixture of calix-
arene derivatives that displayed broad NMR resonances was
obtained. However, the use of triscarboxylic acids 6-9 led to
the corresponding calix[6]cryptamides 10-13 in moderate to

9

Or'=0)

COOH HooC o

=
@0 HOOC:QO/D
COOH HOOC

!

*)

[a] The yields correspond to the isolated compounds after purification by flash chromatography. [b] The yield
was calculated while taking into account the presence of about 1 equiv of 1,1,3,3-tetramethylurea in the final

good yields (13-58 %, Table 2, entries 2-5). Surprisingly, the
efficiency of the macrocyclization reaction augments with
increasing flexibility of the tripodal carboxylic acid. This can
be rationalized if one considers that the bulkiness of the in-
termediate benzotriazole ester groups disfavors the [1+1]
macrocyclization pathway in the case of rigid partners.

All these results show that the use of the peptide-coupling
reaction for the [14+1] macrocyclization step can be extend-
ed to structurally different tripodal partners and gives access
to original calixarene based compounds that are either
closed at the narrow rim by a grid-like amido cap (4, 10-12)
or possessing a calix[6]tube skeleton (13).

NMR spectroscopic study of the conformational properties
of calix[6]cryptamides 4 and 10-13: The conformational
properties of calix[6]cryptamides 4 and 10-13 were investi-
gated through extensive NMR studies in CDCI;. All the res-
onances of the '"H NMR spectra were attributed by means

(NH NH HN)
COOH COOH yooc

Scheme 2. Syntheses of calix[6]cryptamides 10-13; see Table 2 for the reaction conditions. The calix[6]cryptamides are shown in their major conforma-

tion, which has been deduced from NMR spectroscopic studies (see below).

550 ——
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of 2D NMR experiments (COSY, HMQC, HMBC). Due to
their C; (compound 4) or C;, (compounds 10, 11, and 13)
symmetry, calix[6]cryptamides display simple "H NMR pat-
terns. In the case of 12, a minor dissymmetric conformer
with a rBu group included in the calixarene cavity was ob-
served; however, recording the spectrum at 330K in a 3:1
mixture of CDCl;/CD;OD led to a unique C;-symmetrical
NMR signature (see the Supporting Information). The
minor conformer observed in CDCI; is probably due to a
dissymmetrical arrangement of the cap, induced by an intra-
molecular hydrogen-bonding network between the amido
arms. Interestingly, the chirality of the CTV cap of 4 and 12
is transmitted to the calixarene core as shown by the diaste-
reotopy of the ArCH, and ArH protons (see Figure la for
4). It is worth noting that in the case of the tail-to-tail bis-
calix[6]arene 13, both calixarene frameworks are differenti-
ated as attested to by the two sets of signals displayed by
the OMe groups and the ArCH, protons (Figure 1b).

Typical 'H resonances of the calixarene subunits of cal-
ix[6]cryptamides 4 and 10-13 at 294 K are summarized in
Table 3. From these NMR spectroscopic data, it is possible
to deduce the following conformational features:

1) For all the calix[6]cryptamides, the ArCH, protons of the
calixarene moiety display well-defined differentiated sig-
nals and, when the spectra are recorded at high tempera-
ture (330 K), these resonances are not affected. This

\

FULL PAPER

clearly indicates an inhibition of the cone-cone inversion
of the calixarene core due to the presence of the tripodal
covalent cap on the narrow rim.

The large Ad .y and Ad,g, values of 4, 11, and 13 indicate
that their calixarene subunit adopts a flattened cone con-
formation, whereas a straighter cone is observed for 10

and 12 (see the structures displayed in Schemes 1 and
2).|28]

2)

3) In compounds 4, 11, and 13, which have a calixarene
core in a flattened cone conformation, the highfield reso-
nances of the OMe groups is due to their location in the
calixarene cavity (Table 3, entries 1, 3, and 5). The meth-
oxy groups of 12 are less directed toward the inside of
the cavity since these compounds display a straighter
conformation (Table 3, entry 4). In the case of 10, the
close proximity of the aromatic rings of the cap should
be responsible, to some extent, for the high-field shift of
the methoxy groups (Table 3, entry 2).

Compared with all the other calix[6]cryptamides, com-
pound 11 displays a strong downfield resonance for the
NHCO protons (Table 3, entry 3). This clearly indicates
the presence of stable six-membered intramolecular hy-
drogen-bonded rings with the oxygen atoms in ortho po-
sitions (see Scheme 2).

4)

This NMR spectroscopic conformational study shows that,

thanks to their covalent tripodal cap, calix[6]cryptamides

possess a well-defined cavity

ideally preorganized for host—

@ \,// gues.t applications. Binding

f o o studies of charged or neutral

species were conducted with

each calix[6]cryptamide and

results concerning the unique

host—-guest properties of cal-

ix[6]cryptamide 12 are de-
scribed below.

Study of the host—guest prop-
erties of calix[6]cryptamide
12:First, the host-guest proper-
ties of calix[6]cryptamide 12

a) S
ArH (ca) ArCH
ArHemv 2 (ca“ w tBu
NHCO OMe(caI) [l
\ kt_‘ArH(cal) \
W v%ﬂw N \ Jo
b)
ArH n
1 ArCH;
NHCO /
N ngd
8.0 70 60 50 40 30 20
& (ppm)

Figure 1. '"H NMR spectra (CDCl;, 294 K) of: a) calix[6]cryptamide 4; b) calix[6]cryptamide 13. S: solvent
“cal” and “CTV” represent the calixarene and cyclotriveratrylene subunits, respectively.

(CHCl;); W: water;

Table 3. Selected chemical shifts [ppm] of the calixarene subunit protons of calix[6]cryptamides 4 and 10-13

(CDCL,, 294 K).

toward neutral molecules G
were evaluated by 'H NMR
spectroscopy. No inclusion was
observed, even at low temper-
ature (263 K), upon the addi-
tion of an excess (> 20 equiv)
of EtOH, DMSO, or apolar
molecules such as CH,Cl, or

Entry Compound ONtco Adam A, O ArCH2ax 6ArCH2€q Oome EtZO to a solution of 12 in
1 4 7.31 0.59 0.52 433 339 2.10 CDCl;. In contrast, calix[6]-
2 10 6.67 0.31 0-36 437 3.34 2.24 cryptamide 12 was found to be
3 1 9.11 0.63 0.63 458 3.38 1.66 yp 1S
4 12201 _ 0.32 0.35 4.43 3.45 2.60 a remarkably efficient host for
5 13 7.81 0.61/0.62 0.55/0.57 4.55/4.60 3.44/3.45 2.45/2.48 the endo-complexation of

[a] Average value due to the diastereotopy. [b] The 'H NMR spectrum was recorded at 330 K in CDCly/

CD,0D (3:1).

Chem. Eur. J. 2008, 14, 548 -557
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amide or urea type guests such
as pyrrolidin-2-one  (PYD),
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imidazolidin-2-one (IMI) or
(£)-4-methylimidazolidin-2-

one (MIMD? (Scheme 3).
Indeed, in each case the addi-
tion of a few equivalents (2 to
10 equiv) of these polar mole-
cules (G) led to new Cj-sym-
metrical NMR spectroscopic
patterns (Figure 2a, b for G=
IMI at 263 K) displaying high-
field signals, which have been
assigned to the included guests
through NOESY experiments
(see the Supporting Informa-
tion). These NMR data show
unambiguously that the new
species correspond to the host—
guest complexes 12DG. In all
cases, the in and out exchange
process of the guest within the
cavity of 12 was slower than
the NMR spectroscopic time-
scale. The NMR complexation-
induced upfield shifts (CIS, see
Table 4, entries 1-3)  were
quasi-similar to those obtained
with the closely related proton-
ated calix[6]azacryptands.[’%¢
Moreover, in the case of IMI,

i “J P\
(o]
1 O ’00 \ oo
HN™ NH HN o i
/ by % O~
e!
IMI PYD HN NH NH
5 2 L
o= <0
HN NHMIMI gNH NH HNe
7

12 o Qoﬂ) 1226
rd { b 1?
@ \ ’O’L °s /
|
R
R=Et,Pr

12 DRNH;'Cr

Scheme 3. Host-guest properties of calix[6]cryptamide 12 toward neutral or charged species in CDCl;.

AR,

)

= (o)
a S a b ©
) OMe(cTv) tBu 22 'Bso
NHCO (cal +crv)| ATH (cal +cTv)
\‘ minor conf.
r
7
OMe(cTV) | tBu | _—_—
- e
0 J 7N
ArH (cal) (0]
:JHﬁo \ ArH(cTv)
o ArH (cal)
U A
w
-L.Jl J 1-«.\J
c) OMe (CTV) .
) ArH (cal) O (cal]
v
NHOO| | artiery VA
M I‘ZUA/:* - W LA | Lﬁ -
m | " w A\
< U‘J'*'\J \J W} X |
T T T T T T T T T T T T T T T T T T T T T T T 12:PI’NH3+C|'
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 -1.0 -2.0
& (ppm)

Figure 2. '"H NMR spectra (CDCl;, 263 K): a) 12; b) 12+42.6 equiv of IMI; ¢) 12415 equiv of PrNH;*Cl". o: IMI (free); @: IMI (in); v: PrNH;* (free), V:
PrNH;* (in). S: solvent (CHCl;); W: water; “cal” and “CTV” represent the calixarene and cyclotriveratrylene subunits respectively.
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Synthesis and Study of Calix[6]cryptamides

Table 4. Complexation-induced upfield shifts (CIS) and association constants (K) of the guests G and

RNH;*Cl™ in the case of 125G and 12O5RNH;*Cl™.

FULL PAPER

MIMI indicated the formation
of two diastereomeric endo-

CIS[ppm]" complexes. A diastereomeric
Enty GorRNH,CIL KM% « p ¥ o excess of 44% was determined
5 ; ﬁn " —3.43 cpm 4] at 263 K through integration of
1 \*ﬁfo ndl B B =27 e —3.16U well-resolved  signals corre-
NH —3.60cint !l —3.2611 sponding to the included
vop “2 ey MIMI guest of each diastereo-
nP o mer (Figure 3). This remark-
2 Vm\f 250 - ~081crncoy —382cm) - able result constitutes a rare
YR 070w 32w and leading example of enan-
By tioselective discrimination in
3 YC\E‘KO 12800 ~ ~ oy ~ the heart of the cavity of a
chiral calixarene based recep-

¥ aNHﬁ tor 15¢-e8d]
4 B"Snnscr nd' ndl! -2.92 - - In a second set of NMR
B spectroscopic experiments, the
5 Y/\OL/NWC" 230 120 —3.00 -3.07 - ability of calix[6]cryptamide 12

to  accommodate  organic

[a] K calculated at 263 K and defined as: K=[12DG]/([12] x[G]) or K=[12DRNH;*Cl |/([12] x [RNH;*Cl]);
errors estimated +15%. [b] CIS calculated at 263 K and defined as Ad=0complexca 6—Oree o= [€] nd: not deter-
mined. [d] Major diastereomer. [e] Average value of the diastereotopic protons. [f] Minor diastereomer.

NOE effects were observed between the methylene protons
of the guest and the ArH protons of the aromatic rings that
are directed toward the inside of the calixarene cavity (see
the Supporting Information).’” These results demonstrate
that the neutral guests are accommodated in the calixarene
cavity and not in the CTV one. Interestingly, the host under-
goes a significant conformational rearrangement upon com-
plexation; the calixarene subunit adopts a flattened cone
conformation (Ada,y and Ad,g,>0.6 ppm) with the methoxy
groups expelled from the cavity (dope=>3.7 ppm). Such an
induced-fit process has already been evidenced with one of
the parent calix[6]azacryptands.®® A significant downfield
shift of the NHCO resonances of the calixarene upon inclu-
sion of the guests G (Adyucoay>1.2 ppm, see Figure 2a,b
for G=IMI at 263 K) indicates a stabilization of the guests
through hydrogen-bonding. In addition, as shown by the
positive CIS of the NH of the included PYD (entry 2,
Table 4), the guests are probably stabilized through strong
hydrogen-bonding interactions with the phenolic oxygen
atoms of the host (see structure displayed in Figure 2 for
G=1IMI). These observations rationalize the specific recog-
nition by receptor 12 of neutral molecules that possess hy-
drogen-bond donor and acceptor groups such as amides and
ureas. In strong contrast with all previous host-guest cal-
ix[6]arene-based systems, the polarization of the calixarene
cavity through metal-ion complexation® or protonation®!
is not a requirement for the efficient endo-complexation of
neutral guests by a calix[6]cryptamide host. In other words,
these results constitute the first example of intracavity rec-
ognition of neutral molecules by a neutral calix[6]arene-
based receptor.

Interestingly, we also found that C; symmetrical calix[6]-
cryptamide host 12 is able to perform intracavity chiral rec-
ognition. In fact, the host-guest study undertaken with (+)-
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charged species was investigat-
ed at 263 K. Addition of an
excess (up to 15 equiv) of am-
monium salts RNH;*Cl™ (R=
Et or Pr) to a solution of 12 in
CDCl; produced the corresponding endo-complexes
12DORNH;*CI™ (Scheme 3) with, in both cases, high-field sig-
nals characteristic of the presence of the alkyl chain of the
ammonium ions in the heart of the calixarene cavity (Fig-
ure 2c for R=Pr).P!l As observed with neutral guests, the in
and out guest exchange was slower than the NMR timescale,
and involved an induced fit process with the expulsion of
methoxy groups from the calixarene cavity. As expected, it
was shown that 12 behaves as a heteroditopic receptor, since
in addition to the endo-complexation of the ammonium ion
RNH,*, the simultaneous binding of the chloride counterion
by the amide groups of the host was clearly evidenced.
Indeed, the resonances of the NHCO protons close to the
calixarene subunit experienced a significant downfield shift
(>0.5 ppm at 263 K, see Figure 2c for R=Pr) indicating a
strong hydrogen-bonding interaction with the counter anion.
Moreover, the CIS of the CH,N protons of the PrNH;*
guest was found to be abnormally low compared to those at
the B or y position of the ammonium group (Table 4,

3Ha
1
Tl
M b n T|‘
ﬁ\ m I |

Figure 3. High-field region of the '"H NMR spectrum (CDCl,, 263 K) of
12OMIMI. “M” and “m” represent “major diastereomer” and “minor
diastereomer”, respectively.
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entry 5). This is in contrast with previously reported host—
guest systems involving calix[6]arene-based receptors and
ammonium ions, which all display high CIS for protons at
the a, B, or y position of the ammonium group (that is, —2.0
to —3.2 ppm). These NMR data are compatible with the
specific coordination of the chloride anion in close proximi-
ty to the cationic ammonium group, through a convergent
arrangement of hydrogen-bonding NH groups (see Fig-
ure 2¢). Concerning the ammonium ion, in addition to the
electrostatic interaction with its counterion, it is probably
stabilized through a combination of CH-m interactions and
hydrogen bonding to the ethereal oxygen atoms that have
the amido arms, as this has been already observed on sever-
al XRD structures of closely related endo-complexes.”®
Interestingly, the use of low-coordinating counterions (pic-
rate and tetrabutylammonium) demonstrated the remark-
able cooperative binding of the associated ion pair. When a
large excess (about 30 equiv) of nBu,N*Cl~ was added to a
solution of 12 in CDCl;, the NMR spectrum of the receptor
remained quasi-unchanged and only a tiny downfield pertur-
bation of its NHCO protons was observed (A6 =0.06 ppm at
263 K). On the other hand, when the bulkier and less dense-
ly charged picrate anion was used in place of the chloride
anion, no inclusion of the propylammonium ion was detect-
ed even after a prolonged time.*? Thus, the complexation of
the chloride anion can only proceed when an ammonium
ion is present in the calixarene cavity and conversely, with-
out CI", host 12 is inefficient at binding the ammonium ion.
This remarkable positive cooperativity is probably due to
both structural and electronic alterations of the receptor: on
one hand each partner of the associated ion pair polarizes
the receptor and on the other hand, the anion coordination
contributes to the preorganization of the binding site of its
counterion through an induced fit process. Indeed, the bind-
ing of Cl” induces the expulsion of the OMe groups from
the cavity and brings the oxygen atoms of the ammonium
binding site closer. Only a few examples of such metal-free
allosteric controls of the complexation of an associated ion-
pair salt have been reported.!'>1833

Lastly, it was also possible to estimate the association con-
stants (K) of PYD, IMI, and PrNH;*Cl~ for the receptor 12
(Table 4) from the ratio of the peak intensities of the host—
guest complex and free partners.*¥ A strong preference was
found for IMI with respect to the two other guests. This em-
phasizes the remarkable complementary fit between IMI
and the calixarene core in terms of size, shape, and electron-
ic structure.®! As a result, it was possible to release the am-
monium salt quantitatively from the endo-complex
120OPrNH;*Cl™ by the addition of a slight excess of IMI, re-
sulting in the formation of the endo-complex 12DIMI
(Scheme 3).

Conclusion

In summary, we have shown that the peptide-coupling reac-
tion constitutes a valuable strategy for [14+1] macrocycliza-
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tion reactions between tripodal partners. The obtained Cs-
or C;,-symmetrical calix[6]cryptamides exhibit two distinct
well-preorganized binding sites in close proximity. As re-
vealed through NMR spectroscopic studies, the chiral cal-
ix[6]cryptamide 12 behaves as a heteroditopic receptor with
unique host—guest properties, since it can accommodate neu-
tral molecules in the heart of the calixarene cavity, perform
intracavity chiral recognition, or cooperatively bind organic-
associated ion-paired salts. These results contrast with the
host—guest properties of the parent calix[6]azacryptands and
constitute a remarkable example of the synergistic combina-
tion of a polyamide site and a calix[6]arene structure. Cur-
rent work is directed toward studying the host-guest proper-
ties of this promising class of molecular receptors, with a
focus on the design of multitopic anion sensors.

Experimental Section

General procedures: All reactions were performed under an inert atmos-
phere. CH,Cl, and CH;NO, were distilled over CaH, under argon. Tolu-
ene and CHCI; were distilled over P,O5 under argon. DMF was distilled
over a mixture of MgSO, and silica gel under argon. Silica gel (230-
400 mesh) was used for flash chromatography purifications. 'H and
C NMR spectra were recorded at 300 and 75 MHz, respectively. Chemi-
cal shifts are expressed in ppm. Traces of residual solvent or poly(dimeth-
ylsiloxane) were used as internal standard. All the '"H NMR spectra sig-
nals were attributed through 2D NMR analyses (COSY, HMQC,
HMBC).

Calix[6]cryptamide 4Method A: In a sealed tube, oxalyl chloride (100 pL,
1.153 mmol) was added to CTV derivative 2 (67 mg, 0.115 mmol) in an-
hydrous CH,Cl, (2 mL). The mixture was heated for 3 h at 50°C (a clear
solution was obtained after about 30 min), then concentrated under re-
duced pressure yielding CTV derivative 3 as a white solid.

At 0°C, a solution of crude compound 3 (0.115 mmol) in anhydrous tolu-
ene (10 mL) and a solution of calix[6]trisamine 1 (120 mg, 0.105 mmol)
and TEA (54 pL, 0.388 mmol) in anhydrous toluene (10 mL) were simul-
taneously added to toluene (20 mL) over a period of 30 min. The mixture
was stirred 15 h at room temperature and the solvent was then removed
under reduced pressure. The residue was dissolved in CH,Cl, (50 mL)
and washed with an aqueous NaOH solution (1M, 20 mL). The aqueous
layer was then extracted with CH,Cl, (1x10 mL) and the combined or-
ganic layers were evaporated under reduced pressure. The crude residue
was purified by flash chromatography on silica gel (CH,Cl,/AcOEt;
50:50), yielding calix[6]cryptamide 4 as a white solid (25 mg, 15%).

Method B: Anhydrous CHCl; (10 mL) and anhydrous CH;NO, (2.5 mL)
were added to calix[6]trisamine 1 (100 mg, 0.0874 mmol) and CTV deriv-
ative 2 (51 mg, 0.0874 mmol). The mixture was heated at 50°C until a
clear solution was obtained (about 2h), then a solution of PyBOP
(273 mg, 0.524 mmol) and TEA (75uL, 0.524 mmol) in anhydrous
CH;NO, (3 mL) was slowly added at 50°C (0.5 mL every 30 min). The
reaction mixture was stirred for 2 h at 50°C and then the solvents were
removed under reduced pressure. The residue was dissolved in CH,Cl,
(40 mL) and washed with H,O (10 mL). The aqueous layer was then ex-
tracted with CH,Cl, (2x5mL) and the combined organic layers were
evaporated under reduced pressure. The crude residue was purified by
flash chromatography on silica gel (eluent: CH,Cl,/AcOEt; 50:50), yield-
ing calix[6]cryptamide 4 as a white solid (67 mg, 46%). M.p.: 210°C
(decomp); 'HNMR (300 MHz, CDCLy): 6 0.76 (s, 27H; (Bu), 1.27 (s,
27H; tBu), 2.10 (s, 9H; OMe,,), 3.38 (d, /=14 Hz, 3H; ArCH,,,), 3.41
(d, J/=15Hz, 3H; ArCH, ), 3.57 (d, /=14 Hz, 3H; ArCH,cv), 3.52-
3.69 (m, 3H; OCH,CH,N), 3.86 (s, 9H; OMecry), 3.90 (d, J=8 Hz, 3H;
OCH,CH,N), 3.90-4.03 (m, 3H; OCH,CH,N), 4.06 (d, /=7 Hz, 3H;
OCH,CH,N), 4.30 (d, J=15Hz, 3H; ArCH,.,), 437 (d, /=15 Hz, 3H;
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ArCH,,), 445 (d, J=15Hz, 3H; OCH,CO), 4.68 (d, /=15Hz, 3H;
OCH,CO), 4.76 (d, J=14 Hz, 3H; ArCH,,c1v), 6.59 (s, 3H; ArH,), 6.64
(s, 3H; ArH,), 6.87 (s, 3H; ArHcry), 6.88 (s, 3H; ArH¢ry), 7.21 (s, 6H;
ArH,,), 7.31 ppm (s,, 3H; NHCO); CNMR (75 MHz, CDClL;) ¢ 30.1,
31.3, 31.6, 34.1, 34.3, 36.3, 40.2, 56.8, 60.7, 70.4, 71.9, 114.7, 117.1, 123.8,
124.0, 127.8, 128.1, 132.2, 132.8, 133.5, 134.3, 146.0(9), 146.1(5), 146.8,
148.9, 151.9, 154.7, 169.5 ppm; IR (KBr): #=3700-3120, 2961, 1682, 1520,
1464, 1264, 1197cm™'; elemental analysis caled (%) for
Ci0sH120N30,57H,O: C 70.09, H 8.01, N 2.34, found: C 69.77, H 7.93, N
2.33.

Calix[6]cryptamide 10: The procedure described for the preparation of 4
(Method B) was applied to calix[6]trisamine 1 (100 mg, 0.0874 mmol)
and compound 6 (42 mg, 0.0874 mmol). HBTU was used instead of
PyBop and the reaction time was 15 h. The crude mixture was washed
with an aqueous NaOH solution (1M, 20 mL) and the flash chromatogra-
phy eluent was CH,Cl,/acetone (90:10). Calix[6]cryptamide 10 was isolat-
ed as a white solid (20 mg, 13%). The yield was calculated taking into ac-
count the presence of about 1equiv of 1,1,3,3-tetramethylurea in the
final product (‘"H NMR estimation). "H NMR (300 MHz, CDCl,): ¢ 0.89
(s, 27H; 1Bu), 1.25 (s, 27H; 1Bu), 2.24 (s, 9H; OMe), 3.34 (d, J=15 Hz,
6H; ArCH,,), 3.72 (s,, 6H; OCH,CH,N), 3.98 (s,, 6H; OCH,CH,N),
4.14 (s, 6H; ArCH,Ar), 437 (d, J=14Hz, 6H; ArCH,,), 6.67 (s,, 3H;
NHCO), 6.80 (s, 6H; ArH,,), 7.05 (t, /=7 Hz, 3H; ArH,,,), 7.1 (s, 6 H;
ArH,), 7.20-7.45 ppm (m, 12H; ArH,,,; HRMS (ESI-TOF): m/z calcd
for C,psH;23N;00 [M+Na]*: 1592.9191; found: 1592.9157.

Calix[6]cryptamide 11: The procedure described for the preparation of 4
(Method B) was applied to calix[6]trisamine 1 (100 mg, 0.0874 mmol)
and compound 7 (46 mg, 0.0874 mmol). HBTU was used instead of
PyBop and the reaction time was 15 h. The crude mixture was washed
with an aqueous NaOH solution (1M, 15 mL) and the flash chromatogra-
phy eluent was CH,Cl,/acetone (90:10). Calix[6]cryptamide 11 was isolat-
ed as a white solid (30 mg, 21%). M.p.: 200°C (decomp); 'H NMR
(300 MHz, CDCls): 6=0.73 (s, 27H; tBu), 1.36 (s, 27H; Bu), 1.66 (s, 9H;
OMe), 3.38 (d, J=15Hz, 6H; ArCH,,), 412 (s,, 6H; OCH,CH,N), 4.15
(sp, 6H; OCH,CH,N), 4.58 (d, J=15Hz, 6H; ArCH,), 5.66 (s, 6H;
ArCH,0), 6.59 (s, 6H; ArH,), 6.97 (d, /=8 Hz, 3H; ArH,,;), 7.07 (t,
J=8Hz, 3H; ArH,,), 722 (s, 6H; ArH,), 7.38 (t, /=8 Hz, 3H;
ArH,,,), 7.50 (s, 3H; ArH,,,), 8.28 (d, /=8 Hz, 3H; ArH,,,), 9.11 ppm
(sp, 3H; NHCO); "CNMR (75 MHz, CDCLy): 6=29.6, 31.2, 31.8, 34.2,
34.4, 40.7, 60.4, 69.4, 72.1, 112.8, 120.9, 121.7, 121.8, 123.7, 128.2, 132.7,
132.8, 133.2, 133.6, 138.9, 146.3, 146.4, 151.4, 154.5, 156.4, 165.9 ppm; IR
(KBr): #=3700-3115, 2961, 1661, 1599, 1528, 1483, 1298, 1210 cm™;
HRMS (ESI-TOF): m/z caled for CysH;;3N;Op, [M+Na]*™: 1640.9004;
found: 1640.9047.

Calix[6]cryptamide 12: The procedure described for the preparation of 4
(Method B) was applied to calix[6]trisamine 1 (100 mg, 0.0874 mmol)
and CTV derivative 8 (66 mg, 0.0874 mmol). HBTU was used instead of
PyBop and DMF instead of CH;NO,. The crude mixture was washed
with an aqueous HCl solution (1M, 15 mL) and the flash chromatography
eluent was CH,Cl,/acetone (55:45). After washing with diethyl ether, cal-
ix[6]cryptamide 12 was isolated as a white solid (53 mg, 33%). M.p.:
244°C (decomp); 'HNMR (300 MHz, CDCL/CD;OD 3:1, 330 K): 0=
0.94 (s, 27H; 1Bu), 1.29 (s, 27H; tBu), 2.60 (s,, 9H; OMe,,), 3.32-3.70
(m, 6H; OCH,CH,N), 3.44 (d, /=14 Hz, 3H; ArCH,,,), 3.46 (d, /=
15Hz, 3H; ArCH,,.,), 3.61 (d, J=14 Hz, 3H; ArCH,cry), 3.74-4.02 (m,
12H; NHCH,CO, OCH,CH,N), 3.95 (s, 9H; OMecyy), 4.42 (d, J=14 Hz,
3H; ArCH,.), 445 (d, J=15Hz, 3H; ArCH,,), 4.58 (d, J=15Hz,
3H; OCH,CO), 4.67 (d, J=15Hz, 3H; OCH,CO), 4.77 (d, /=14 Hz,
3H; ArCH,c1v), 6.79 (s, 3H; ArH,,), 6.80 (s, 3H; ArH.,), 6.96 (s, 3H;
ArHery), 7.00 (s, 3H; ArHepy), 7.12 ppm (s, 6H; ArH,); “CNMR
(75 MHz, CDCl;): complex spectrum due to the presence of two confor-
mations (see the text); IR (KBr): #=3725-3125, 2960, 1663, 1513, 1481,
1265 cm™'; HRMS (ESI-TOF): m/z caled for C,;;H;3;N¢O,5 [M+Na]*:
1865.9965; found: 1865.9952.

Calix[6]cryptamide 13: The procedure described for the preparation of 4
(Method B) was applied to calix[6]trisamine 1 (100 mg, 0.0874 mmol)
and calix[6]trisacid 9 (104 mg, 0.0874 mmol). The reaction time was 15 h
and the flash chromatography eluent was CH,ClL,/AcOEt (98:2). Calix[6]-
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cryptamide 13 was isolated as a white solid (117 mg, 58 %). M.p.: 245°C
(decomp); 'HNMR (300 MHz, CDCly): §=0.82 (s, 54H; tBu), 1.37 (s,
27H; Bu), 1.39 (s, 27H; Bu), 2.45 (s, 9H; OMe), 2.48 (s, 9H; OMe),
3.44 (d, /=16 Hz, 6H; ArCH,,), 3.45 (d, /=15 Hz, 6H; ArCH,,), 3.86
(s, 6H; OCH,CH,N), 4.04 (s, 6H; OCH,CH,N), 445 (s, 6H;
OCH,CO), 4.55 (d, /J=15Hz, 6H; ArCH,,), 460 (d, J=15Hz, 6H;
ArCH,,), 6.64 (s, 12H; ArH), 7.25 (s, 6H; ArH), 7.26 (s, 6H; ArH),
7.81 ppm (s, 3H; NHCO); “CNMR (75 MHz, CDCl;): 6=30.3, 30.4,
31.3, 31.4, 31.8, 34.1(7), 34.2(2), 344, 34.5, 40.9, 53.6, 60.6(0), 60.6(1),
72.9, 123.9, 124.1, 128.1, 128.3, 132.8, 133.2, 133.3, 133.6, 146.0, 146.1,
146.3, 146.7, 152.5, 152.7, 154.9, 155.1, 169.9 ppm; IR (KBr): #=3715 to
3090, 2962, 1682, 1481, 1201, 1122 cm™'; elemental analysis calcd (%) for
Ci50H10sN30,53H,0: C 77.18, H 8.68, N 1.80, found: C 77.09, H 8.67, N
1.76.

Host-guest complex 12OIMI: IMI (2 equiv) was added to a solution of
calix[6]cryptamide 12 (4.0 mg, 2.17 umol) in CDCl; (500 pL) leading,
after sonication, to the host—guest complex 12DIMI as a unique species.
'HNMR (300 MHz, CDCl;, 263 K): 6=-0.10-0.14 (m, 4H; CHypy),
0.70 (s, 27H; tBu), 1.37 (s, 27H; Bu), 3.34 (d, /=15 Hz, 3H; ArCH,,),
3.42 (d, J=15Hz, 3H; ArCH,,,), 3.35-3.45 (m, 6H; OCH,CH,N), 3.59
(d, /=14 Hz, 3H; ArCH,,crv), 3.70 (s, 9H; OMe,,), 3.80-4.10 (m, 12H;
OCH,CH,N + NHCH,CO), 3.94 (s, 9H; OMecyy), 4.35 (d, J=15Hz,
3H; ArCH,..), 437 (d, J=15Hz, 3H; ArCH,,), 4.60-4.72 (m, 6H;
OCH,CO), 4.77 (d, J=14 Hz, 3H; ArCH,,c1v), 6.49 (s, 3H; ArH,,), 6.55
(s, 3H; ArH,), 6.86 (s, 3H; ArHcyy), 7.05 (s, 3H; ArHery), 7.24 (s, 3H;
ArH,), 7.29 (s, 3H; ArH,,), 8.05 (s, 3H; NHCO¢1v), 8.84 ppm (s, 3H;
NHCO,,).
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[33] For a review on synthetic allosteric receptors, see: L. Kovbasyuk, R. [35] Such a calix[6]arene/IMI complementarity has been rationalized by
Kramer, Chem. Rev. 2004, 104, 3161-3187. using an XRD structure of a closely related host-guest complex; see
[34] Association constants K were calculated from the '"H NMR spectra reference [5f] for details.
of 12 in the presence of a slight excess of PYD, IMI or PrNH,;*Cl~
(see the Supporting Information for the detailed procedure); in all Received: July 9, 2007
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Abstract: Stereoselective total synthe-
ses of two novel conformationally re-
strained epothilone analogues are de-
scribed. Evans asymmetric alkylation,

Enzyme resolution was employed to
obtain the second fragment as a single
enantiomer. The molecules were as-
sembled by esterification, followed by

ring-closing metathesis. In preliminary
cytotoxicity studies, one of the ana-
logues showed strong and selective
growth inhibitory activity against two

Brown allylation, and a diastereoselec-
tive aldol reaction served as the key
steps in the stereoselective synthesis of
one of the two key fragments of the
convergent synthetic approach.

Introduction

The clinically used anticancer drug paclitaxel (taxol) exerts
its cytotoxic activity by a mechanism invoking the stabiliza-
tion of microtubules.? However, the susceptibility of the
drug to multiple drug resistance has stimulated extensive re-
search on molecules with a paclitaxel-like mechanism of
action.®* The most extensively investigated of the new mo-
lecular entities discovered are the epothilones, a class of
macrolide natural products initially isolated from a soil bac-
terium.>>® Some epothilones exhibit more potent anticanc-
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leukemia cell lines over solid human
tumor cell lines. The precise biological
mechanism of action and high degree
of selectivity of this analogue remain
to be examined.

agents -

0 OH O o

R = H epothilone A
R = CHj epothilone B

R = H epothilone C
R = CHj epothilone D

er activity than paclitaxel and have favorable attributes that
may improve their pharmacological profile.”*

Replacing the thiazole ring in epothilone B by methylpyr-
idine rings, in which the nitrogen atom is ortho to the pyri-
dine-vinyl linker attachment, produced analogues with
higher potencies against drug-resistant tumor cells.”! The
role of the N atom at an ortho-position in the heterocycle
has been attributed to a hydrogen-bond interaction between
the thiazole N atom and a protonated His residue in tubu-
1in.""" The 16-Me and 19-H adopt a syn orientation, liber-
ating the thiazole N atom from the steric bulk of the 16-Me,
making it more accessible for potential hydrogen bonding.
Rigidification of the aromatic side chain through incorpora-
tion of the C-16-C-17 olefinic double bond into a fused het-
eroaromatic ring system such as benzothiazole resulted in
analogues more potent than parent epothilone B and D.'*"!
Interestingly, in contrast to the pyridine analogues, there
was no dependence of the tubulin-polymerizing activity of
these rigidified analogues on the position of the nitrogen
atom in the heterocycles.'"! Antiproliferative activity, on the
other hand, showed a strong dependence on the position of
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the nitrogen atom, as in the pyridine analogues. Attempts to
rigidify the southern C-1-C-8 sector of the molecule have
resulted in loss of biological activity.'”*¥! Analogues made
by rigidification of some parts of the northern C-9-C-13
sector have retained biological activity.""?'! A series of con-
formationally rigidified analogues bridging the northern and
southern sectors across the macrocycle were prepared re-
cently. However, their biological activities have not been re-
ported.?

The extensive database on SAR for epothilone has led to
the discovery of potent epothilones.”?! At least five ana-
logues are currently in different stages of clinical develop-
ment.”! Most of the current potent epothilone analogues
bear close structural resemblance to the parent compounds.
While largely uninvestigated, compounds with more strin-
gent structural modifications of the epothilone scaffold may
produce new lead structures with altered pharmacological
profiles for drug discovery.? !

Results and Discussion

We designed a new class of conformationally restrained ana-
logues of epothilones (compounds 1a and 1b) by restricting

the mobility of the aromatic side chain. In doing so, we re-
tained the C-1-C-8 sector unchanged, in view of its seeming-
ly crucial role in biological activity. A single methylene
bridge was introduced between C-14 and C-17. The resulting
cyclopentene moiety, which incorporated the C-16-C-17
double bond, was designed to rigidify the side chain while
still permitting sufficient mobility of the pyridine ring to
allow for the preferred N-atom orientation for a hydrogen
bonding interaction with the receptor.'!

The choice of a S configuration at the new chiral center at
C-14 in the designed analogues was based on molecular
modeling studies, and is consistent with the observations of
Taylor et al.,””® whose extensive studies on the bioactive
conformation of epothilones have shown that the (S)-C-14-
Me analogue of epothilone D is far more active than the
corresponding R epimer. We performed energy minimiza-
tions for 1b (C-14-S) as well as for its C-14-(R) epimer and
for epothilone D by using Gaussian 03" at the B3LYP/6—
3114+4+G(d,p) level (Figure 1). Compound 1b was found to
be more stable than the C-14-(R) epimer by 8.8 kcalmol ™.
The main ring configuration in the minimized structure of
epothilone D remained very similar to the X-ray crystal
structure of 14-(S)-methyl-epothilone D (Figure 1).?” In
Figure 1, the energy-minimized structures of 1b and its C-
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Figure 1. Energy-minimized epothilone D (gray); X-ray crystal structure
of 14-(S)-methyl-epothilone D (cyan); compound 1b (green); and C-14-
(R)-1b (magenta). The nitrogen atoms are shown in blue, the oxygen
atoms are in red, and the sulfur atoms are in yellow. Main-ring heavy
atoms were used in the alignment and the energy-minimized epothilone
D was used as the reference structure. The figure was created by using
Sybyl 7.3 (Tripos, St. Louis, MO).

14-(R) epimer are aligned with the minimum-energy struc-
ture of epothilone D by using the heavy atoms in the large
ring and the root-mean-square deviations were found to be
0.287 and 0.283 A for 1b and its C-14-(R) epimer, respec-
tively. In comparison, the root mean deviation of the heavy-
atom alignment for epothilone D and the X-ray crystal
structure of 14-(S) -methyl-epothilone D was found to be
0.186 A. As can be seen from Figure 1, the side chain heter-
oaromatic ring segment in 1b, compared to its C-14-(R)
epimer, can adopt an overall configuration close to those of
epothilone D and 14-(S)-methyl-epothilone D. The confor-
mational flexibility of the heteroaromatic ring-containing
side chains of these analogues permit the N atoms in the
heteroaromatic rings to come within 1 A of each other. In
contrast, the heteroaromatic ring-containing side chain of
the C-14-(R) epimer of 1b is virtually perpendicular to the
plane of the macrocycle.

A convergent synthetic approach with ring-closing meta-
thesis (RCM) of 2a and 2b in the final step was adapted
(Scheme 1). Retrosynthetic disconnection of 2a and 2b led
to the three key synthons 3, 4, and either 5a or 5b. The ste-
reoselective aldol coupling product between aldehyde 3 and
ketone 4 would be converted to the corresponding carboxyl-
ic acid and then esterified with alcohols 5a and 5b to give
2a and 2b. This intermediate would then undergo RCM to
yield the desired macrolide skeleton.

Aldehyde 3 was made by using the Evans asymmetric al-
kylation protocol (Scheme 2).P%! Wittig olefination of the
keto acid 6 gave the alkene 7. It was converted to the alde-
hyde 3 via the imide 9, following Schinzer’s procedure.”"

The bis-silyl ether ketone 4 was made as shown in
Scheme 3. Compound 10 was synthesized as reported earli-
er.”? Selective reduction of the aldehyde group of 10 with

www.chemeurj.org — 571



www.chemeurj.org



CHEMISTRY—

L. M. V. Tillekeratne et al.

A EUROPEAN JOURNAL

X~ R
<
4
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4

Scheme 1. Retrosynthetic analysis of the designed epothilones.
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OH ¢ Xb) 7:X=OH \—Y 9
8:X=Cl
Scheme 2. a) MeP*(Ph);Br~, nBuLi, DMSO/THF, RT, 48h, 78%;
b) (COCl),, benzene; c) (S)-4-isopropyl-2-oxazolidonone, nBuLi, THEF,
—78°C.

o O OTBSOH

- R T

O OTBSH o
10
HO W “OTBS
S V12

Scheme 3. a) NaBH,, CH,Cl,, EtOH, -78°C; b)TBSCI,
CH,Cl,, 0°C. TBSCl =tert-butyldimethylsilyl chloride.

- . 4

imidazole,

NaBH, gave the primary alcohol 11 as a mixture with its
hemiacetal 12, and was converted to the bis-silyl ether 4
with TBSCI and imidazole.

A highly diastereoselective aldol reaction between the al-
dehyde 3 and ketone 4 under kinetic control generated aldol
13 (Scheme 4). The desired syn aldol 13 was formed togeth-
er with the unwanted syn diastereomer (10:1) without any
detectable formation of the anti product.”™ The syn diaste-
reomers were separated by column chromatography. The §
stereochemistry at C-7 in 13 was confirmed by Mosher’s
ester analysis.*¥ The hydroxyl function was protected with a
Troc group to give compound 14. The use of the Troc
group®! in this context was based on an earlier failed se-
quence. We had initially approached the synthesis of 1a by
employing Suzuki coupling for making the C-12-C-13
double bond and Yamaguchi macrolactonization for final
ring closure and with a TBS (and later TES) protecting
group at this position instead of Troc. However, desilylation
of these groups in the final step proved problematic. Milder
desilylating agents were ineffective and harsher conditions
gave decomposition products. Thus, the present protocol
was adopted with olefin metathesis for final ring closure. Se-

5712 —
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14: X =0TBS
15: X=0OH

0 0OTBS O

16:Y =H
17:Y =OH

Scheme 4. a) LDA, THF, —78°C, 83 %; b) TrocCl, pyridine, CH,Cl,, 0°C,
1h, 93%; c) CSA, CH,Cl,/MeOH, 0°C, 7 h, 87 %; d) DMP, CH,Cl,, RT,
15 min; e) NaClO,, NaH,PO,, H,O/fBuOH, 2-methyl-2-butene, RT, 1 h,
90% (2 steps). TrocCl=2,2,2-trichloroethyl chloroformate, CSA =(15)-
(4)-10-camphorsulfonic acid, LDA =lithium diisopropylamide, DMP =
Dess—Martin periodinane.

lective desilylation of 14, followed by sequential DMP and
Pinnick’s oxidations gave the carboxylic acid 17.

The synthesis of enantiomerically pure -ketoalcohols 22a
and 22b by means of diastereoselective reduction of the cor-
responding [-ketoesters 21a and 21b seemed a logical and
convenient approach to this moiety as the racemate of these
B-ketoesters could be very conveniently prepared by aldol
cyclization of the corresponding y-aryl-substituted p-ketoest-
ers 20a and 20b (Scheme 5). We investigated the conversion
of 21a and 21b to 22a and 22b in high enantiomeric purity.

o O

\Mo/\

18 )
+ a
R S -
| -
X Br
0]

19a: R=H, X=CH
19b: R=CH3z X=N

@)

R
R 20a:R=H,X=CH
20b: R=CH3 X=N

21a:R=H,X=CH
21b: R=CH3 X=N
OH o
|

PN

—
=

\ X

R 22a:R=H, x=CH

22b:R=CHz X=N

Scheme 5. a) NaH, THF, 0°C, 82% (20a), 76% (20b); b) NaOH, anhy-
drous EtOH, 78 % (21a), 73% (21b).

The diketoesters 20a and 20b were synthesized from
ethyl propionylacetate 18 and a-bromoacetoaromatic deriv-
atives 19a and 19b (Scheme 5). Direct intramolecular aldol
condensation led to the cyclopentenones 21a and 21b. The
2-bromoketone 19b was prepared as shown in Scheme 6.°¢!
Bromination of 25 to 19b was carried out conveniently and
reproducibly by using commercially available polymer-sup-
ported tribromide (Amberlyst A26-Br;~).57

After a number of unsuccessful attempts at stereoselective
reduction of the ketone 21a,°**! including reduction with
high catalyst loading of Corey’s oxazaborolidine CBS re-
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Scheme 6. a) nBuLi, Et,0, —78°C; b) N,N-dimethyl-acetamide, Et,0,
—78°C, 72% (2 steps); c) polymer-supported Amberlyst A26-Br;~, THEF,
91%.

agent,*! the desired trans product 22a and its enantiomer
ent-22a were finally obtained in equal amounts by reduction
under chelation control by using Zn(BH,), (Scheme 7).“!

b)

ent-22a — - 22a
98% ee

ent-22a
Scheme 7. a) Zn(BH,),/ether, 4°C, 75%; b) PS-D lipase, vinyl acetate,
4A MS, pentane, RT, 4d, 48% (ent-22a), 49% (26); c) anhydrous
K,CO;, anhydrous EtOH, RT, 12 h, 92 %. MS =molecular sieves.

26

The trans racemate mixture 22alent-22a was efficiently
separated by enzymatic resolution by using Amano PS-D
Lipase enzyme (Scheme 7). Alcohol 22a was acetylated to
form 26, whilst ent-22a remained unchanged. They were
separated by column chromatography (49% 26 and 48%
ent-22a). The stereochemistry at the secondary hydroxyl
carbon atom of the ent-22a isomer and its enantiomeric
purity were determined by Mosher’s ester analysis (R,
99 % ee).’ Ethanolysis of 26 gave the desired alcohol 22a
(S, 98% ee by Mosher’s ester analysis).* The trans configu-
ration of 22a was confirmed by NOE experiment (vide
infra).

Compound 21b was found to be much more resistant to
reducing agents, including Zn(BH,),. Indeed, using even an
excess of NaBH, resulted in only partial reduction. We
speculated that altering electronic effects exerted by the
basic nitrogen atom could render the molecule susceptible
to reduction. Gratifyingly, prior conversion of 21b to the
corresponding trifluoroacetate salt by treatment with two
equivalents of trifluoroacetic acid (TFA) allowed rapid
NaBH, reduction producing a mixture of all four diastereo-
mers (Scheme 8). The product mixture was separated into
the cis and trans enantiomeric pairs by column chromatogra-
phy (transicis 2:1, determined by 'H NMR spectroscopy).
The fraction containing the pair of trans enantiomers (22b
and ent-22b) was resolved by using Amano PS-D Lipase
enzyme as described earlier for the phenyl analogue.

As with the phenyl analogue, the desired enantiomer 22b
was acetylated to 28 while the enantiomer ent-22b remained
unchanged. They were separated by column chromatogra-
phy and 28 was subjected to ethanolysis as before to obtain
22b (S, 95% ee by Mosher’s ester analysis).’ NOE experi-
ments confirmed the trans configuration of the molecule.
The cis isomers 27 and ent-27, isolated by a similar enzyme-
mediated resolution protocol, showed a strong NOE be-
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a)

21 ——~

ent-22b 22b

(95% ee)

HaC
Scheme 8. a) i) TFA, CH,CL, solvent evaporated, ii) residue in MeOH,
NaBH,, 0°C, 30 min; b) PS-D lipase, vinyl acetate, 4 A MS, pentane, RT,

3d, 48% (ent-22b), 49% (28); c) anhydrous K,CO;, anhydrous EtOH,
RT, 12 h, 94 %. TFA =trifluoroacetic acid.

tween the two protons at the two stereogenic centers, and
no such NOE was observed between the two corresponding
protons in 22b or ent-22b.

Reduction of the esters 29a and 29b with DIBAL-H gave
the corresponding aldehydes 30a and 30b, which were sub-
jected to Wittig olefination to obtain the olefins 31a and
31b (Scheme 9). Desilylation with TBAF gave the desired

TESO ©
] R
o~ 0
22 a) b) e
22b ”
TESO
R 29a:R=H, X = CH 30a:R=H, X=CH
29b: R=CHy X=N 30b:R=CH; X=N
= I R
L, = \X l, 5a
A 5b
TESO

31a:R=H,X=CH
31b:R=CHz X=N

Scheme 9. a) TESCI, imidazole, CH,Cl,, 0°C, 2h, 93% (29a), 92%
(29b); b) DIBAL-H, toluene, —78°C, 1h; c) MeP*(Ph);Br~, nBuLi,
THEF, 0°C, 30 min, 71% (31a), 73% (31b); d) TBAF, THF, 0°C, 30 min,
80% (5a), 83% (5b). TESCl=triethylsilyl chloride, DIBAL-H = diiso-
butylaluminum hydride, TBAF =tetrabutylammonium fluoride.

alcohols 5a and Sb. At this stage, we confirmed the relative
trans stereochemistry of the protons H-1 and H-5 in the cy-
clopentene moiety Sa and the absolute stereochemistry of
the molecule as shown based on NOE correlations
(Figure 2) in conjunction with the already-established S con-
figuration of the secondary hydroxyl carbon atom.¥

Figure 2. NOE correlations of (18,55)-2-methyl-3-phenyl-5-vinylcyclo-
pent-2-enol (5a).
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The carboxylic acid 17 was esterified to 32a with alcohol
5a by using DCC/DMAP (Scheme 10). The Troc and TBS
protecting groups were sequentially removed with zinc dust/
ammonium chloride in dry ethanol and TAS-F* respective-

17 + 5a

0 0TBSO
32a

Cl'l-l’Cy3 1a + Eisomer

2nd generation
: Grubbs catalyst
o OX O d)

33: X=TBS
o)

2a: X =0H
Scheme 10. a) DCC, DMAP, CH,Cl,, 0°C (15 min), RT (16h), 64%;
b) Zn, NH,Cl, anhydrous EtOH, RT, 45 min; c) TAS-F, DMF, 2d, 62%
(2 steps); d) CH,Cl,, 50°C, 16 h, 50% (Z+E). DCC=1,3-dicyclohexyl-
carbodiimide, DMAP =4-dimethylaminopyridine, TAS-F = tris(dimethyl-
amino)sulfur (trimethylsilyl)difluoride.

ElZ=125

ly, to give intermediate 2a. Finallyy, RCM of 2a by using
second-generation Grubbs catalyst gave the desired Z-
alkene 1a, accompanied by what appeared to be the E
isomer as a minor product. A strong NOE correlation be-
tween the C-12-methyl protons and the C-13 olefinic proton
confirmed the Z stereochemistry of the double bond of 1a.

A similar approach to synthesize the pyridine analogue
1b by starting from the carboxylic acid 17 and the alcohol
5b was complicated by an unexpected retroaldol decoupling
of the alcohol obtained by the removal of the Troc protect-
ing group upon treatment with TAS-F. Gratifyingly, this was
easily overcome by changing the order of removal of the
two protecting groups (Scheme 11). Thus, the TBS protect-
ing group was removed first with TAS-FI*J to give 34 which
was then treated directly with zinc dust and ammonium
chloride in dry ethanol to give intermediate 2b. Finally,
RCM of 2b by using second-generation Grubbs catalyst
gave the desired product 1b. The Z configuration of the
double bond was confirmed by NOESY. The phenyl ana-
logue 35 and a dimerlike product from 2b were isolated as
byproducts. A large coupling constant between the two ole-
finic protons and the absence of NOE correlations estab-
lished the E configuration of
the nonterminal double bond
of 35. Formation of 35 can be

N “
/ |
. S
/
o
O OH O
34: X = Troc
o
2b: X=0H
Mes—N_ _N-Mes
Ph
GoR= g
PCys + = , dimer
2nd generation b / 36

Grubbs catalyst
d)

O OH O 35
Scheme 11. a) DCC, DMAP, CH,Cl,, 0°C (15 min), RT (16 h), 85%;
b) TAS-F, DMF, 2 d; ¢) Zn, NH,Cl, anhydrous EtOH, RT, 45 min, 62 %
(2 steps); d) CH,Cl,, 50°C, 16 h, 55%.

human tumor screen, compound 1b showed strong growth
inhibitory activity on CCRF-CEM and SR leukemia cell
lines with GI;, values of 2.7 and 2.9 nm, respectively (Table 1
and Figure 3 A). Surprisingly, it showed no significant activi-
ty on any of the other cell lines, including those derived
from breast (MCF-7) and ovarian (SK-OV-3) cancers
(Table 1 and Figure 3B,C). Although activity data of natural
epothilone D against the NCI-60 cell lines is not available,
Danishefsky et al. reported a potent and nonselective cyto-
toxic activity of epothilone D against these cell lines
(Table 1).9 It is also significant to note that the mechanisti-
cally analogous cancer drug paclitaxel (taxol) is slightly less
effective (Gls, of 12.6 nm for CCRF-CEM and 15.8 nm for
SR) and less selective against these cell lines (NCI-60 cell
line screen data). The reason for the highly selective inhibi-
tion of compound 1b against leukemia cell growth over
solid tumor cell lines is still under investigation. We also
tested the open-chain analogue 35, which was isolated as a
byproduct of the RCM reaction along with 1b, and it
showed no significant activity on any of the NCI-60 cell
lines (Table 1). This is in accordance with our previous data
on acyclic epothilone analogues which showed weak cyto-
toxic activity."! So far we have subjected analogue 1a only
to a preliminary growth inhibition assay on MCF-7 breast
cancer cells, in which it showed no activity. We are currently
generating more material for testing in the NCI-60 cell line
tumor screen.

Table 1. In vitro cytotoxicities (Gls, and 1Csy) against human tumor cell lines.”!

attributed to high catalyst Glso [um] ICs [pm]
loading required to overcome Cell line 1b la 35 Paclitaxel Epothilone D!
the sluggishness of the RCM  CCRF-CEM 0.0027 nd >12.5 0.0126 0.0095
reaction SR 0.0029 nd > 125 0.0158 nd
’ MCEF-7 >15 192 >12.5 0.0100 0.0029
SK-OV-3 >15 nd >12.5 0.0251 0.0069

Cytotoxic activity: In prelimi-
nary in vitro cytotoxicity stud-
ies in the NCI-60 cell line
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[a] In vitro cell growth inhibition was measured by using the NCI-60 cell line screen (SRB assay). CCRF-CEM
and SR are leukemia cell lines, MCF-7 is breast cancer cell line, and SK-OV-3 is ovarian cancer cell line.
[b] Data from reference [43] (measured by SRB assay). nd: Not Determined.
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Figure 3. NCI in vitro 60 cell line human tumor screen (dose response
curves for A)leukemia (o: CCRF-CEM, m: HL-60(TB), a: K-562, x:
RPMI-8226, v: SR) B) breast cancer (¢: MCF7, m: NCI/ADR-RES, a:
MDA-MB-231/, x: HS 578T, v: MDA-MB-435, e: BT-549), and
C) ovarian cancer (o: IGROV1, m: OVCAR-3, a: OVCAR-4, x:
OVCAR-5, v: OVCAR-S, e: SK-OV-3.

Conclusion

Two novel conformationally restrained epothilones 1a and
1b were synthesized. The strategy developed should be ap-
plicable to the synthesis of other important analogues of the
series. The strong and selective growth inhibitory effect ex-
hibited by analogue 1b on two leukemia cell lines, while not
suppressing the proliferation of breast cancer and ovarian
cancer cells which are very sensitive to natural epothilones,
indicates that it may be possible to also develop new lead
molecules of varying pharmacological profile by substantial
modification of the epothilone scaffold. Our future efforts
will focus on a more detailed investigation of this new class
of conformationally restrained epothilone analogues to elu-
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cidate the biological mechanism in relation to selective ac-
tivity.

Experimental Section

General methods: NMR spectra were recorded on Varian INOVA 600,
Varian VXRS-400, Bruker AC-F 300 MHz, or Nicolet NM-500 MHz
(modified with a Tecmag Libra interface) instruments and calibrated
using residual undeuterated solvent as internal reference. Optical rota-
tions were recorded on an AUTOPOL III 589/546 polarimeter. High-res-
olution mass spectra (HRMS) were recorded on a Micromass LCT Elec-
trospray mass spectrometer performed at the Mass Spectrometry and
Proteomics Facility, The Ohio State University.
(3S,6R,7S,85)-1,3-Bis(tert-butyldimethylsilanyloxy)-7-hydroxy-4,4,6,8,12-
pentamethyltridec-12-en-5-one (13): A solution of ketone 4 (1.8¢g,
4.48 mmol, 2.3 equiv) in THF (5mL) was added dropwise to a solution
of freshly prepared LDA in THF (prepared by adding nBuLi (2.92 mL of
1.6m solution in hexanes, 4.67 mmol) to diisopropylamine (4.67 mmol,
0.655mL) in THF (5 mL) at —78°C, then warming the solution to 0°C
for 20 min, and finally cooling back to —78°C). The reaction mixture was
stirred at —78°C for 1h and at —40°C for 30 min and was then cooled
back to —78°C. A precooled (—78°C) solution of aldehyde 3 (0.272 g,
1.95 mmol, 1 equiv) in THF (10 mL) was added by the use of a cannula
to the mixture over 2 min. The reaction mixture was stirred at —78°C for
15 min before it was quenched rapidly by injection of a solution of acetic
acid (0.55 mL) in THF (1.64 mL). The mixture was stirred at —78°C for
5 min and brought to room temperature. Saturated aqueous ammonium
chloride (20 mL) and Et,O (25 mL) were added and the layers were sep-
arated. The aqueous layer was extracted with Et,0 (3x25mL) and the
organic extracts were combined, dried over anhydrous sodium sulfate,
and concentrated in vacuo. Flash column chromatography (4-20% Et,O/
hexanes) gave recovered ketone 4 (0.78 g) followed by syn aldol 13
(0.87 g, 83%) as the pure diastereomer along with the other syn aldol
diastereomer (74 mg, 7 %) as colorless oils.

Data for 13: [a]2=-39.6 (c=0.7 in CHCL;); R;=0.57 (silica gel, 20%
Et,0O/hexanes); '"HNMR (600 MHz, CDCly): d=4.66 (s, 1H), 4.65 (s,
1H), 3.88 (dd, J=2.4, 7.8 Hz, 1H), 3.67-3.63 (m, 1H), 3.60-3.55 (m, 1H),
3.30-3.27 (m, 2H), 2.05-1.95 (m, 2H), 1.69 (s, 3H), 1.76-1.26 (m, 7H),
1.19 (s, 3H), 1.07 (s, 3H), 1.01 (d, *J=6.6 Hz, 3H), 0.88 (s, 9H), 0.87 (s,
9H), 0.82 (d, /=72 Hz, 3H), 0.09 (s, 3H), 0.06 (s, 3H), 0.02 ppm (s,
6H); ®C NMR (100 MHz, CDCl,): 6 =222.7, 146.5, 109.9, 75.1, 74.3, 60.7,
542,415, 38.4,35.7, 32.8, 26.4, 26.3, 26.2, 25.0, 23.1, 22.6, 20.7, 18.6, 18.5,
15.6, 9.8, —3.5, —-38, —5.0ppm; HRMS (ESI): m/z: caled for
C3Hg, 0,81, +Na*: 565.4084 [M+Na*]; found: 565.4067.
(3S,6R,78,85)-Carbonic acid-1-[4,6-bis(tert-butyldimethylsilanyloxy)-
1,3,3-trimethyl-2-oxohexyl]-2,6-dimethyl-1-hept-6-enyl ester 2,2,2-trichloro-
ethyl ester (14): To a solution of aldol 13 (0.80 g, 1.48 mmol) in methyl-
ene chloride (30 mL) at 0°C was added pyridine (0.96 mL, 11.84 mmol,
8equiv) followed by 2,22-trichloroethyl chloroformate (0.8 mL,
5.92 mmol, 4 equiv), and the reaction mixture was stirred at 0°C for 1 h.
Saturated aqueous sodium bicarbonate (50 mL) was added and the or-
ganic layer was separated. The aqueous layer was extracted with methyl-
ene chloride (3x50 mL), and the combined organic layers were dried
over anhydrous sodium sulfate and concentrated in vacuo. Purification
by flash column chromatography (2% EtOAc/hexanes) afforded protect-
ed aldol 14 (0.98 g, 93%) as a colorless oil. [a]Z=-51.5 (c=1.6 in
CHCl,); R;=0.72 (silica gel, 17% EtOAc/hexanes); '"H NMR (600 MHz,
CDCly): 6=4.85 (d, J=12.0 Hz, 1H), 4.78 (dd, J=4.2, 7.8 Hz, 1H), 4.66
(d, J=12.0 Hz, 1H), 4.66 (s, 1H), 4.62 (s, 1H), 3.72 (dd, /=2.4, 7.8 Hz,
1H), 3.63-3.59 (m, 1H), 3.58-3.53 (m, 1H), 3.50-3.45 (m, 1H), 1.98-1.91
(m, 2H), 1.72-1.61 (m, 2H), 1.67 (s, 3H), 1.51-1.42 (m, 2H), 1.34 (s, 3H),
1.31-1.24 (m, 3H), 1.04 (d, /=6.6 Hz, 3H), 0.99 (s, 3H), 0.94 (d, J=
6.6 Hz, 3H), 0.88 (s, 9H), 0.85 (s, 9H), 0.082 ppm (s, 6 H), 0.001 (s, 6H);
BCNMR (100 MHz, CDCly): 9=215.8, 154.5, 145.8, 110.3, 95.0, 83.1,
76.8, 75.8, 60.5, 53.8, 42.7, 38.2, 34.9, 31.5, 26.4, 26.1, 24.9, 23.7, 22.6, 21.2,
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18.6, 16.3, 11.3, —3.3, —4.1, —5.0, —5.1 ppm; HRMS (ESI): m/z: calcd for
Cy3HgClLOSi, + Nat 739.3126; found: 739.3163 [M+Na™].
(3S,6R,75,85)-Carbonic acid-1-[4-(zert-butyldimethylsilanyloxy)-6-hy-
droxy-1,3,3-trimethyl-2-oxohexyl]-2,6-dimethyl-1-hept-6-enyl ester 2,2,2-
trichloroethyl ester (15): A solution of bis-silyl compound 14 (0.8 g,
1.11 mmol, 1equiv) in methylene chloride (30 mL) and methanol
(20 mL) was cooled to 0°C. A solution of (15)-(+)-10-camphorsulfonic
acid (77 mg, 0.33 mmol, 0.3 equiv) in methanol (10 mL) was added to this
solution. The reaction mixture was stirred at 0°C for 7 h before it was
quenched with saturated aqueous sodium bicarbonate (10 mL). The solid
precipitate was filtered and the filtrate was concentrated in vacuo. The
residue was diluted with Et,0 (100 mL) and washed with brine. The or-
ganic layer was separated and the aqueous layer was extracted with Et,O
(3x20 mL). The combined organic phases were dried over anhydrous
sodium sulfate and concentrated in vacuo. Purification by flash column
chromatography (10 % EtOAc/hexanes) afforded the unstable alcohol 15
(0.583 g, 87%). It was used directly in the next step. R;=0.57 (silica gel,
33% EtOAc/hexanes); 'HNMR (600 MHz, CDCl;): 6=4.87-4.80 (m,
2H), 4.69-4.61 (m, 3H), 3.92 (dd, J=3.0 Hz, 7.8 Hz, 1H), 3.67-3.59 (m,
2H), 3.45-3.40 (m, 1H), 1.98-1.90 (m, 2H), 1.66 (s, 3H), 1.70-1.42 (m,
8H), 1.26 (s, 3H), 1.07-1.06 (m, 6H), 0.95 (d, J=6.6 Hz, 3H), 0.89 (s,
9H), 0.10 (s, 3H), 0.08 ppm (s, 3H); HRMS (ESI): m/z: calcd for
C,H,CLOGSi+Nat: 6252262 [M+Na*]; found: 625.2260.
(38,6R,7S,85)-3- (tert-Butyldimethylsilanyloxy)-4,4,6,8,12-pentamethyl-5-
0x0-7-(2,2,2-trichloroethoxycarbonyloxy)tridec-12-enoic acid (17): Dess—
Martin periodinane (0.545 g, 1.28 mmol, 1.4 equiv) was added to a solu-
tion of alcohol 15 (0.550 g, 0.914 mmol) in methylene chloride (4 mL).
The mixture was stirred at room temperature for 15 min. An additional
amount of Dess—Martin reagent (0.23 g, 0.6 equiv) was added and the re-
action mixture was stirred for 15 min and was then subjected to flash
column chromatography (10% EtOAc/hexanes) to furnish crude alde-
hyde 16 which was used directly in the next step. A solution of sodium di-
hydrogenphosphate (270 mg, 2.25 mmol, 2.46 equiv) and sodium chlorite
(270 mg, 3 mmol, 3.27 equiv) in distilled water (5 mL) was added to the
crude aldehyde 16 (ca. 0.914 mmol) in fert-butanol (25 mL) and 2-methyl-
2-butene (6 mL). The mixture was stirred at room temperature for 1h
and quenched by the addition of saturated aqueous ammonium chloride
(50 mL) and water (50 mL). The mixture was extracted with ethyl acetate
(3x60 mL) and the combined organic extracts were dried over anhydrous
sodium sulfate and concentrated in vacuo. Purification by flash column
chromatography (10% EtOAc/hexanes) afforded the pure carboxylic
acid 17 (0.505 g, 90% over two steps) as a colorless oil. [a]F=-53.7 (c=
0.8 in CHCly); R;=0.58 (silica gel, 40% EtOAc/hexanes); 'H NMR
(600 MHz, CDCl;): 0=4.85 (d, J=12.0 Hz, 1H), 4.76 (dd, J=4.2, 7.2 Hz,
1H), 4.66 (d, J=12.0 Hz, 1H), 4.66 (s, 1H), 4.62 (s, 1H), 422 (dd, /=3.6,
6.6 Hz, 1H), 3.47-3.41 (m, 1H), 2.60 (dd, J=3.6, 17.4 Hz, 1H), 2.21 (dd,
J=6.6, 16.8 Hz, 1H), 1.96-1.91 (m, 2H), 1.74 —1.68 (m, 1H), 1.66 (s,
3H), 1.52-1.42 (m, 2H), 1.31 (s, 3H), 1.28 (d, /=16.8 Hz, 3H), 1.06 (s,
6H), 0.94 (d, J=7.2 Hz, 3H), 0.86 (s, 9H), 0.1 (s, 3H), 0.03 ppm (s, 3H);
BCNMR (100 MHz, CDCly): §=215.5, 177.7, 154.5, 145.8, 110.3, 94.9,
82.7,76.9,75.0, 53.8, 42.4, 39.9, 38.2, 34.9, 31.5, 26.3, 26.2, 24.8, 23.0, 22.6,
20.3, 184, 16.3, 11.5, —43ppm; HRMS (ESI): m/z: caled for
CH,,Cl,0,Si+Na*: 639.2054 [M+Na*]; found: 639.2079.
3-Ox0-2-(2-0x0-2-phenylethyl)pentanoic acid ethyl ester (20a): Ethyl
propionylacetate 18 (10 g, 69.4 mmol) was added slowly to a stirred sus-
pension of sodium hydride (60% dispersion in mineral oil, 3.33 g,
83.3 mmol, 1.2 equiv) in THF (100 mL) at 0°C and the mixture was
stirred for 30 min. 2-Bromoacetophenone 19a (15.2g, 76.34 mmol,
1.1 equiv) in THF (10 mL) was added dropwise and the reaction mixture
was stirred at room temperature for 16 h. Saturated aqueous ammonium
chloride (60 mL) was added and the mixture was subsequently extracted
with Et,0 (3x70 mL). The combined organic layers were washed with
brine and dried over anhydrous sodium sulfate. The solvent was removed
in vacuo to give a dark-yellow oil that was purified by flash column chro-
matography (10% EtOAc/hexane) to give the diketoester 20a (14.8 g,
82%) as a yellow oil. R;=050 (silica gel, 25% EtOAc/hexanes);
'HNMR (400 MHz, CDCL;): 6=7.98 (d, J=8.4 Hz, 2H), 7.58 (m, 1H),
7.46 (m, 2H), 422 (q, J=7.2Hz, 3H), 3.74 (dd, /=84, 18.4Hz, 1H),
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3.53 (dd, J=52, 18.4Hz, 1H), 2.91-2.70 (m, 2H), 1.28 (t, /J=7.2 Hz,
3H), 1.12 ppm (t, J=7.2 Hz, 3H); ®C NMR (75 MHz, CDCl;): 6=205.4,
197.4, 169.3, 136.3, 133.6, 128.8, 128.3, 61.9, 53.2, 37.7, 36.6, 14.2, 7.8 ppm;
HRMS (ESI): m/z: caled for C;sH;3O,+Na* 285.1103; found: 285.1093
[M+Na*].

3-Methyl-2-ox0-4-phenylcyclopent-3-enecarboxylic acid ethyl ester (21a):
A solution of the diketoester 20a (12 g, 45.8 mmol) in dry ethanol
(150 mL) was added dropwise to a solution of sodium hydroxide (1.83 g,
45.8 mmol) in dry ethanol (75 mL) with vigorous stirring. The solution
was heated to 50°C and stirred overnight at that temperature. Et,0
(1.5 L) was added and the organic phase was washed with HCl (2N, 3 x
300 mL) and dried over anhydrous sodium sulfate. The solvent was re-
moved in vacuo to give an oil that was purified by flash column chroma-
tography (6% EtOAc/hexane) to give the cyclic B-ketoester 21a (8.7 g,
78%) as a yellow oil. R;=0.40 (silica gel, 25 % EtOAc/hexane); 'H NMR
(400 MHz, CDCL;): 6 =7.56-7.52 (m, 2H), 7.50-7.42 (m, 3H), 4.26 (q, /=
7.2 Hz, 2H), 3.58 (dd, /=32, 7.6 Hz, 1H), 3.38-3.31 (m, 1H), 3.15-3.07
(m, 1H), 1.99 (s, 3H), 1.32 ppm (t, J=7.2 Hz, 3H); *CNMR (75 MHz,
CDCl;): 6=202.6, 169.6, 166.5, 135.8, 134.9, 130.2, 128.9, 127.9, 61.9, 51.3,
337, 14.5, 10.5ppm; HRMS (ESI): m/z: caled for C;sH;sO;+Na*:
267.0997 [M+Na*]; found: 267.0974.

1-(5-Methylpyridin-2-yl)ethanone (25): nBuLi (6.25 mL of 1.6M solution
in hexanes, 10 mmol, 1 equiv) was added dropwise to a solution of 2-
bromo-5-methyl pyridine 23 (1.73 g, 10 mmol) in dry Et,0 (20 mL),
cooled to —78°C. The reaction mixture was allowed to warm to —40°C
for 15 min, then cooled back to —78°C again. N,N-Dimethylacetamide
(1.023 mL, 11 mmol, 1.1 equiv) was added dropwise and the mixture was
stirred at —78°C for 2 h. Saturated aqueous ammonium chloride (10 mL)
was added and the organic layer was separated. The aqueous layer was
extracted with Et,0 (3x10mL) and the combined organic layers were
dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo
to give an oily residue that was subjected to flash column chromatogra-
phy by using (5% methanol/methylene chloride) to give compound 25
(0.977 g, 72%) as a yellow oil. R;=0.48 (silica gel, 25 % EtOAc/hexanes);
'HNMR (400 MHz, CDCl): 6 =8.50-8.48 (brs, 1H), 7.94 (d, J=8.0 Hz,
1H), 7.63-7.60 (m, 1H), 2.70 (s, 3H), 2.41 ppm (s, 3H); “C NMR
(75MHz, CDCl): 6=200.2, 151.7, 149.7, 137.8, 137.4, 121.7, 26.0,
189 ppm; HRMS (ESI): m/z: caled for CgH,NO+Nat: 158.0582
[M+Na*]; found: 158.0580.

2-Bromo-1-(5-methylpyridin-2-yl)ethanone (19b): Amberlyst A26-Br;~
(Aldrich, 1.26 mmol Br; per g; 4.76 g, 6 mmol, 0.9 equiv) was added in
one portion to a solution of compound 25 (0.9 g, 6.67 mmol) in THF
(25 mL). The mixture was stirred at 50°C for 10 h and the decolored
resin was filtered off and washed with ethyl acetate. The organic solution
was washed with water, dried over anhydrous sodium sulfate, and con-
centrated in vacuo to give an oily residue that was chromatographed on
silica gel with (10-30% methylene chloride/hexanes) to give compound
19b (1.29g, 91%) as a yellow oil. R;=0.62 (silica gel, 20% EtOAc/
hexane); 'HNMR (400 MHz, CDCl;): 6=8.50 (brs, 1H), 8.01 (d, /=
8.0 Hz, 1H), 7.66 (dd, J=1.6, 8.0 Hz, 1H), 4.84 (s, 2H), 2.44 ppm (s, 3H);
BCNMR (75 MHz, CDCL): 6=192.5, 149.8, 149.3, 138.7, 137.6, 122.6,
32.5, 18.9 ppm; HRMS (ESI): m/z: caled for CsHgBrNO+Na™: 235.9687
[M+Na*]; found: 235.9676.

3-0x0-2-(2-0x0-2-pyridin-2-ylethyl)pentanoic acid ethyl ester (20b):
Ethyl propionylacetate 18 (5 g, 34.7 mmol) was added slowly to a stirred
suspension of sodium hydride (60% dispersion in mineral oil, 1.665 g,
41.65 mmol, 1.2 equiv) in THF (50 mL) at 0°C and the mixture was
stirred for 30 min. Compound 19b (8.092 g, 38.17 mmol, 1.1 equiv) in
THF (5 mL) was added dropwise and the reaction mixture was stirred at
room temperature for 16 h. Saturated aqueous ammonium chloride
(30 mL) was added and the mixture was subsequently extracted with
Et,0 (3x30mL). The combined organic layers were washed with brine
and dried over anhydrous sodium sulfate. The solvent was removed in
vacuo to give a dark-yellow oil that was purified by flash column chroma-
tography (10% EtOAc/hexanes) to give the diketoester 20b (7.3 g, 76 %)
as a yellow oil: TLC R;=0.33 (silica gel, 20% EtOAc/hexane); '"H NMR
(400 MHz, CDCl;): 6=8.50 (brs, 1H), 7.89 (d, /=8.0 Hz, 1H), 7.66 (dd,
J=1.6, 8.0Hz, 1H), 420 (q, /J=7.2Hz, 2H), 4.15 (dd, /J=6.0, 8.0 Hz,
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1H), 3.92 (dd, /=84, 18.8 Hz, 1H), 3.74 (dd, /=6.0, 18.8 Hz, 1H), 2.85-
2.66 (m, 2H), 2.41 (s, 3H), 1.27 (t, J=72Hz, 3H), 1.10 ppm (t, J=
7.2 Hz, 3H); "CNMR (75 MHz, CDCL,): 6=205.5, 198.9, 169.6, 150.7,
149.8, 138.1, 137.3, 121.7, 61.8, 53.5, 37.1, 36.2, 18.9, 14.2, 7.9 ppm; HRMS
(BESI): ml/z: caled for C;sH;)NO,+Na*: 300.1212; found: 300.1200
[M+Na*].

3-Methyl-2-o0x0-4-pyridin-2-ylcyclopent-3-ene carboxylic acid ethyl ester
(21b): A solution of the diketoester 20b (3.1 g, 11.19 mmol) in dry etha-
nol (35mL) was added dropwise to a solution of sodium hydroxide
(0.447 g, 11.19 mmol) in dry ethanol (15 mL) with vigorous stirring. The
solution was stirred at room temperature overnight. Et,0 (200 mL) was
added and the organic phase was washed with HCI (2N, 3x100 mL). The
aqueous layer was cooled to 0°C and made slightly basic by the addition
of sodium bicarbonate. The aqueous layer was then extracted with ethyl
acetate (3x300mL) and the organic phase was dried over anhydrous
sodium sulfate. The solvent was removed in vacuo to give an oil that was
purified by flash column chromatography (10% EtOAc/hexanes) to give
the cyclic f-ketoester 21b (2.115 g, 73%) as a yellow oil. R;=0.35 (silica
gel, 33% EtOAc/hexanes); 'H NMR (400 MHz, CDCL,): 6=8.59 (s, 1 H),
7.62-7.60 (m, 1H), 7.54-7.52 (m, 1H), 4.24 (q, J=7.2 Hz, 2H), 3.56 (dd,
J=28, 7.2 Hz, 1H), 3.42-325 (m, 2H), 2.41 (s, 3H), 2.12 (s, 3H),
1.31ppm (t, J=72Hz, 3H); "CNMR (75MHz, CDCl): §=203.2,
169.5, 164.4, 151.4, 150.6, 136.8, 136.5, 134.2, 123.3, 61.7, 51.1, 32.5, 18.6,
14.3, 10.6 ppm; HRMS (ESI): m/z: caled for C;sH;;NO;+Na*: 282.1106
[M+Na*]; found: 282.1109.
(1R*,28%,3E)-2-Hydroxy-3-methyl-4-phenylcyclopent-3-enecarboxylic
acid ethyl ester (22a) and (ent-22a): A solution of zinc borohydride
(150 mL of 0.3M solution in Et,0, 45 mmol, 4 equiv) was added dropwise
at 0°C to a stirred solution of f-ketoester (+/-)-21a (2.75 g, 11.25 mmol)
in THF (5mL). The mixture was stirred overnight at 4°C, quenched by
slow addition of water and stirred for an additional 1h. Anhydrous
sodium sulfate was added and the resulting suspension was filtered and
the filtrate was concentrated. The residue was dissolved in methylene
chloride and filtered again and dried. Purification by flash column chro-
matography (8% EtOAc/hexanes) gave recovered starting material
(0.27 g, 10%) and racemic f3-hydroxyesters 22a and ent-22a (2.1 g, 75%)
as a yellow oil. R;=0.17 (silica gel, 25% FEtOAc/hexanes); 'H NMR
(400 MHz, CDCly): 0=7.37-724 (m, 5H), 498 (s, 1H), 422 (q, J=
7.2 Hz, 2H), 3.03-2.94 (m, 3H), 2.32 (d, /J=5.6 Hz, 1H), 1.90 (s, 3H),
1.31 ppm (t, J=72Hz, 3H); "*CNMR (100 MHz, CDCl,): 6=174.9,
137.2, 135.7, 135.1, 1284, 127.9, 1273, 83.9, 61.1, 51.8, 37.1, 14.5,
12.8 ppm; HRMS (ESI): m/z: caled for C;sH;zO;+Na*: 269.1154
[M+Na*]; found: 269.1143.
(1R,2S,3E)-2-Acetoxy-3-methyl-4-phenylcyclopent-3-ene carboxylic acid
ethyl ester (26) and (1R,2R,3E)-2-hydroxy-3-methyl-4-phenyl-cyclopent-
3-ene carboxylic acid ethyl ester (ent-22a): Vinyl acetate (7.5 mL,
81.4 mmol) was added to a solution of 22a and ent-22a (2 g, 8.13 mmol)
in anhydrous pentane (30 mL). Amano PS-D lipase (2.0 g) and 4 A MS
(2.0 g) were added and the suspension was stirred at room temperature.
The reaction was monitored by TLC and 'HNMR spectroscopy and
after 4 d, 48-50% conversion of 22a to the acetate was achieved. The
sieves and lipase were filtered and washed with Et,O. The solvent was re-
moved and crude product was purified by flash column chromatography
(20% Et,O/hexanes) to give 26 (1.15 g, 49%) as a slightly yellow oil and
ent-22a (0.96 g, 48 %, 98 % ee).

Data for 26: [a]?=-50.5 (¢c=0.6 in CHCL); R;=0.38 (silica gel, 25%
EtOAc/hexanes); 'HNMR (600 MHz, CDCl;): 6=7.40-7.25 (m, 5H),
6.06 (s, 1H), 420 (q, /=72 Hz, 2H), 3.08-2.95 (m, 3H), 2.11 (s, 3H),
1.80 (s, 3H), 1.28 ppm (t, J=7.2 Hz, 3H); "C NMR (100 MHz, CDCL,):
0=174.2, 170.9, 138.4, 136.7, 131.8, 128.5, 128.0, 127.7, 85.9, 61.2, 48.7,
38.6, 21.3, 14.4, 12.9 ppm; HRMS (ESI): m/z: calcd for C;;H,,0,+Na*:
311.1259 [M+Nat*]; found: 311.1240.

Data for ent-22a: [a]Z=-15.2 (c=0.6 in CHCL); see 22a below for 'H
and “C NMR spectroscopic data.

(1R,2S,3E)-2-Hydroxy-3-methyl-4-phenylcyclopent-3-ene carboxylic acid
ethyl ester (22a): Anhydrous potassium carbonate (240 mg, 1.74 mmol)
was added at 0°C to a solution of 26 (500 mg, 1.74 mmol) in dry ethanol
(15 mL) and the solution was stirred at room temperature for 12 h. Etha-
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nol was removed under reduced pressure and the residue was dissolved
in methylene chloride and washed with a saturated aqueous solution of
ammonium chloride. The organic phase was dried over anhydrous
sodium sulfate and the solvent was removed in vacuo. The residue was
purified by flash column chromatography (25% EtOAc/hexane) to give
compound 22a (393 mg, 92%, 99% ee) as a slightly yellow oil. [a]5=+
14.8 (¢=0.8 in CHCl;); R;=0.17 (silica gel, 25% EtOAc/hexane);
"H NMR (400 MHz, CDCly): §=7.37-7.25 (m, 5H), 4.99 (s, 1H), 4.23 (q,
J=7.2Hz, 2H), 3.05-2.94 (m, 3H), 2.33 (d, /=5.6 Hz, 1H), 1.90 (s, 3H),
1.32 ppm (t, J=72Hz, 3H); "*CNMR (100 MHz, CDCly): 6=174.9,
137.2, 135.8, 135.1, 1284, 1279, 1273, 84.0, 61.1, 51.7, 37.1, 14.5,
129 ppm; HRMS (ESI): m/z: caled for C;sH;sO;+Na* 269.1154
[M+Na*]; found: 269.1148.
(1R*,28%,3E)-2-Hydroxy-3-methyl-4-pyridin-2-ylcyclopent-3-ene carbox-
ylic acid ethyl ester (22b/ent-22b) and (27/ent-27): Trifluoroacetic acid
(0.297 mL, 3.86 mmol) was added to a stirred solution of compound 21b
(0.5 g, 1.93 mmol) in methylene chloride (6 mL). The solvent was re-
moved in vacuo and the resulting salt was dissolved in methanol (7 mL)
and cooled to 0°C. Sodium borohydride (0.73 g, 19.3 mmol) was added
rapidly at once to this solution at 0°C. After stirring at the same temper-
ature for 30 min, chloroform was added and the mixture was washed with
saturated aqueous sodium bicarbonate solution and brine. The organic
layer was dried over anhydrous sodium sulfate and concentrated. The
residue (0.459 g, 91 %, cis/trans 1:2, determined by '"H NMR spectrosco-
py) was separated by using silica-gel chromatography (16-25% EtOAc/
hexane) to obtain 22b/ent-22b (0.306 g, 67 %) and 27/ent-27 (0.153 g,
33%).

Data for 27/ent-27: R;=0.29 (silica gel, 20% EtOAc/hexane); 'H NMR
(C¢Dg, 600 MHz): 6=8.38 (s, 1H), 6.88-6.87 (m, 2H), 4.61 (s, 1H), 3.99-
3.89 (m, 2H), 3.54-3.49 (m, 1H), 3.05-3.01 (m, 1H), 2.88-2.84 (m, 1H),
2.33 (d, J=7.8Hz, 1H), 2.13 (s, 3H), 1.77 (s, 3H), 0.90 ppm (t, J=14.4,
3H); "CNMR (C¢Dg, 400 MHz): 6=172.9, 153.5, 149.9, 138.6, 136.2,
135.9, 130.7, 121.9, 82.0, 60.4, 46.5, 36.2, 17.8, 14.1, 13.8 ppm; HRMS
(ESI): mliz: caled for C;sH;)NO;+Na*t: 284.1263 [M+Na*]; found:
284.1248.

(1R,28,3E)-2-A cetoxy-3-methyl-4-pyridin-2-ylcyclopent-3-ene carboxylic
acid ethyl ester (28) and (1R,2R,3E)-2-hydroxy-3-methyl-4-pyridin-2-yl-
cyclopent-3-ene carboxylic acid ethyl ester (ent-22b): Vinyl acetate
(0.95mL, 10.3 mmol) was added to a solution of 22b/ent-22b (0.27 g,
1.03 mmol) in anhydrous pentane (3 mL). Amano PS-D lipase (0.27 g)
and 4 A MS (0.27 g) were added and the suspension was stirred at room
temperature. The reaction was monitored by TLC and '"H NMR spectros-
copy and after 3 d, 49-50% conversion of 22b/ent-22b to acetate 28 was
achieved. The sieves and lipase were filtered off and washed with Et,O.
The solvent was removed and the crude product was purified by column
chromatography (17% EtOAc/hexane) to give 28 (0.154 g, 49%) as a
pale-yellow oil and ent-22b (0.130 g, 48 %).

Data for 28: [a]3=-40.6 (c=1.0 in CHCL); R;=0.26 (silica gel, 75%
EtOAc/hexanes); '"H NMR (CDCl;, 600 MHz): 6 =8.44 (s, 1H), 7.47 (d,
J=7.8Hz, 1H), 7.20 (d, J=7.8 Hz, 1H), 6.07 (s, 1H), 4.19 (q, /J=14.4 Hz,
2H), 3.22-3.16 (m, 1H), 3.05-3.01 (m, 2H), 2.32 (s, 3H), 2.09 (s, 3H),
1.94 (s, 3H), 1.26 ppm (t, J=7.2 Hz, 3H); *C NMR (CDCl;, 400 MHz):
0=174.1, 170.9, 152.5, 150.0, 137.2, 136.7, 135.0, 137.8, 122.5, 85.9, 61.1,
48.5, 37.5, 21.3, 18.5, 14.4, 13.2 ppm; HRMS (ESI): m/z: caled for
C,;H,;NO,+Na*: 326.1368 [M+Na*]; found: 326.1354.

Data for ent-22b: [a]i=+7.8 (c=1.0 in CHCL). See 22b below for 'H
and C NMR spectroscopic data.

(1R,28,3E)-2-Hydroxy-3-methyl-4-pyridin-2-ylcyclopent-3-ene carboxylic
acid (22b): Anhydrous potassium carbonate (45.6 mg, 0.33 mmol) was
added at 0°C to a solution of 28 (100 mg, 0.33 mmol) in dry ethanol
(2.8 mL) and the solution was stirred at room temperature for 12 h. Etha-
nol was removed under reduced pressure and the residue was dissolved
in methylene chloride and washed with a saturated aqueous solution of
ammonium chloride. The organic phase was dried over anhydrous
sodium sulfate and the solvent was removed in vacuo. The residue was
purified by flash column chromatography (25% EtOAc/hexane) to give
compound 22b (81 mg, 94%, 95% ee) as a pale-yellow oil. [a]y=—8.1
(¢=0.26 in CHCL); TLC R;=0.27 (silica gel, 75% EtOAc/hexanes);
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"HNMR (C¢Ds, 600 MHz): 6=8.48 (s, 1H), 6.97-6.92 (m, 2H), 5.03 (s,
1H), 4.04-4.00 (m, 2H), 3.22-3.21 (m, 2H), 3.02-2.98 (m, 1H), 2.18 (s,
3H), 1.87 (s, 3H), 0.98 ppm (t, J=14.4 Hz, 3H); "CNMR (CDCl,,
400 MHz): 6=174.6, 153.1, 149.9, 138.4, 136.7, 134.9, 131.4, 122.4, 84.1,
61.0, 51.7, 35.9, 18.5, 14.5, 13.1 ppm; HRMS (ESI): m/z: caled for
CsH;)NO;+Na't: 284.1263 [M+Na*]; found: 284.1279.
(1R,2S,3E)-3-Methyl-4-phenyl-2-triethylsilanyloxycyclopent-3-ene car-
boxylic acid ethyl ester (29a): Triethylsilyl chloride (876 pL, 5.22 mmol,
1.5 equiv) was added dropwise to a solution of alcohol 22a (856 mg,
3.48 mmol) and imidazole (711 mg, 10.44 mmol, 3 equiv) in methylene
chloride (25 mL) at 0°C. After stirring at 0°C for 2 h, the reaction was
quenched with water (15mL) and extracted with ethyl acetate (3x
30 mL). The organic extracts were washed with brine (20 mL) and dried
over anhydrous sodium sulfate. Filtration and evaporation of the solvents
in vacuo furnished an oily crude product which was purified by flash
column chromatography (2% EtOAc/hexanes) to give TES ether 29a
(1.16 g, 93%) as a yellow oil. [a]?=-34.2 (¢=0.6 in CHCL); R;=0.53
(silica gel, 10% EtOAc/hexanes); 'H NMR (400 MHz, CDCl,): 6 =7.36-
7.22 (m, 5H), 5.11 (s, 1H), 421 (q, J=7.2 Hz, 2H), 3.08-2.82 (m, 3H),
1.83 (s, 3H), 1.32 (t, J=7.2 Hz, 3H), 1.00 (t, J=8.0 Hz, 9H), 0.68 ppm (q,
J=80Hz, 6H); "CNMR (75MHz, CDCL): 6=1755, 137.5, 135.7,
134.9, 128.3, 128.0, 127.2, 84.5, 60.9, 51.8, 38.6, 14.5, 129, 7.1, 5.1,
0.2 ppm; HRMS (ESI): m/z: caled for C,H;O;Si+Nat: 383.2018
[M+Na*]; found: 383.2019.
(1R,2S,3E)-3-Methyl-4-phenyl-2-triethylsilanyloxycyclopent-3-enecarb-
aldehyde (30a): A solution of DIBAL-H (22mL, 1.0Mm in hexane,
2.2 mmol, 1.1 equiv) was added dropwise to a solution of silyl ether 29a
(720 mg, 2 mmol) in toluene (10 mL) at —78°C. The reaction was stirred
at that temperature for 1 h and quenched by dropwise addition of satu-
rated NH,CI (1.0 mL). The reaction was allowed to reach room tempera-
ture and a saturated aqueous solution of Rochelle salt (3.0 mL) and
brine (2.0 mL) were added. The mixture was extracted with ethyl acetate
(3x7mL) and the combined organic extracts were dried over anhydrous
sodium sulfate, filtered, and evaporated in vacuo to give crude aldehyde
30a as a colorless liquid which was used in the next step without further
purification; 'H NMR (400 MHz, CDCl,): 6=9.86 (d, J=2.0 Hz, 1H),
7.38-7.25 (m, 5H), 5.08 (s, 1H), 3.12-2.98 (m, 2H), 2.90-2.84 (m, 1H),
1.84 (s, 3H), 1.00 (t, J=8.0Hz, 9H), 0.68 ppm (q, J=8.0Hz, 6H);
BC NMR (75 MHz, CDCLy): 6=200.2, 135.5, 133.9, 133.7, 126.6, 126.3,
125.6,79.6, 57.4, 33.1, 11.3, 5.3, 3.4 ppm.
(18,2E,5S)-Triethyl-(2-methyl-3-phenyl-5-vinylcyclopent-2-enyloxy)silane
(31a): nBuLi (0.775mL of 1.6M solution in hexanes, 1.24 mmol,
1.95 equiv) was added dropwise to a precooled (0°C) solution of methyl-
triphenylphosphonium bromide (455 mg, 1.27 mmol, 2 equiv) in THF
(5 mL). The reaction mixture was stirred at 0°C for 30 min. A solution of
aldehyde 30a (0.2 g, 0.633 mmol) in THF (2 mL) was added and the mix-
ture was stirred at 0°C for 30 min and quenched with saturated aqueous
ammonium chloride (5 mL). The solvent was removed under reduced
pressure and the aqueous residue was extracted with ethyl acetate (3 x
5mL). The combined organic extract was dried over anhydrous sodium
sulfate and concentrated in vacuo. Purification by flash column chroma-
tography (5% Et,0O/hexanes) afforded pure olefin 31a (0.14 g, 71%) as a
colorless oil. [a]#=-14.3 (¢=0.4 in CHCl;); R;=0.73 (silica gel, 10%
Et,0/hexanes); '"H NMR (600 MHz, CDCl;): 6 =7.34-7.21 (m, 5H), 5.94—
5.88 (m, 1H), 5.12 (d, J=16.8 Hz, 1H), 5.04 (dd, /=1.8, 10.2 Hz, 1H),
4.52 (d, J=4.8 Hz, 1H), 2.88-2.82 (m, 1H), 2.74-2.68 (m, 1H), 2.52-2.47
(m, 1H), 1.82 (s, 3H), 0.98 (t, /=7.8 Hz, 9H), 0.66 ppm (q, J=7.8 Hz,
6H); "*CNMR (100 MHz, CDCL): §=141.1, 138.1, 136.3, 135.7, 128.3,
127.9, 126.9, 115.2, 87.0, 52.1, 40.4, 13.1, 7.2, 5.5 ppm; HRMS (ESI): m/z:
caled for C,H;,0Si+Na': 337.1964 [M+Na*]; found: 337.1970.
(18,2E,5S)-2-Methyl-3-phenyl-5-vinyl-cyclopent-2-enol (5a): Tetrabutyl-
ammonium fluoride (1.53 mL of 1M solution in THF, 1.53 mmol) was
added dropwise to a solution of compound 31a (0.48 g, 1.53 mmol) in
THF (7 mL) at 0°C. The reaction mixture was stirred at 0°C for 30 min
and then water (6 mL) and ethyl acetate (10 mL) were added. The layers
were separated and the aqueous layer was extracted with ethyl acetate
(2x10 m). The combined organic layers were dried over anhydrous
sodium sulfate and concentrated in vacuo. Purification by flash column
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chromatography (10% EtOAc/hexanes) afforded pure alcohol 5a
(0.245 g, 80%) as a white solid. [a]Z=-14.17 (c=1.2 in CHCL); R;=
0.45 (silica gel, 33% EtOAc/hexanes); "H NMR (600 MHz, CDCl;): 6=
7.36-7.23 (m, 5H), 6.00-5.94 (m, 1H), 5.18 (dd, /=12, 16.8 Hz, 1H),
5.08 (dd, /=0.6, 10.2 Hz, 1H), 448 (d, /J=6.6 Hz, 1H), 2.85-2.81 (m,
1H), 2.71-2.65 (m, 1H), 2.59-2.54 (m, 1H), 1.89 ppm (s, 3H); *C NMR
(100 MHz, CDCly): 6=1404, 137.8, 136.3, 135.9, 128.4, 1279, 1272,
115.4, 86.4, 52.4, 39.8, 12.9 ppm; HRMS (ESI): m/z: caled for C,H;sO+
Nat: 223.1099 [M+Nat*]; found: 223.1100.

(1R,2S5)-3-Methyl-4- (5-methylpyridin-2-yl)-2-triethylsilanyloxycyclopent-
3-ene carboxylic acid ethyl ester (29b): Triethylsilyl chloride (145 uL,
0.863 mmol, 1.5 equiv) was added dropwise to a solution of alcohol 22b
(150 mg, 0.575 mmol) and imidazole (17 mg, 1.72 mmol, 3 equiv) in meth-
ylene chloride (4 mL) at 0°C. After stirring at 0°C for 2 h, the reaction
was quenched with water (2.5 mL) and extracted with ethyl acetate (3x
5SmL). The organic extracts were washed with brine (3.5 mL) and dried
over anhydrous sodium sulfate. Filtration and evaporation of the solvents
in vacuo furnished an oily crude product which was purified by flash
column chromatography on silica (2-7% EtOAc/hexanes) to give 29b
(198 mg, 92%) as a yellow oil. [a]=—51.04 (¢=0.7 in CHCl,;); R;=0.29
(silica gel, 25% EtOAc/hexanes); '"H NMR (600 MHz, CDCL,): 6 =8.41
(s, 1H), 7.44 (dd, J=1.8, 8.4Hz, 1H), 7.19 (d, J=7.8 Hz, 1H), 5.12 (d,
J=48Hz, 1H), 4.18 (dd, J=7.2, 144 Hz, 2H), 3.17-3.12 (m, 1H), 3.00-
2.89 (m, 2H), 2.30 (s, 3H), 1.97 (s, 3H), 1.28 (t, J=14.4 Hz, 3H), 0.96 (t,
J=78Hz, 9H), 0.65ppm (q, J=7.8 Hz, 6H); "CNMR (100 MHz,
CDCly): 6=175.3, 153.3, 149.9, 139.1, 136.5, 134.1, 131.1, 122.4, 84.5, 60.8,
51.6, 37.4, 184, 14.5, 13.3, 7.0, 5.2 ppm; HRMS (ESI): m/z: calcd for
C,Hy;NO;Si+H*: 376.2308 [M+H*]; found: 376.2302.
(35,45)-5-Methyl-2-(2-methyl-3-triethylsilanyloxy-4-vinylcyclopent-1-
enyl)pyridine (31b): A solution of DIBAL-H (0.44 mL, 1.0m in hexane,
0.44 mmol, 1.1 equiv) was added dropwise to a solution of silyl ether 29b
(150 mg, 0.4 mmol) in toluene (2mL) at —78°C. The reaction mixture
was stirred at that temperature for 1 h and quenched by dropwise addi-
tion of saturated aqueous ammonium chloride solution (0.2 mL). The re-
action mixture was allowed to reach room temperature and a saturated
aqueous solution of Rochelle salt (1 mL) and brine (0.4 mL) were added.
The mixture was extracted with ethyl acetate (3x2mL) and the com-
bined organic extracts were dried over anhydrous sodium sulfate, filtered,
and evaporated in vacuo to give crude aldehyde 30b as a yellow liquid
which was used in the next step without further purification. nBuLi
(0.49 mL of 1.6M solution in hexanes, 0.78 mmol, 1.95 equiv) was added
dropwise to a precooled (0°C) solution of methyltriphenylphosphonium
bromide (286 mg, 0.8 mmol, 2 equiv) in THF (3 mL). The reaction mix-
ture was stirred at 0°C for 30 min. A solution of crude aldehyde 30b (ca.
0.4 mmol) in THF (1.5 mL) was added and the mixture was stirred at
0°C for 30 min and then quenched with saturated aqueous ammonium
chloride solution (3 mL). The solvent was removed under reduced pres-
sure and the aqueous residue was extracted with ethyl acetate (3x3 mL).
The combined organic extracts were dried over anhydrous sodium sulfate
and concentrated in vacuo. Purification by flash column chromatography
on silica (7% EtOAc/hexanes) afforded pure olefin 31b (96 mg, 73 %) as
a yellowish oil. [a]Z=-21.29 (¢=0.7 in CHClLy); R;=0.66 (silica gel,
33% EtOAc/hexanes); '"HNMR (600 MHz, CDCly): 6=8.42 (s, 1H),
7.44 (dd, J=1.8, 7.8 Hz, 1H), 7.18 (d, J=7.8 Hz, 1H), 5.95-5.88 (m, 1H),
512 (d, J=16.8 Hz, 1H), 5.04 (d, J=10.8 Hz, 1H), 4.54 (d, /=54 Hz,
1H), 2.97-2.93 (m, 1H), 2.74-2.68 (m, 1H), 2.60-2.56 (m, 1H), 2.30 (s,
3H), 1.96 (s, 3H), 0.98 (t, J=7.8 Hz, 9H), 0.64 ppm (q, /J=7.8 Hz, 6H);
C NMR (100 MHz, CDCly): 6=153.9, 149.8, 140.9, 139.8, 136.5, 135.0,
130.9, 122.4, 115.2, 87.2, 51.8, 39.2, 18.4, 13.4, 7.2, 5.5 ppm; HRMS (ESI):
mlz: caled for C,)H; NOSi+H™: 330.2253 [M+H™]; found: 330.2258.
(18,58)-2-Methyl-3-(5-methylpyridin-2-yl)-5-vinylcyclopent-2-enol  (5b):
Tetrabutylammonium fluoride (0.152mL of 1m solution in THEF,
0.152 mmol) was added dropwise to a solution of compound 31b (50 mg,
0.152 mmol) in THF (1 mL) at 0°C. The reaction mixture was stirred at
0°C for 30 min and then water (1 mL) and ethyl acetate (2 mL) were
added. The layers were separated and the aqueous layer was extracted
with ethyl acetate (2x2mL). The combined organic layers were dried
over anhydrous sodium sulfate and concentrated in vacuo. Purification
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by flash column chromatography on silica (16-50 % EtOAc/hexanes) af-
forded pure alcohol 5b (28 mg, 83%) as a white solid. [a]?=-26.0 (c=
0.3 in CHCL); R;=0.25 (silica gel, 50% EtOAc/hexanes); 'H NMR
(600 MHz, CDCl;): 6=8.43 (s, 1H), 7.46 (dd, /=18 Hz, 7.8 Hz, 1H),
7.18 (d, J=7.8 Hz, 1H), 6.0-5.95 (m, 1H), 5.14 (d, /=16.8 Hz, 1H), 5.08
(d, J=10.2 Hz, 1H), 448 (s, 1H), 2.96-2.91 (m, 1H), 2.69-2.60 (m, 2H),
232 (s, 3H), 2.03 ppm (s, 3H); C NMR (100 MHz, CDCly): 6 =153.6,
149.9, 140.2, 139.4, 136.7, 135.6, 131.2, 122.3, 115.4, 86.4, 52.3, 38.5, 18.5,
132 ppm; HRMS (ESI): m/z: caled for C,H;;NO+Na*: 238.1208
[M+Na*]; found: 238.1191.

(38,6R,7S,8S)-3- (tert-Butyldimethylsilanyloxy)-4,4,6,8,12-pentamethyl-5-
0x0-7-(2,2,2-trichloroethoxycarbonyloxy)tridec-12-enoic acid (1S5,2E,5S)-
2-methyl-3-phenyl-5-vinylcyclopent-2-enyl ester (32a): DCC (0.027 mL of
1w solution in CH,Cl,, 0.027 mmol, 1.3 equiv) was added dropwise to a
solution of acid 17 (13 mg, 0.021 mmol), alcohol 5a (4.6 mg, 0.023 mmol,
1.1 equiv), and DMAP (1 mg, 0.008 mmol, 0.4 equiv) in methylene chlo-
ride (0.5 mL) at 0°C. The reaction mixture was stirred for 15 min at 0°C
and for 16 h at room temperature. The solid precipitate was filtered off
and the filtrate was concentrated in vacuo. Purification by flash column
chromatography (5% Et,O/hexanes) afforded ester 32a (11 mg, 64 %) as
a colorless oil. [a]Z=-53.2 (¢c=0.85 in CHCl;); TLC R;=0.67 (silica gel,
25% EtOAc/hexanes); '"HNMR (600 MHz, CDCly): 6=7.36-7.25 (m,
SH), 5.98-591 (m, 1H), 5.70 (d, /=4.2Hz, 1H), 510 (d, /=174 Hz,
1H), 5.03 (d, /J=10.2Hz, 1H), 4.88-4.85 (m, 1H), 4.70 (dd, J=3.0,
8.4 Hz, 1H), 4.66-4.60 (m, 3H), 429 (t, /=42 Hz, 1H), 3.50-3.46 (m,
1H), 2.96-2.92 (m, 1H), 2.86-2.81 (m, 1H), 2.68 (dd, J=3.6, 17.4 Hz,
1H), 2.59-2.55 (m, 1H), 2.23 (dd, J=5.4, 174 Hz, 1H), 1.95-1.87 (m,
2H), 1.75 (s, 3H), 1.66 (s, 3H), 1.54-1.53 (m, 6H), 1.33-1.27 (m, 5H),
1.06-1.04 (m, 3H), 0.96 (d, J=6.6 Hz, 3H), 0.87 (s, 9H), 0.13 (s, 3H),
0.05 ppm (s, 3H); "CNMR (100 MHz, CDCL): 6=215.4, 172.3, 154.4,
145.8, 139.3, 137.3, 132.4, 128.4, 127.9, 127.4, 115.3, 110.3, 95.0, 88.2, 82.4,
76.9, 75.0, 56.0, 54.0, 47.6, 42.2, 40.5, 40.3, 38.2, 35.2, 34.9, 31.8, 31.2, 26.2,
25.7, 24.9, 24.8, 22.7, 22.6, 20.6, 18.4, 16.1, 13.1, 11.1, —4.1, —4.5 ppm;
HRMS (ESI): m/z: caled for C,HgCl,O,Si+Na*: 821.3150 [M+Nat*];
found: 821.3178.
(3S,6R,75,8S)-3,7-Dihydroxy-4,4,6,8,12-pentamethyl-5-oxotridec-12-enoic
acid (15,2E,5S)-2-methyl-3-phenyl-5-vinylcyclopent-2-enyl ester (2a): An-
hydrous ammonium chloride (75 mg) followed by zinc dust (75 mg) was
added to a solution of ester 32a (12 mg, 0.015 mmol) in dry ethanol
(1.5 mL). The reaction mixture was stirred at room temperature for
45 min before it was diluted with ethyl acetate (S5mL) and filtered
though a plug of Celite. The solution was concentrated and passed
though a small plug of silica gel to give compound 33 which was used in
the next step without further purification. To the crude solution of com-
pound 33 was added a solution of tris(dimethylamino)sulfur (trimethylsi-
lyl)difluoride (TAS-F) (5 mg, 0.187 mmol, 1 equiv) in N,N-dimethylform-
amide (0.2 mL). After 24 h, another 5 mg of TAS-F were added and the
mixture was stirred for an additional 24 h after which it was diluted with
ethyl acetate (S5mL) and washed with phosphate buffer pH 7 (5 mL).
The aqueous layer was extracted with ethyl acetate (3x5mL) and the
combined organic layers were dried over anhydrous sodium sulfate, fil-
tered, and concentrated in vacuo. The crude oil was purified by silica gel
chromatography (10% EtOAc/hexanes) to give pure compound 2a
(4.7 mg, 62% over two steps) as a colorless material. [a]Z=-77.5 (c=
0.2 in CHCly); R;=0.74 (silica gel, 50% EtOAc/hexanes); 'H NMR
(600 MHz, CDCl,): 6=7.37-7.25 (m, 5H), 6.0-5.92 (m, 1H), 5.76 (d, /=
3.6 Hz, 1H), 5.13 (d, J=16.8 Hz, 1H), 5.06 (d, J=10.2 Hz, 1H), 4.66 (d,
J=102Hz, 2H), 4.29-4.26 (m, 1H), 3.39-3.35 (m, 2H), 3.27-3.23 (m,
2H), 2.99-2.93 (m, 1H), 2.88-2.83 (m, 1H), 2.61-2.57 (m, 1H), 2.52 (dd,
J=1.8, 16.2 Hz, 1H), 2.44 (dd, J=10.2, 16.2 Hz, 1H), 2.04-1.96 (m, 2H),
1.79 (s, 3H), 1.75-1.72 (m, 1H), 1.69 (s, 3H), 1.54-1.52 (m, 1H), 1.36—
1.30 (m, 1H), 1.20-1.18 (s overlapping with m, 4H), 1.15 (s, 3H), 1.06 (d,
J=72Hz, 3H), 0.84ppm (d, J=72Hz, 3H); "CNMR (100 MHz,
CDCly): 6=222.5, 173.2, 146.4, 139.8, 139.4, 137.1, 131.8, 128.5, 127.9,
127.6, 115.5, 109.9, 88.6, 75.0, 72.7, 52.3, 47.8, 41.1, 40.4, 38.4, 36.9, 35.7,
327, 25.0, 22.6, 21.5, 19.2, 15.7, 13.1, 10.2 ppm; HRMS (ESI): m/z: calcd
for Cy,H,Os5+Na™: 533.3243 [M+Na*]; found: 533.3213.
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2E,48,75,10R,1185,12S,16Z,18S)-7,11-Dihydroxy-3,8,8,10,12,16-hexameth-
yl-2-phenyl-34a,7,8,10,11,12,13,14,15,17 a-decahydro-1 H,6 H-4-oxacyclo-
pentacyclohexadecene-5,9-dione (1a): A solution of the second-genera-
tion Grubbs catalyst (1.5 mg, 0.0018 mmol; weighed under argon) in
methylene chloride (1.5 mL) was added to a solution of compound 2a
(1.5 mg, 0.0032 mmol) in methylene chloride (0.5 mL). The reaction mix-
ture was heated at 50°C for 16 h and applied directly to a preparative
TLC plate (25% EtOAc/hexanes) to give the target (Z)-1a and slightly
impure (E)-1a (0.2 mg) separately (=~50% overall yield). The Z isomer
was purified by a second preparative TLC by using (3 % methanol/meth-
ylene chloride) to remove the last traces of the catalyst and to furnish
the desired target molecule (Z)-1a (0.5mg). 'HNMR (600 MHz,
CDCLy): 6=17.36-7.33 (m, 2H), 7.27-7.24 (m, 3H), 5.82 (d, /=72 Hz,
1H), 524 (d, J=102Hz, 1H), 42-4.17 (m, 1H), 3.69-3.66 (m, 1H),
3.22-3.15 (m, 2H), 2.81 (dd, /=84, 15.6 Hz, 1H), 2.66 (d, J=4.2 Hz,
1H), 2.58 (dd, /=10.8, 16.8 Hz, 2H), 2.52-2.47 (m, 1H), 2.39-2.31 (m,
2H), 1.80-1.75 (s overlapping with m, 4H), 1.68 (s, 3H), 1.66-1.62 (m,
3H), 1.36 (s, 3H), 1.18 (d, J=6.6 Hz, 3H), 1.07 (s, 3H), 0.98 ppm (d, /=
7.2Hz, 3H); HRMS (ESI): m/z: caled for C;H,Os+Na™: 505.2930
[M+Na*]; found: 505.2893.
(3S,6R,75,8S,1'S,5'S)-3-(tert-Butyldimethylsilanyloxy)-4,4,6,8,12-penta-
methyl-5-0x0-7-(2,2,2-trichloroethoxycarbonyloxy)tridec-12-enoic acid 2-
methyl-3-(5-methylpyridin-2-yl)-5-vinylcyclopent-2-enyl ~ ester  (32b):
DCC (0.017 mL of 1m solution in CH,Cl,, 0.017 mmol, 1.3 equiv) was
added dropwise to a solution of acid 17 (8.0 mg, 0.013 mmol), alcohol 5b
(3.0mg, 0.014 mmol, 1.1equiv), and DMAP (1mg, 0.008 mmol,
0.6 equiv) in methylene chloride (0.5 mL) at 0°C. The reaction mixture
was stirred for 15 min at 0°C and for 16 h at room temperature. After
this time, the solid precipitate was filtered off and the filtrate was concen-
trated in vacuo. Purification by flash column chromatography on silica
(5% EtOAc/hexanes) afforded ester 32b (9 mg, 85%) as a colorless oil.
[a]2=-29.8 (c=1 in CHCly); R;=0.48 (silica gel, 25% EtOAc/hexanes);
'HNMR (600 MHz, CDCly): =843 (s, 1H), 7.46 (dd, J=1.8, 7.8 Hz,
1H), 7.18 (d, /=7.8 Hz, 1H), 5.98-5.91 (m, 1H), 5.73 (d, /=4.8 Hz, 1 H),
5.11 (d, J=16.8 Hz, 1H), 5.02 (d, J=10.2 Hz, 1H), 4.86 (d, /=12.0 Hz,
1H), 4.73-4.70 (m, 1H), 4.67-4.61 (m, 3H), 4.30-4.28 (m, 1H), 3.50-3.45
(m, 1H), 3.06-3.02 (m, 1H), 2.88-2.83 (m, 1H), 2.70-2.65 (m, 1H), 2.33
(s, 3H), 2.23 (dd, J=5.4, 17.4 Hz, 1H), 1.98-1.91 (m, 2H), 1.95 (s, 3H),
1.76-1.74 (m, 1H), 1.66 (s, 3H), 1.50-1.22 (m, 5H), 1.10-1.04 (m. 6H),
0.96 (d, J=72Hz, 3H), 0.87 (m, 12H), 0.13 (s, 3H), 0.05 ppm (s, 3H);
BCNMR (100 MHz, CDCLy): 6=215.4, 172.3, 154.4, 153.1, 149.9, 145.8,
139.5, 138.3, 136.7, 135.7, 131.5, 125.5, 122.5, 115.4, 110.3, 95.0, 88.2, 82.4,
75.0, 54.0. 47.5, 422, 40.2, 39.2, 38.2, 34.9, 31.8, 29.9, 26.3, 24.8, 22.6, 22.5,
20.7, 18.5, 18.4, 16.1, 13.4, 11.1, —4.1, —4.5 ppm; HRMS (ESI): m/z: caled
for C,yH,,CLNO,Si+H: 814.3434 [M+H™]; found: 814.3481.
(3S,6R,75,8S,1'S,5'S)-3,7-Dihydroxy-4,4,6,8,12-pentamethyl-5-oxotridec-
12-enoic acid 2-methyl-3-(5-methyl-pyridin-2-yl)-5-vinylcyclopent-2-enyl
ester (2b): A solution of tris(dimethylamino)sulfur (trimethylsilyl)difluor-
ide (TAS-F) (1.7 mg, 0.008 mmol, 1equiv) in N,N-dimethylformamide
(0.2mL) was added to a solution of ester 32b (5 mg, 0.006 mmol) in
DMF (0.2 mL). After 24 h, another 1.7 mg of TAS-F were added and the
mixture was diluted with ethyl acetate (3 mL) and washed with phos-
phate buffer pH 7 (5mL). The aqueous layer was extracted with ethyl
acetate (3x5 mL) and the combined organic layers were dried over anhy-
drous sodium sulfate, filtered, and concentrated in vacuo. The crude oil
was purified by silica-gel chromatography (10 % EtOAc/hexanes) to give
compound 34 which was dissolved in dry ethanol (1.2 mL) and treated
with anhydrous ammonium chloride (62 mg) followed by zinc dust
(62 mg). The reaction mixture was stirred at room temperature for
45 min before it was diluted with ethyl acetate (3mL) and filtered
though a plug of Celite. The solution was concentrated and purified by
silica-gel chromatography (20 % EtOAc/hexanes) to give pure compound
2b (2 mg, 62% over two steps) as a colorless material. R;=0.36 (silica
gel, 33% EtOAc/hexanes); '"H NMR (500 MHz, CDCl;): §=8.47 (s, 1 H),
7.50 (d, /=8.0 Hz, 1H), 7.21 (d, J=8.5 Hz, 1H), 6.02-5.95 (m, 1H), 5.81
(d, J=45Hz, 1H), 5.16 (d, J=17.5Hz, 1H), 5.07 (d, /J=10.5 Hz, 1H),
4.68 (d, /J=9.0Hz, 2H), 430 (d, /=10.5Hz, 1H), 3.41-3.37 (m, 2H),
3.30-3.27 (m, 1H), 3.25 (d, J=3.5Hz, 1H), 3.10-3.3.06 (m, 1H), 2.91-
2.88 (m, 1H), 2.71-2.69 (m, 1H), 2.54 (dd, J=2.5, 16.5 Hz, 1H), 2.46 (dd,
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J=10.5, 16.5 Hz, 1H), 2.35 (s, 3H), 2.06-2.02 (m, 2H), 1.98 (s, 3H), 1.78-
1.76 (m, 1H), 1.72 (s, 3H), 1.33-1.31 (m, 2H), 1.22 (s, 3H), 1.17 (s, 3H),
1.08 (d, J=6.5Hz, 3H), 087ppm (d, J=7.0Hz, 3H); “CNMR
(125 MHz, CDCly): 6=222.1, 1729, 152.8, 149.8, 146.2, 139.1, 136.5,
135.0, 131.4, 122.2, 115.3, 109.7, 88.3, 74.9, 72.5, 52.1, 47.5, 41.0, 38.9, 38.2,
36.8, 35.5, 32.5, 29.7, 24.9, 22.4, 21.3, 19.0, 18.3, 15.6, 13.2, 10.0 ppm;
HRMS (ESI): m/z: caled for C;HyNOs+Nat: 548.3352 [M+Na'];
found: 548.3331.
(35,6R,75,8S,1'S,5'S)-7,11-Dihydroxy-3,8,8,10,12,16-hexamethyl-2-(5-
methylpyridin-2-yl)-3a,7,8,10,11,12,13,14,15,17 a-decahydro-1 H,6 H-4-oxa-
cyclopentacyclohexadecene-5,9-dione (1b): A solution of the second-gen-
eration Grubbs catalyst (2.5 mg, 0.003 mmol; weighed under argon) in
methylene chloride (1.5 mL) was added to a solution of compound 2b
(2.5 mg, 0.0052 mmol) in methylene chloride (0.5 mL). The reaction mix-
ture was heated at 50°C for 16 h and applied directly to a preparative
TLC plate and developed (25% EtOAc/hexanes) to give the target (Z)-
1b (0.5 mg) along with phenyl analogue 35 and the dimer 36 (~0.5 mg
each; =55 overall yield).

Data for compound 1b: R;=0.23 (silica gel, 50% EtOAc/hexanes);
'"HNMR (500 MHz, CDCl;): §=8.60 (s, 1H), 8.16 (d, J=8.0 Hz, 1H),
7.54 (d, J=8.0Hz, 1H), 584 (d, J=7.0Hz, 1H), 5.25 (d, /=10.0 Hz,
1H), 4.53 (d, J=10.0 Hz, 1H), 3.64-3.62 (m, 1H), 3.47-3.40 (m, 2H),
3.26-3.21 (m, 2H), 2.81 (dd, J=2.5, 16.5Hz, 1H), 2.65 (dd, J=10.5,
16.5 Hz, 1H), 2.59 (s, 3H), 2.38-2.31 (m, 1H), 2.00 (s overlapping with
m, 5H), 1.84-1.79 (m, 2H), 1.72 (s, 3H), 1.42 (s, 3H), 1.35-1.31 (m, 2H),
1.16 (d, J=6.5Hz, 3H), 1.06 (s, 3H), 1.02ppm (d, J=7.0 Hz, 3H);
HRMS (ESI): m/z: caled for C;)HNOs+HT™: 498.3219 [M+H™]; found:
498.3231.

3,7-Dihydroxy-4,4,6,8,12-pentamethyl-5-oxotridec-12-enoic acid 2-methyl-
3-(5-methylpyridin-2-yl)-5-styrylcyclopent-2-enyl ester (35): R;=0.61
(silica gel, 50% EtOAc/hexanes); '"H NMR (500 MHz, CDCl;): 0=8.48
(d, J=2.0Hz, 1H), 7.51 (dd, /=2.0, 8.0 Hz, 1H), 7.37-7.30 (m, 4H),
7.25-7.21 (m, 2H), 6.52 (d, /=16.0 Hz, 1H), 6.34 (dd, /=8.0, 16.0 Hz,
1H), 5.87 (d, J=4.5 Hz, 1H), 4.68 (d, J=9.0 Hz, 2H), 4.31-4.28 (m, 1H),
3.42-3.36 (m, 2H), 3.30-3.26 (m, 1H), 3.24 (d, J=4.0 Hz, 1H), 3.19-3.04
(m, 2H), 2.81-2.76 (m, 1H), 2.55 (dd, /=2.5, 16.0 Hz, 1H), 2.46 (dd, J=
10.5, 16.0 Hz, 1H), 2.36 (s, 3H), 2.01 (s overlapping with m, SH), 1.72
(m, 2H), 1.71 (s, 3H), 1.35 (m, 2H), 1.22 (s, 3H), 1.17 (s, 3H), 1.07 (d,
J=7.0Hz, 3H), 0.86 (d, /=7.0Hz, 3H); HRMS (ESI): m/z: calcd for
C33H5 NOs+Na': 624.3665 [M+Na™]; found: 624.3713.

Dimer 36: R;=0.37 (silica gel, 50% EtOAc/hexanes); 'HNMR
(500 MHz, CDCLy): 6=8.45 (d, /J=2.0 Hz, 1H), 7.48 (dd, /=2.0, 8.0 Hz,
1H), 7.17 (d, J=8.0 Hz, 1H), 5.81-5.78 (m, 1H), 5.66 (dd, J=2.5, 5.5 Hz,
1H), 4.66 (d, J=7.5 Hz, 2H), 4.45-4.41 (m, 1H), 4.20-4.17 (m, 1H), 3.55
(s, 1H), 3.40 (d, J=9.0 Hz, 1H), 3.35 (dd, /=6.5, 13.5 Hz, 1H), 2.98-2.93
(m, 1H), 2.87-2.83 (m, 1H), 2.65-2.60 (m, 1H), 2.54-2.51 (m, 2H), 2.34
(s, 3H), 2.05-1.94 (m, 3H), 1.91 (s, 3H), 1.70 (s, 3H), 1.26 (s overlapping
with m, 5H), 1.18 (s, 3H), 1.09 (d, /=7.0Hz, 3H), 0.87 ppm (d, J=
7.0 Hz, 3H); HRMS (ESI): m/z: caled for C,HgN,O,o+Na*: 1045.6493
[M+Na*]; found: 1045.6522.
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Towards Configurationally Stable [4]Helicenes: Enantioselective Synthesis of
12-Substituted 7,8-Dihydro[4]helicene Quinones

M. Carmen Carreiio,**! Alvaro Enriquez,” Susana Garcia-Cerrada,

[a]

M. Jesiis Sanz-Cuesta,'®! Antonio Urbano,*'* Feliu Maseras,™ <! and

Alfons Nonell-Canals™

Abstract: The synthesis of enantiopure
C-12 methoxy- or alkyl-substituted
5,7,8,12b-tetrahydro[4]helicene qui-
nones 16 and 17 and the 7,8-dihydroar-
omatic analogues 4 and 5 has been ach-
ieved from (SS§)-2-(p-tolylsulfinyl)-1,4-

cycloaddition step, whereas the P or M
helicity was shown to be dependent on
the nature of the C-12 substituent. The
size of this group was also defining the
configurational stability of the final
(P)-7,8-dihydro[4]helicene quinones 4

and 5. The interconversion barriers be-
tween the P and M helimers in the
latter, computed with a DFT B3LYP
method, matched well with the experi-
mentally observed stability. Our study
provided evidence that, in addition to

benzoquinone. In the first series, with a
structure containing both central and
helical chiralities, the R absolute con-
figuration of the stereogenic carbon
atom was defined after the asymmetric

cycloaddition -

Introduction

Phenanthrene and the higher homologues, bearing a series
of ortho-condensed aromatic rings, exist in a chiral non-
planar disposition due to the steric hindrance of the hydro-
gens in positions four and five in the former and the exter-
nal rings and their substituents in the latter. The helical
structures resulting from this distortion of planarity, called
helicenes,!'! can be resolved into their enantiomers if the in-
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steric effects, a small but significant
role of electronic effects is governing
the configurational stability of such
helical quinones.

terconversion barrier between them is high enough. Phenan-
threne itself shows helical distortion in the solid structurel”
and can be considered the smallest helicene ;P! however, the
enantiomers are not stable enough to be isolated because
they interconvert quickly at room temperature. Although
their half lives have been shown to increase with the pres-
ence of alkyl substituents at C-4 and C-5, the enantiomers
of more strained 4,5-disubstituted phenanthrenes can be
separated only at low temperatures.”) To the best of our
knowledge, configurationally stable [3]helicenes have never
been isolated at room temperature. The larger [5,6]- and
[7]helicenes can be configurationally stable at room temper-
ature and the isolated helimers can be stored for long peri-
ods without significant loss of enantiomeric purity, due to
the higher values of their interconversion barriers.!*! The hel-
ical distortion of the planarity in the case of benzo[c]phe-
nanthrene derivatives, [4]helicenes, is reinforced by over-
crowding of the substituents at the 1- and 12-positions of the
terminal rings (Scheme 1). In comparison with higher homo-
logues, the diminution of the number of aromatic rings de-
termines a lower interconversion barrier between the two
helical forms™ which is highly dependent on the substituents
at the terminal rings. Small substituents facilitate the ther-
mal racemisation of such compounds. When these substitu-
ents are large enough, the molecules become configuration-
ally stable and can be resolved into their corresponding en-
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(Yamaguchi, 1998)
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(Lacour, 2003)
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(Bringmann, 2000)

Scheme 1. [4]Helicenes previously synthesized in an optically active form.

antiomers with P or M absolute
(Scheme 1).5

Although the first reference about the helical chirality of
such tetracyclic systems was reported by Newman et al. in
1948,1% the first configurationally stable 1,12-dimethyl-sub-
stituted [4]helicene 1a was not prepared and resolved until
1956 by the same author®! (Scheme 1). Since then, several
synthetic methods have been exploited for the assembly of
the tetrahelicene framework,”! but only a few derivatives,
such as 1b, 2 and 3 have been resolved into their optical iso-
mers either by chemical®'*!"! or chromatographict® 12
methods. Thus, 1,12-dimethyl-substituted [4]helicene deriva-
tives 1® are configurationally stable even at high tempera-
tures, whereas the stability of 4-susbtituted-6H-
benzo[b]naphtha[1,2]pyran-6-ones 2! is dependent on the
size of the substituents, with the 4-methoxy derivative being
highly unstable. By contrast, the [4]heterohelicenium cations
3, bearing two methoxy groups at C-1 and C-12, are highly

configurations

Abstract in Spanish: La sintesis asimétrica de las 5,7,8,12b-
tetrahidro[4]heliceno quinonas metoxi o alquil sustituidas en
C-12, 16 y 17, y las andlogas 7,8-dihidroaromdticas 4 y 5 se
ha llevado a cabo a partir de la (S,S)-2-(p-tolilsulfinil)-1,4-
benzoquinona. En las quinonas 16 y 17, que poseen quirali-
dad central y helicoidal, la configuracion absoluta R en el
carbono estereogénico se define después de la etapa de ci-
cloadicion asimétrica, mientras que la helicidad P o M depen-
de de la naturaleza del sustituyente en C-12. El tamaiio de
este grupo es fundamental a la hora de definir la estabilidad
configuracional de las (P)-7,8-dihidro[4]heliceno quinonas 4
v 5. Las barreras de interconversion entre los helimeros P y
M de 4 y 5, calculadas teéricamente con el método DFT
B3LYP, coincidieron bastante bien con la estabilidad confi-
guracional observada experimentalmente. Este estudio ha evi-
denciado que, ademds de efectos estéricos, existe una pequeiia
pero significativa contribucion de efectos electrénicos para
explicar la estabilidad configuracional de estas quinonas heli-
coidales.
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stable and their configurational integrity is preserved up to
200°C.1 Although not systematically studied, these data
provide evidence that the racemisation barriers of [4]heli-
cenes are highly dependent on the particular structure.

Among the applications found for these [4]helicenes, it is
worth mentioning those for 1,12-dimethylbenzo[c]phenan-
threne-5,8-dicarboxylic acid (1b), described by Yamaguchi
et al."" This compound has shown interesting properties in
chiral catalysis,"'*13 chiral recognition in the complexation
with cyclodextrins,'™¥ chiral LB film formation,™ charge-
transfer complexation,' chiral macrocyclic anhydride and
amide formation,® 17 optically active acyclic and cyclic poly-
amine synthesis,'® chiral macrocyclic alkynes," cycloal-
kyne dimer and oligomer formation,*** optically active bi-
helicenol synthesis™™ and in the preparation of helicenedia-
mine oligomers.”! The high non-planarity of helical ben-
zo[c]phenanthrenes induced by a methyl group at C-12 was
shown to decrease their DNA-damaging effect if compared
with the unsubstituted derivative.”” Moreover, Kelly et al.
described a [4]helicene structure as a part of the first ration-
ally designed chemically powered molecular motor.”¥ Al-
though the interest of synthesizing such helical molecules in
optically active form is evident, to the best of our knowl-
edge, only a single asymmetric approach has been described
so far for the enantioselective construction of the lactone-
type chiral tetrahelicene 2,% with the resolution of racemic
structures the most frequently used method to enantiopure
[4]helicenes.

In connection with a program devoted to asymmetric syn-
thesis mediated by sulfoxides,™ we recently described a
new asymmetric approach to [S]helicene bisquinones based
on the domino Diels-Alder reaction/sulfoxide elimination/
oxidation process that occurred when enantiopure (SS)-2-(p-
tolylsulfinyl)-1,4-benzoquinone reacted with vinyl naphtha-
lenes and phenanthrenes.”! Nevertheless, due to the poor
reactivity of these aromatic derivatives as dienes, Diels—
Alder reactions took place only upon reflux of high boiling
solvents or under high pressure conditions, with low chemi-
cal and optical yields. This problem was later circumvented
by the use of non-fully aromatised more reactive dienes,
such as dihydroarylethenes.”” This slight structural modifi-
cation of the diene allowed the Diels—Alder reaction be-
tween enantiopure (SS)-2-(p-tolylsulfinyl)-1,4-benzoquinone
and differently substituted vinyl dihydrophenanthrenes to
proceed under very mild conditions, opening an easy access
to new helically chiral dihydro[S]helicene quinones and bis-
quinones with good chemical yields and excellent optical pu-
rities.”® Moreover, the presence of a central hydroaromatic
ring in the resulting helicenes is known to increase the race-
misation barrier in comparison with that of the whole aro-
matic derivatives.”) More recently, enantiopure [7]helicene
bisquinones were prepared in a more efficient and conver-
gent one-pot six-step domino process by using 3,6-divinyl-
1,2,7,8-tetrahydrophenanthrenes as dienes.[*"!

Taking into account the lower racemisation barriers of
[4]helicenes (<16 kImol™ for tetrahelicene),[**! a similar
asymmetric approach would be applicable if mild conditions

Chem. Eur. J. 2008, 14, 603 —620
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conducive to the tetracyclic skeleton were used to avoid the
possible racemisation processes. In a preliminary communi-
cation, we reported the synthesis of a 12-(tert-butyl)-substi-
tuted [4]helicene quinone® and showed that the bulky tert-
butyl substituent conferred configurational stability to the
system. Because the properties of all these artificial mole-
cules are closely associated to their inherent chirality, future
applications of [4]helicene derivatives would require us to
know their configurational stability. We then decided to
extend our asymmetric approach to the synthesis of new
enantioenriched 12-substituted 7,8-dihydrobenzo[c]phenan-
threne-1,4-quinones with the aim of evaluating the influence
of such substituents on the racemisation barrier and, as a
consequence, on the configurational stability of [4]helicenes.
We describe herein the synthesis of new 12-alkyl- and 12-
methoxy-substituted 7,8-dihydro[4]helicenequinones 4 and 5§
by starting from (SS)-2-(p-tolylsulfinyl)-1,4-benzoquinone.
Our previous synthesis of 12-(fert-butyl)-substituted ana-
loguesP! is also discussed in full detail, including results not
described in our earlier communication. We also report on
theoretical calculations of the energy barriers of enantiomer-
ic inversion in the [4]helicene quinone system, which match-
es with the experimental observations. The present study
shows that, although the configurational stability of the tet-
racyclic skeleton is mainly governed by steric effects, the
presence of electron-donating groups in the whole system
also increases the racemisation barrier.

Results and Discussion

The retrosynthetic analysis outlined in Scheme 2 was consid-
ered for the synthesis of alternatively 12-substituted-7,8-di-
hydro[4]helicene quinones 4 and 5.

Scheme 2. Retrosynthesis of [4]helicene quinones 4 and 5.

The construction of the benzo[c]phenanthrene skeleton
could be achieved in a convergent manner by reaction be-
tween an adequately substituted 3-vinyl-1,2-dihydronaphtha-
lene, such as 6 or 7, and enantiopure 2-(p-tolylsulfinyl)-1,4-
benzoquinone (SS)-8,% through the domino sequence
Diels—Alder reaction, sulfoxide elimination and partial aro-

Chem. Eur. J. 2008, 14, 603 —-620
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matisation that should occur in the presence of an excess of
the chiral sulfinyl quinone. The dienes 6 and 7, the substitu-
ents of which at C-5 (R' in Scheme 2) would be the precur-
sors of those at C-12 in the final helicenequinones 4 and 5,
could be accessible by a Stille coupling between a vinyl stan-
nane and the bicyclic triflates 9. These derivatives could be
formed from the corresponding 2-tetralone precursors 10,
bearing the appropriate substitution at C-8 (R' in Scheme 2)
which will be ultimatly responsible for the configurational
stability of the final [4]helicene quinones (C-12 in 4 or 5).
Thus, a general synthesis allowing the presence of different
groups at C-8 in 10 was envisaged by starting from commer-
cially available 7-methoxy-1-tetralone (11), in which the
alkyl R' substituents could be introduced by using Grignard
reagents, with the methoxy-substituted aromatic ring as a
suitable precursor for the cyclohexenone moiety of 10, after
Birch reduction and acidic hydrolysis.

Thus, as shown in Scheme 3, addition of methyl magnesi-
um bromide to the carbonyl group of 11, followed by an
acidic treatment (35% HCI) to promote water elimination
of the non-isolated carbinol intermediate, furnished a 93 %
yield of dihydronaphthalene 12b.”) Dehydrogenation of
12b with DDQ (DDQ =2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone) led to 1-methyl-7-methoxy naphthalene (13b)5%<!
in 97 % yield. A similar reaction sequence allowed the syn-
thesis of 1-(isopropyl)-7-methoxynaphthalene (13¢). In this
case, the introduction of the isopropyl substituent in 11 re-
quired the activation of the carbonyl group by BF;-OEt,,

Me
i) MeMgBr, Et,0O, reflux, 2 h Meo\“
i) 35% HCI, CH,Cl,, RT, 15 h O‘

MeO

=
o

12b (93%)
i) BF,-OEt,, RT, 2 h
iy iPrMgBr, Et,0 DDQ, CH,CI,
-65°CtoRT,2h RT. 10 min
iii) NH,CI '
Me
MeO MeO MeO
SORNGS 9
12¢ ppg cH,Cl, 13¢c 13b (97%)
I RT, 10 min
77% from 11
o i) tBuMgCl, Et,0, RT, 48 h OH
'V'eo\@ij then reflux 1.5 h MeO
iiy 10% HCI
11 14 (56%)

10% H,S0, ‘

benzene, reflux

Meo&@‘

12d (85%)

DDQ, CH,Cl,

B

MeO !

13d (99%)

RT, 10 min

Scheme 3. Synthesis of 1-alkyl-7-methoxynaphthalenes 13b—d.
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before the addition of the corresponding Grignard reagent
at low temperature. Under these conditions, a mixture of di-
hydronaphthalene 12¢® and naphthalene 13¢5 was gener-
ated, which evolved into 13 ¢ by treatment with DDQ (77 %
overall yield). Upon reaction with tert-butyl magnesium
chlorideP® followed by 10% HCI treatment, 11 gave rise to
carbinol 14”7 that could only be dehydrated after heating in
the presence of a stronger acid (H,SO,) to afford, in 85%
yield, the dihydroaromatic derivative 12d the aromatization
of which to naphthalene 13d with DDQ occurred in almost
quantitative yield (Scheme 3).

Reduction of naphthalene derivatives 13b—d was carried
out with Na in refluxing ethanol and occurred selectively at
the B-substituted ring®™ to give the corresponding enol
ether intermediates, which were directly transformed into
the desired 8-alkyl-3,4-dihydro-2(1H)-naphthalenones 10b—
d® by acidic hydrolysis (Scheme 4). The 5,8-dimethoxy-sub-

R’ R!
MeO i) Na, EtOH, reflux 5 h o
OO ii) 35% HCI
13b-d R? a:R'= R2= OMe R?
1 . 10b-d (65-99%)
b: R"=Me; R*=H 10a (ref. 40)
c:R'=iPrR?=H Tf,NPh, KHDMS
R d:R"=Bu; R’>=H THF, -78°C

Py

R1
JL TiO
R” “SnBu, ‘O
R Pd(PPhy)., LiCI

6a-d: R = H (44-93%) THF. reflux R®
7a-d: R = OEt (43-64%) 9a-d (84-91%)

Scheme 4. Synthesis of 3-vinyl-1,2-dihydronaphthalenes 6 and 7.

stituted 2-tetralone 10a was synthesized by using a known
procedure™ from the Diels—Alder adduct resulting from
the reaction between 2-methoxy-1,3-butadiene and p-benzo-
quinone. The key intermediate enol triflates 9, en route to
dienes 6 and 7, were obtained by trapping the enolate gener-
ated from f-tetralones 10 with Tf,NPh (Scheme 4). Stille
coupling of these triflates 9a—d with vinyl tributyl stannane
afforded dienes 6a—-d which were isolated pure by flash
column chromatography in 44-93% isolated yields. The
cross coupling reaction of 9a-d with 1-ethoxyvinyl tributyl
stannane afforded ethoxy-substituted dienes 7a-d, which
were proven to be very unstable, evolving into the corre-
sponding methyl ketones resulting form the hydrolytic cleav-
age of the ethyl vinyl ether moiety. Thus, compounds 7 had
to be used immediately once synthesized.

With dienes 6 and 7 in hand, we began the study of Diels—
Alder reactions with enantiopure (SS)-8. By taking into con-
sideration the reactivity features of the diene component in
the Diels—Alder reaction,*!) we initiated this study with the
presumably more reactive systems 6a and 7a, bearing the

606 —— www.chemeurj.org
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1,4-dimethoxyphenyl substituent, which could behave as an
electron-donating group, thus activating the 1,3-butadiene
moiety.”) We performed the reaction of 6a with a twofold
excess of (S5)-8 at —20°C in CH,Cl, (Scheme 5). The initial-

o 1 :pTol
OMe \S
\ N

(0]
o

0O (85)-8 (2 equiv)

6a CH,Cl,, -20 °C, 48h

pTolSOH 55%

DDQ (2 equiv)

CH,Cl,, RT, 6h
59%

0
(P,M)-4a (12bR,P)-16a
[o]™ =0 [a]o2° = +273 (¢ = 0.14 in CHCI,)

Scheme 5. Synthesis of 9,12-dimethoxy-5,7,8,12b-tetrahydro[4]helicene
quinone (12bR,P)-16a and 9,12-dimethoxy-7,8-dihydro[4]helicene qui-
none (P,M)-4a.

ly formed Diels—Alder adduct 15 was not detected and
evolved spontaneously, after syn-pyrolytic elimination of the
sulfoxide, to derivative 16a, which was the final product of
this reaction. Although the quinone 8 was in excess, we did
not observe the formation of the dihydrohelicene quinone
4a, which could result after the in situ aromatisation of the
B ring of 16a, even when the mixture was stirred for 7 d.
The tetrahydroaromatic derivative (12bR,P)-16a,*) which
contains both central and helical chiralities, was isolated
pure in 55% yield and was shown to be optically active
([a]®¥=+273 (c=0.14 in CHCl;)). The aromatization of the
B ring of 16a, by using two equivalents of DDQ in CH,Cl,
at room temperature for 6 h, gave rise to 7,8-dihydro-9,12-
dimethoxybenzo[c]phenanthrenene-1,4-dione (4a) in 59%
yield. Surprisingly, the [4]helicene quinone 4a formed under
these conditions showed a null value of its optical rotation.

Previous results from our laboratory had shown that the
absolute configuration and optical purity of the [5]-2**<l and
[7]helicene quinones®” obtained by following a similar
asymmetric approach, were highly dependent on the nature
of the oxidant and the reaction conditions used in the aro-
matisation step. The formation of racemic 4a could thus be
due to the reagent and/or temperature used in the aromati-
sation step or to the low interconversion barrier between
both enantiomers of the 12-methoxy-substituted [4]helicene
quinone. We thus carried out the aromatisation process in
the presence of DDQ as the oxidant at lower temperatures
(—78 and —20°C) to minimize racemisation, but only traces

Chem. Eur. J. 2008, 14, 603 - 620
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of compound 4a were isolated, even after long reaction
times.

Because the aromatisation of 16a at room temperature
could decrease the enantiomeric excess of the final helicene
quinone 4a, we decided to synthesize the 6-ethoxy tetracylic
derivative 5a, presumably easier to aromatise at lower tem-
peratures. The presence of electron-donating substituents in
the hydroaromatic polycyclic precursors, resulting from the
domino Diels—Alder reaction and elimination of the sulfox-
ide, had been shown to decrease the oxidation potential of
analogous penta- and heptacyclic derivatives,?**3! thus fa-
cilitating the aromatisation step en route to [5]- and [7]hel-
icene quinones and bisquinones. The Diels—Alder reaction
of (SS)-8 (2 equiv) with the more reactive ethoxy-substituted
diene 7a could be carried out at —40°C to give, directly, the
[4]helicene quinone (P)-5a which could be isolated pure in
78 % yield (Scheme 6). This result corroborated that the

pToI
| OMe
2
EtO
MeO Q

0(SS)-8 (2 equiv) OFt

7a OMe

CH,CI,
-40°C  78% [¢],%° = +303 (¢ = 0.034 in CHCI;)

-78°C  87%  [a],® = +640 (c = 0.027 in CHCL,)

j -20°C, 2h

(#)-5a [0, =0

Scheme 6. Synthesis of 6-ethoxy-9,12-dimethoxy-7,8-dihydro[4]helicene
quinone (P)-5a.

domino process, including the Diels—Alder reaction, elimina-
tion of the sulfoxide and aromatisation by an excess of the
quinone present in the reaction medium, was easier when
the structures bear electron-donating substituents. The spe-
cific rotary power of [4]helicene quinone 5a isolated in this
experiment, immediately measured after purification, was
([e]¥=+303 (c=0.034 in CHCl)). This result provided evi-
dence for the presence of a helical chirality in compound 5a
to which a P absolute configuration was assigned. The same
reaction at —78°C gave rise to (P)-5a (87 % yield), which
showed a higher value of optical rotation ([a]y=+640 (c=
0.027 in CHCl;)). When the solution of 5a used to measure
the rotary power was allowed to stand at —20°C, the initial
value decreased very quickly and was null after 2 h. These
results indicated that the configurational stability of [4]heli-
cenequinones 4a and Sa, bearing a methoxy group as the
substituent at C-12 was very low and the interconversion be-
tween both P and M helimers took place quickly even at
—20°C.

We then turned our attention to the synthesis of the C-12
methyl-substituted [4]helicene quinones 4b and 5b in order
to evaluate their configurational stability. Thus, the reaction
of diene 6b with two equivalents of quinone (SS)-8 in
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CH,Cl, at —20°C for 27 days furnished tetrahydroaromatic
benzo[c]phenanthrenedione (12bR,P)-16b, which was isolat-
ed in 80 % yield after flash chromatography. Compound 16b
showed a rotary power of [a]¥=+232 (¢=0.1 in CHCl,)
which corresponded to a 96% ee (ee=enantiomeric
excess)." In the presence of an even higher excess of the
sulfinyl quinone 8 (3 equiv), after 11 days at —20°C and 23
additional days at 5°C, the initially formed tetrahydroaro-
matic derivative 16b evolved into 12-methyl-7,8-dihydro[4]-
helicene quinone ((P)-4b), which was isolated pure after
flash chromatography in 83% yield. Immediately after
being synthesized, compound (P)-4b showed an optical ro-
tation of [a]¥=+482 (¢=0.05 in CHCL;), corresponding to
a35% ee.l ¥

We then repeated the reaction of diene 6b with three
equivalents of sulfinyl quinone (SS)-8 at room temperature
under high-pressure conditions (7850 bar). After 13 h
(Scheme 7), the reaction was complete, leading to the direct

O (SS)-8 (2 equiv)

I I CH,CI,, -20 °C, 27 d, 80%

6b (12bR,P)-16b (96% ee)

(SS)-8 (3 equiv) (55)-8 3equiv)  [ofp® = +232 (¢ = 0.1 in CHCL,)
CH,Cl,, RT
7850 bar, 13 h CHLL,
-20°C, 11d

89%
5°,23d

(P)-4b (81% ee)
[a]p®® = +1547 (¢ = 0.046 in CHCI,)

RT, 250 h

(P)-4b (35% e€)

+)-4b [a],2 =0
(#)-4b loly [o],? = +482 (¢ = 0.05 in CHCLy)

Scheme 7. Synthesis of 12-methyl-5,7,8,12b-tetrahydro[4]helicene quinone
(12bR,P)-16b and 12-methyl-7,8-dihydro[4]helicene quinone (P)-4b.

formation of dihydroaromatic derivative (P)-4b, which was
isolated in 89 % yield and with 81 % ee.* This result provid-
ed evidence that the high pressure conditions strongly accel-
erate both the cycloaddition and the aromatisation process-
es. Although the temperature of this experiment was higher
than before, the enantiomeric purity of the final helical de-
rivative (P)-4b was better, this was probably due to the
shorter reaction time, which partially avoided racemisation.
The rotary power of (P)-4b ([a]¥=+1547 (c=0.046 in
CHCl;)), measured immediately after purification, de-
creased at room temperature to a null value after 250 h, pro-
viding evidence for a low racemisation barrier between the
helimers.

The synthesis of 6-ethoxy-12-methyl-7,8-dihydro[4]heli-
cene quinone (5b) (64 % yield) was directly accomplished
by reaction of ethoxy-substituted diene 7b with the dieno-
philic quinone (SS)-8 (2.5 equiv) in CH,Cl, at —20°C for
two days (Scheme 8). Once again, the presence of the
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/L“ O (SS)-8 (2 equiv)

CH,Cl,, -20°C, 2d
64%

P)-5b (96% ee)
[#],2° = +1163 (c = 0.05 in CHCI,)

RT, 250 h
(+)-5b [0, = 0

Scheme 8. Synthesis of 6-ethoxy-12-methyl-7,8-dihydro[4]helicene qui-
none (P)-5b.

ethoxy substituent in the tetracyclic system initially formed
by the cycloaddition and pyrolytic elimination process was
favouring the aromatization at low temperature by the
excess of the quinone which acted as an oxidant in the last
step of the domino sequence. Moreover, the low tempera-
ture and shorter reaction time (2d at —20°C) allowed the
isolation of enantiopure 7,8-dihydro[4]helicene derivative
(P)-5b ([a]¥=41663 (c=0.05 in CHCl;), 96 % ee)).*"! This
helical quinone was shown to be configurationally unstable
as its optical rotation decreased to a null value after 250 h at
room temperature. Nevertheless, the rotary power of (P)-5b
remained constant at —20°C, providing evidence for a
higher configurational stability of this C-12 methyl-substi-
tuted[4]helicene quinone relative the analogues 4a and 5Sa,
which bear a methoxy group at C-12.

Thus, although compounds 4a—b and 5a-b are not con-
figurationally stable at room temperature, there is a signifi-
cant difference between the C-12 methoxy-substituted sys-
tems 4a and Sa, which rapidly racemise even at —20°C, and
the C-12 methyl-substituted analogues 4b and 5b, which are
indefinitely stable at this low temperature. Although this ef-
ficient synthesis allowed an easy access to the [4]helicene
quinones, the low configurational stability of the methyl-
substituted derivatives at room temperature prevented fur-
ther applications.

Considering the observed differences, we expected a
higher configurational stability for the [4]helicene quinones
4¢ and 5c bearing a bulkier C-12 isopropyl substituent. The
reaction of diene 6¢ with 2.1 equivalents of sulfinyl quinone
(SS)-8 (Scheme 9) occurred slowly at —20°C (42 d) to give
compound (12bR,P)-16¢, resulting from the cycloaddition
and sulfoxide elimination in 67 % yield. Tetrahydroaromatic
derivative 16¢ showed an optical rotation of [a]¥=+291
(¢=0.06 in CHCI;) and a 96 % ee.[*¥

Upon standing in CDCI; solution at room temperature for
30 days, compound 16c¢ partially evolved into a 65:15:20
mixture of 16¢, a new diastereoisomer (12bR,M)-17¢, and
dihydroaromatic derivative 4¢, proceeding from the aroma-
tisation of the B ring of 16¢ and/or 17¢. Fortunately, the
minor isomer 17¢ could be obtained pure after flash chro-
matography showing an optical rotation of [a]¥=—-167 (c=
0.05 in CHCI;). The isolation of two diastereoisomers 16¢
and 17c¢ for this type of compound can only be a conse-
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(P)-4c (82% ee)

RT
_ 20 =
[o],® = +1758 (¢ = 0.05 in CHCI,) sg (Praciled™=+1050}

(SS)-8 (3 equiv) Tol
CH,Cl,, RT | 73% Fre

7850 bar, 13 h
\ (59)-8

2
-20°C,11d;5°C,24d :
Gc

o (3equiv), CH CI2
9%
(SS)-8 (2 equiv)

CH,Cl,, -20°C, 42 d

(P)-4c 80% ee)

67% l
[0]p2 = +1451 (¢ = 0.08 in CHCI,)

(12bR,P)-16¢ (96% ee)
[o]5%° = +291 (¢ = 0.06 in CHCI,)

(12bR,M)-17¢c
[0],® = -167 (¢ = 0.05 in CHCI;)

Scheme 9. Synthesis of 12-isopropyl-5,7,8,12b-tetrahydro[4]helicene qui-
nones (12bR,P)-16¢ and (12bR,M)-17¢ and 12-isopropyl-7,8-dihydro[4]-
helicene quinone (P)-4c.

quence of the existence of two elements of chirality in such
structures. The central chirality is evident from the presence
of the stereogenic centre at C-12b; however, a helical chiral-
ity must also be present. This structural feature would be
common to the other tetrahydroaromatic derivatives 16a
and 16b; however, only in the case of the isopropyl-substi-
tuted analogue will both P and M helical diastereoisomers
interconvert very slowly at room temperature, which is thus
responsible for the appearance of two isolable structures
16¢ and 17c. It is worth mentioning that the sign of the
rotary power of both diastereomers is opposite. According
to the carbon substitution existent at the C-12b sterogenic
centre, the inversion of its configuration is unlikely, whereas
due to the flexible structure of the 1,4-cyclohexadiene
moiety, the inversion of the helicity is plausible.

The direct synthesis of 12-isopropyl-7,8-dihydro[4]heli-
cene quinone (P)-4c¢ could be achieved in 79% yield with
80% ee*! from a reaction between 6¢ and three equivalents
of (SS)-8 after 11 days at —20°C and 23 additional days at
5°C (Scheme9) or wunder high-pressure conditions
(7850 bar) after 13 h at room temperature in 73 % yield with
82 % ee.l*”l The rotary power of (P)-4c¢ obtained under these
last conditions ([a]X=+1758 (c=0.05 in CHCl;)) also de-
creased to [a]¥=+1050 after 31 days at room temperature,
but much more slowly than the C-12 methyl analogues. This
rotary power remained constant indefinitely in solution at
—5°C.

Enantiopure 6-ethoxy-12-isopropyl-7,8-dihydro[4]helicene
quinone (P)-5¢ ([a]¥=+1678 (c=0.09 in CHCL),
97 % ee)™ was also directly obtained by reaction between
ethoxy-substituted diene 7¢ and an excess of (SS)-8
(Scheme 10) in 65% yield. Compound (P)-5¢ was also
shown to be configurationally stable at —5°C.
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| iPr P'Q
EtO ‘O O (8S)-8 (2 equiv)
CH,Cl,, -20°C, 3 h o
7c 65% (P)-5¢ (97% ee)
[a],2° = +1678 (¢ = 0.09 in CHCI,)

Scheme 10. Synthesis of 6-ethoxy-12-isopropyl-7,8-dihydro[4]helicene qui-
none (P)-5¢c.

All these results provided evidence for a common feature
of our methodology. When the 7,8-dihydro[4]helicene qui-
nones are not configurationally stable, longer reaction times
lead to smaller optical purities, due to partial racemisations
that must occur during the synthetic process. The higher re-
activity of the alkoxy-substituted dienes 7 favoured the for-
mation of products with a higher enantiomeric excess,
except in the case of C-12 methoxy-substituted derivative
Sa, due to its very low configurational stability.

The reaction of 2-vinyl-8-(fert-butyl)-3,4-dihydronaphtha-
lene (6d) revealed an important influence of the remote
bulky substituent at the diene moiety both in the reactivity
and chemoselectivity of the Diels—Alder reaction with sulfi-
nyl benzoquinone (SS)-8.5Y

As outlined in Scheme 11, the cycloaddition between 6d
and enantiopure (SS)-8, was complete after seven days at
room temperature affording, in 54% overall yield, a
25:15:60 mixture of (12bR,M)-17d, (P)-4d and 18 which
could be isolated by flash chromatography in 14, 10 and
30% yields, respectively. The major component of the mix-
ture was characterised as a mixture of regio and diastereo-

tBu 0 \ ‘pToI
+ e 0
5 3
O (8S)-8

By’ O O Bu
O

pToIOS/
e}
(12bR,M)-17d (P)-4d 18
7d, 54% 25 15 60
[op2° = -240 [l = +1371
(c=0.02in CHCI,) (c=0.02in CHCL,)
72% ee 72% ee
7850 bar, 24 h, 96% 0 40 60
[0]g® = +1573
(¢=0.1in CHCl,)
80% ee

Scheme 11. Reaction of 3-vinyl-5-fert-butyl-1,2-dihydronaphthalene 6d
and (SS)-8.
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mers 18, resulting from the cycloaddition of diene 6d to the
unsubstituted C5-C6 double bond of the ambident dieno-
philic sulfinylquinone (SS)-8.%! Compound (12bR,M)-17d
was formed after endo cycloaddition of the diene 6d to the
sulfinyl-substituted C2-C3 double bond of 8, followed by
elimination of the sulfoxide. This derivative, containing heli-
cal chirality and a stereogenic centre at C-12b gave a
72% ee ([a]¥=-240 (c=0.02 in CHCL))."! Compound
(P)-4d, resulting from full aromatisation of the B ring of
17d, was isolated in an optically active form ([a]¥=+1371
(¢=0.02 in CHCL,)) with a 72% ee,™ and was shown to be
configurationally stable at room temperature. Although the
dienophile 8 was used in excess (2 equiv) to promote the ar-
omatisation of the B ring of 17d, only a small amount of the
expected [4]helicenequinone 4d was formed. To improve
the yield of 4d, we submitted compound 17d to different
treatments with DDQ, CAN (ceric ammonium nitrate) and
DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene). Surprisingly, 17d
remained unchanged in the presence of several oxidants
under different temperatures, even after long reaction times.

When the mixture of diene 6d and (SS)-8 (3 equiv) was
submitted to high-pressure conditions (7850 bar) for 24 h at
room temperature (Scheme 11), a 40:60 mixture of (P)-4d
(37% yield) and 18 (59% yield) was formed. Again, the
domino process was accelerated under high pressure condi-
tions and compound 4d ([a]¥=+1573 (c=0.1 in CHCL;))
was obtained with a 80% ee,*! slightly higher than that ob-
tained at atmospheric pressure.

When the reaction was performed with the more elec-
tron-rich diene 7d (Scheme 12), bearing the OEt substituent
at C-3 of the diene moiety, the cycloaddition with sulfinyl
quinone (SS)-8 occurred at —20°C, affording in 57 % yield,
helical quinone (P)-5d™*! showing an optical rotation of
([a]®=+977 (¢=0.03 in CHCL)) with 95% ee.*) Com-
pound 5d resulted from the exclusive attack of the diene on
the sulfinyl-substituted C2-C3 double bond of 8, followed
by elimination of the sulfoxide and full aromatisation of the
B ring. This result provided evidence that, in this case, the
use of the more electron-rich diene 7d, not only facilitated
the aromatisation of the B ring on the non-isolated inter-
mediate adduct, as previously observed, but also completely
reversed the chemoselectivity of the process. The lower tem-
perature of the cycloaddition step improved the stereoselec-
tivity of the process allowing the isolation of enantiopure
(P)-5d, which was configurationally stable at 25°C.

fo) \ :pTol

N

0 ()
BUQ
e e

EtO ‘O O (SS)-8 (2 equiv) '

CH,CL,, -20°C, 3 d 0

- 0,
7d 58% (P)-5d (95% ee)

[0, = +977 (¢ = 0.03 in CHCI,)

Scheme 12. Synthesis of 6-ethoxy-12-(tert-butyl)-7,8-dihydro[4]helicene
quinone (P)-5d.
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Structural and configurational assignment: The structural as-
signment of tetrahydroaromatic derivatives 16a—c and 17¢,d
was based on a detailed comparative analysis of their spec-
troscopic parameters, mainly 'H NMR spectra. As discussed
above, these compounds present two elements of chirality, a
stereogenic centre at C-12b and a chiral pseudo-helix due to
their ortho-condensed tetracyclic structure. This was evi-
denced from the isolation of two isopropyl-substituted dia-
stereomers 16¢ and 17¢, only possible if two chiralities are
present.

In spite of the structural analogy of all tetrahydroaromatic
derivatives 16a—c¢ and 17¢c,d, their "H NMR spectra revealed
significant differences in the chemical shifts of the olefinic
proton H-6 and the diastereotopic hydrogens at C-5 of com-
pounds 16a—c when compared with those of compounds
17¢,d (Figure 1). As can be seen, H-6 appeared as a broad
singlet at 0=5.50-5.53 ppm in compounds 16a-c (Figur-
e 1A,B,C), whereas it is much more deshielded in 17¢ and
17d, 0=5.91 and 6.05 ppm, respectively (Figure 1D,E).
Moreover, the methylene group at C-5 is observed as a com-
plex AB system at 6=2.95 and 3.30 ppm in 16b and 16¢
and 6=2.97 and 3.18 ppm in 16a, whereas the correspond-
ing signals for the CH, at C-5 in 17¢ and 17d appeared at
0=2.70 and 3.85 ppm in 17¢ and 6=2.58 and 3.81 ppm in
17d and are much more separated. This NMR behaviour
seemed to indicate a different spatial arrangement of deriva-
tives 16a—c with respect to 17¢ and 17d, probably due to
the different conformations of the 1,4-dihydroaromatic frag-
ment (B ring) present in these compounds.

In accordance with previous conformational studies on
1,4-dihydronaphthalenes!*” and with our own work,**! tet-
rahydroaromatic derivatives 16a—¢ and 17 ¢,d would exist in
a stable boat-like conformation, such as I (Scheme 13), in
which the aryl substituent at C-12b is situated in a pseu-
doaxial disposition to avoid destabilising interactions with
the methylene group at C-6a and the adjacent carbonyl
group, present in the other possible conformer II. NOESY
experiments carried out on 9,12-dimethoxy-substituted de-
rivative 16a confirmed the existence of a conformation such
as I, as a NOE enhancement was observed between H-8,,
and H-12b, which is only possible if both hydrogen atoms
are spatially close, such as in conformer I. Nevertheless, in
the case of the 12-tert-butyl-substituted tetracyclic com-
pound 17d, the NOESY experiment provided evidence for
strong NOE enhancements between H-12b and H-5,, as
well as between H-12b and the fert-butyl group at C-12
(Scheme 13). This situation is only possible if conformer II,
with the aryl group at C-12b in a pseudoequatorial disposi-
tion, is the major component in the conformational equilib-
rium of 17d. A detailed inspection of structures 16a-I and
17d-1I revealed that the presumably more stable conformer
L in the case of the C-12 tert-butyl-substituted system 17d,
must be highly destabilized by a spatial interaction between
the bulky tert-butyl group (R' in conformation I) and the
quinone ring.

This structural assignment was later confirmed by X-ray
diffraction!® of both derivatives 16a and 17d (Figure 2) in
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Figure 1. '"H NMR spectra of 16a—c and 17¢,d.

which the boat-like conformation I (with the C-12b aryl
group axial) for 16a and II (with the C-12b aryl group equa-
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(12bR,P)-16a (12bR,M)-17d

Scheme 13. Possible boat-like conformations of the 1,4-dihydroaromatic
ring of 5,7,8,12b-tetrahydro[4]helicenequinones 16 and 17 and observed
NOE:s for 16a and 17d.

e . (12bR,P)-16a

(12bR.M)-17d

Figure 2. X-ray structures of 16a and 17d.

torial) for 17d were evidenced. Moreover, these X-ray struc-
tures also showed the helical nature of these molecules pos-
sessing central and helical chiralities, and corroborated the
12bR,P relative configuration for 16a and 12bR,M for 17d.

After having determined the structure of 16a as the boat-
like conformation I (Scheme 13), the similar 'H NMR spec-
tra obtained for compounds 16b and 16¢ (Figure 1B,C) led
us to assign a similar spatial arrangement to these tetrahy-
droaromatic derivatives. In the same way, the isopropyl-sub-
stituted derivative 17¢, resulting from spontaneous evolution
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of 16¢, which showed a similar '"H NMR spectrum to that of
compound 17d (Figure 1D,E), must present a conformation
such as II.

The absolute configuration of the stereogenic carbon
atom at C-12b in all tetrahydroaromatic derivatives 16a—c
and 17¢,d has been assigned as R, taking into account the
high optical purity observed in all cases and the well-estab-
lished model of approach of the reacting enantiopure dieno-
phile  (SS)-2-(p-tolylsulfinyl)-1,4-benzoquinone  (8).2%*
Thus, the initial Diels—Alder adduct must result from the
preferred endo approach of the vinyl dihydronaphathalenes
6a-d to the less-encumbered upper face of the sulfinylqui-
none (SS)-8, adopting the (s)-cis conformation represented
in Scheme 14, usually the most stable and reactive of vinyl
sulfoxides. """

[4+2] cycloaddition

sulfoxide elimination
(s)-cis

R,
(-
Sy O
: 0 g
g PTol (12bR)-16a-c, 17d

(S9)

Scheme 14. Preferred approach between 3-vinyl-1,2-dihydronaphthalenes
6 and sulfinyl quinone (SS)-8.

The additional helical chirality shown by compounds 16 a—
¢ and 17¢,d, evident from the X-ray structures of 16a and
17d, must be a consequence of the complete shift of the
conformational equilibrium towards boat-like structure I in
16ab and II in 17d, with the relative stability of conformers
I and II dependent on the substituent at C-12 (R; in
Scheme 13). In the case of the isopropyl-substituted deriva-
tive 16¢, we initially detected a structure in which the
'"H NMR spectroscopic parameters matched with conformer
I. Although slowly, the equilibration between both conform-
ers I and II occurred, in this case, at room temperature,
leading to an equilibrium mixture of two diastereoisomeric
isolable structures 16 c-1 and 17 ¢-I1.

The P and M absolute configuration of the chiral helix
present in tetrahydroaromatic derivatives 16a—c and 17¢,d
was assigned by taking into account the positive or negative
sign of their [a]? values,' which are depicted in Figure 1.
Thus, the helicity of the isopropyl-substituted diastereomers
16 ¢-I and 17 ¢-I1, which bear the same R configuration at C-
12b, must be opposite due to the opposite sign of their [a]X
values. Moreover, all structures containing boat-like struc-
ture I (16a—c) have a positive value of [a]3, whereas com-
pounds 17¢ and 17d, to which the boat-like structure II has
been assigned, has a negative [a]% value. These observations
led us to assign the P absolute configurations to the chiral
helix of compounds bearing the boat-like structure I and M
to compounds with conformation II. As mentioned before,
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the 12bR,P and 12bR,M relative configurations assigned to
16a and 17d were corroborated by a X-ray diffraction study
(Figure 2).

The P absolute configuration of all helical dihydro[4]heli-
cenequinones 4 and 5 synthesised by us was again initially
assigned on the basis of the positive sign of their rotary
power'! and later confirmed for derivatives 4b and 5d by
applying the methodology described by Katz"" based on the
different O=C—C—O conformations of their M and P hely-
cenyl (—)-camphanates which bring about a different polari-
ty and NMR spectroscopic behaviour for each diastereoiso-
mer. Thus, we prepared pure biscamphanates (M)-19b and
(P)-19b from racemic (P,M)-4b, in 85% yield (Scheme 15),

~f e
O (P.M)-4b: R' = Me; R? = H
5 (P.M)-5d: R' = tBu; R? = OEt
Me Me
Zn, DMAP, Et,N, CH,Cl,, RT, 24 h Me
85% from (P,M)-4b Of
82% from (P,M)-5d o
cl

o) H, o
g@ / —
Q . *RO g
RZ OR R2
Prab  _82%_ (pr19p R'=Me; R? = H (M)-19b
(Pr-sd 8% (p)-20d R'=Bu;R?=OEt  (M)-20d

Scheme 15. Synthesis of bishelicenyl camphanates 19b and 20d from heli-
cal quinones 4b and 5d.

after quinone reduction with Zn followed by esterification
with (—)-camphanoyl chloride in the presence of DMAP
(DMAP =4-dimethylaminopyridine) and Et;N and chroma-
tographic separation. Diastereoisomer (P)-19b was also ob-
tained, under the same experimental conditions, starting
from enantiopure (P)-4b, in 74 % yield. The lower R; value
(0.43) shown by diastereomer (P)-19b on silica gel (hexane/
EtOAc 2:1) with respect to that of (M)-19b (R;=0.53), as
well as the differentiated NOESY enhancements observed
between H, and the two methyl groups at the same carbon
atom of the inside camphanate, allowed us to assign the P
absolute configuration to compound (+)-4b, which had re-
sulted from the domino Diels—Alder reaction, pyrolytic sulf-
oxide elimination and oxidation between the diene 6b and
the enantiopure sulfinyl quinone (SS)-8. In the case of the
(M)-19b helimer, only a NOE effect between one of the
methyl groups and H, was observed.
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A similar study was carried out for biscamphanates (P)-
20d (R;=0.34 in hexane/EtOAc 2:1) and (M)-20d (R;=0.42
in hexane/EtOAc 2:1) obtained in 82% yield from tert-
butyl-substituted [4]helicenequinone (P,M)-5d, or in the
case of (P)-20d obtained from enantiopure (P)-5d, in 78 %
yield (Scheme 15).

Configurational stability: Experimental data showed that
the configurational stability of [4]helicenequinones 4 and 5,
were dependent on the nature of the substituents of the tet-
racyclic skeleton, in particular, the one situated at C-12. The
enantiomeric stability experimentally observed for these hel-
ical compounds indicated the following qualitative order:
4a,5a<4b,5b<4c, 5¢<4d, 5d.

The interconversion between two enantiomers is a reversi-
ble first-order reaction with the same rate constant in both
directions. The free energy of activation for the interconver-
sion between helimers of compounds 4 and § was computed
with a DFT B3LYP method (see the Supporting Informa-
tion) through the evaluation of the free energy difference
between two structures: one of the enantiomeric minima
and the transition state connecting it to the other degener-
ate enantiomeric minimum. The optimised geometries of
the enantiomer minimum and the transition state corre-
sponding to compound (P)-5b, containing a methyl group at
C-12 and the OEt substituent at C-6, which were used as a
model, are shown in Figures 3 and 4. The relative planarity

Figure 3. B3LYP-optimized structure of the minimum for (P)-5b.

of these structures can be estimated from the value of the
dihedral angle ¢C12-C12a-C12b-C12c. The value of ¢ for a
planar structure would be zero. The dihedral angles calculat-
ed for the optimised structure of enantiomeric minimum Sb
(Figure 3) and the transition state for the helimer inversion
TS-5b (Figure 4) are 42.7 and 31.0°, respectively. The dihe-
dral angle ¢ for the other enantiomeric form (M)-5b of the
minimum is —42.7°. One could have expected the transition
state connecting structures with torsional angles of 42.7 and
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Figure 4. B3LYP-optimized structure of the transition state for the P to
M inversion of 5b, TS-5b.

—42.7° to have a value of ¢ closer to 0°. This hypothetical
structure, with ¢ =0° would be too sterically constrained,
while the less symmetric structure TS-5b with ¢ =31.0° has
a lower energy content. There exists another transition
structure with ¢ =—31.0°, defining an enantiomeric path for
the interconversion with exactly the same energy barrier.

Inspection of Figure 4, also gave some idea of the move-
ment the molecule was undergoing. There are two sources
of strain in these kinds of molecules that push them away
from planarity. The first one is the steric repulsion between
the substituent at C-12, a methyl group in the case of Sb,
and the carbonyl at C-1 of the tetrahelicene quinone frame-
work. The second is the strain associated with the presence
of two sp’-hybridised carbon atoms in the cyclohexadiene
ring in which C-12a and C-12b carbon atoms are included.
In a hypothetical structure with ¢ =0°, both strains would
be maximised at the same time. In a structure distorted
from planarity, such as TS-5b (Figure 4), only the steric
strain due to the interaction between the C-12 methyl and
the C=0 is maximized. The carbonyl oxygen atom has a
maximum repulsion with the methyl at C-12, while the ar-
rangement of the sp>-hybridised carbon atoms is the same to
that in the minimum energy structure of Figure 3. If one
were to follow the reaction coordinate, a movement up-
wards of the quinone would involve the full reorganization
of the molecule, including that of the sp® carbon atoms.

The other systems 4 and 5 computed behave in a similar
way to Sb and their structures will not be discussed in
detail. The results of the calculations are summarized in
Table 1, in which we have added the values of AG},, for the
racemisation obtained experimentally for compounds 4b, Sb
and 4¢ at 25°C from the rate constant of racemisation,
k.oo.,PY determined by measuring the optical rotation at fixed
intervals.’® We examined polarimetrically at A=435 nm in a
2 dm tube with chloroform solutions of 4b (c=0.0046 g in
5mL), 5b (¢=0.006g in 5mL) and 4¢ (c=0.0043¢g in
5mL). The decrease of the optical rotation values time
showed excellent straight-line relationships in each case and
allowed us to obtain the rate constant (k) from the slopes
of the plot of loga, versus time.
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Table 1. Calculated dihedral angle @ and free-energy barriers of enantio-
mer interconversion for compounds 4 and 5.
R? 4a:R'=R?=0OMe; R®*=H
5a: R' = R? = OMe; R® = OEt
O 4b:R'=Me; R®=R*=H
. 5b: R' = Me; R? = H; R = OEt
5b" R'=Me; R?=H; R®*=OH
R Q O 4c:R'=/Pr;R?=R®= H
R? R1=iPrR2=H RS =
' 5c: R'=/Pr; R = H; R® = OEt

4d:R'={Bu; R?=R*=H

o) 5d: R" = Bu; R? = H; R® = OEt
Compd. @, [)]  Prs[]  AGi caled ke AG?_ exp.
[kcalmol™']  [s7']® [kcalmol™]

4a 39.0 35.3 22.8

Sa 38.9 36.4 23.0

4b 432 30.6 252 1.88x10°% 253

5b 4.7 31.0 259 5.06x1077  26.0

Sb’ 429 30.8 259

4c 45.0 16.4 28.3 487x107% 274

Sc 46.0 151 29.3

4d 50.5 7.2 39.2

5d 50.5 19.1 42.0

[a] Kinetic data obtained at 298K from the plot of loga, versus time.™

It is worth noting that the computed values for AG},
matched qualitatively the ordering of barriers observed by
experiments. Moreover, the experimental values determined
from the kinetic parameters for 4b, 4¢ and 5b matched
quantitatively with those predicted by calculation. This con-
firmed that the enantiomeric stability is associated with the
barrier of this particular interconversion mechanism. The
systems with the highest steric constraint at the C-12 posi-
tion due to the presence of the bulkiest fert-butyl substitu-
ent, 4d and 5d, showed the larger distortion away from pla-
narity in the ¢ angle of the minimum energy geometry and
have the larger barriers of inversion. The values of AG]
calculated for the fert-butyl-substituted helicene quinones
4d and 5d were 39.2 and 42.0 kcalmol ™, respectively. These
values are consistent with the fact that helicenequinones 4d
and Sd did not suffer enantiomeric inversion at room tem-
perature and are indefinitely stable as pure enantiomers at
this temperature. The order of the calculated AG}_ values,
shown in Table 1, suggested that the steric strain follows the
order: MeO (AG. =228 and 23.0kcalmol™')<Me
(AG,}.=252 and 25.9kcalmol™) <iPr (AG; =283 and
29.3 kcalmol ") < </Bu (AG} =39.2 and 40.0 kcalmol™).
The methoxy substituent presents the lowest steric con-
straint because it can direct its methyl group away from the
carbonyl, thus alleviating the steric hindrance.” It may
seem surprising that compounds 4b and Sb, bearing the
methyl substituent presented a relatively small difference in
the AG},. values with respect to those of the isopropyl-sub-
stituted analogues 4¢ and Se¢, taking into account that the
steric constraint should be higher in the later.’¥ A compari-
son of the geometries of the minima and transition states of
Sb, TS-5b and 5¢, TS-5¢ revealed that the conformation of
the isopropyl group around the C-12-CH(CHj;), bond
always places the two methyl substituents away from the
sterically congested position, being the C—H bond of the iso-
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propyl group in the gauche disposition with respect to the
C-12a sp>hybridized carbon atom. In such a conformation,
the unfavourable gauche interactions between the CHj;
groups of the isopropyl and C-12a, occurring in any other
conformation, are minimized. This could justify the small
differences calculated for the AG}, of the methyl and iso-
propyl derivatives. In a recent paper,''¥ Yamaguchi has es-
tablished that methyl groups at the 1- and 12-positions in
[4]helicene derivatives exert a higher steric hindrance than
the corresponding isopropyl substituents.

A comparison between the AG?_values of the [4]helicen-
equinones 4 and the 6-ethoxy-substituted analogues 5, pro-
vided evidence for a slight increase for the barrier of activa-
tion of the latter. Thus, the calculated barriers of intercon-
version for derivatives 5 (AG,! ,—AG! ,.=02),
(AGltlcsb_AG:Jc4b:O'7)’ (AG:.CSc_AG:uc:LO)
(AG} . sa—AG: ,4=2.8), all bearing the ethoxy substituent
at C-6, are higher than those calculated for the C-6 hydro-
gen-substituted helicene quinones 4. This evidenced a small
but significant role of the electron-donating substitutent in
the configurational stability of these systems which must
hinder the enantiomeric inversion. Comparison of the geo-
metries in Figures 3 and 4 shows that the ethoxy group situ-
ated at C-6 has a very similar conformation in both the min-
imum energy structure TS-5a and the transition state TS-Sb,
being very far from the region of the molecule in which
steric congestion could hinder the interconversion. Thus, no
steric effect of this substituent can be invoked to explain its
effect which must be probably of electronic origin, due to
the presence of the oxygen atom directly attached to the ar-
omatic system in a position (C-6) in which the electron-do-
nating effect can be transferred to the C-1 position, thus in-
creasing the electron density of the C(1)=O (Figure 3). This
hypothesis was further analysed by a supplementary calcula-
tion on a new system Sb’, in which the ethoxy group at the
C-6 position (R* in Table 1) of the C-12 methyl-substituted
[4]helicene quinone 5b was replaced by an OH group. The
computed value was AG? ., =25.9 kcalmol ™, only 0.02 kcal
mol~! lower than that of 5b and 0.6 kcalmol ™' higher than
that of 4b. Therefore, the effect of this substituent is essen-
tially electronic, confirming the observation from the com-
puted geometries.

An additional observation resulting from calculation is
that the value of the torsion angle ¢ in the transition states
decreases as the free-energy barrier increases. This suggests
that when steric bulk is higher, the system gains less by dis-
torting from the ideal symmetric structure of the transition
state with a value of 0° for ¢.

Conclusion

We have succeeded in the convergent synthesis of enantio-
pure 5,7,8,12b-tetrahydro[4]helicene quinones 16 and 17 and
the 7,8-dihydro analogues 4 and §, bearing different sterical-
ly demanding susbtituents at C-12 (OMe, Me, iPr, Bu),
from reaction between (SS)-2-(p-tolylsulfinyl)-1,4-benzoqui-
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none (8) and the appropriately 5-substituted 3-vinyl-1,2-di-
hydronaphathalenes 6 or 7. The process always occurs in a
one-pot domino sequence by starting from a highly m-facial
diastereoselective Diels—Alder reaction, followed by the py-
rolytic elimination of the sulfoxide. A detailed structural
study of the resulting compounds 16 and 17 provided evi-
dence for the existence of a different conformation in the
1,4-dihydroaromatic B ring that is dependent on the nature
of the C-12b substituent. In the isopropyl-substituted deriva-
tive, two different conformers could be isolated, thus show-
ing that in these molecules central and helical chiralities co-
exist. When the starting diene partner 7 bears an electron-
donating group, such as OEt, the domino sequence included
a third transformation, the aromatisation of the 1,4-dihy-
droaromatic ring, allowing the one-pot synthesis of helical
quinones 5. We have also established that the configuration-
al stability of tetrahelicenes 4 and 5 is mainly controlled by
the size of the substituent at C-12, with the tert-butyl-substi-
tuted derivatives 4d and 5d the only compounds that are in-
definitely stable at room temperature. The values of the rac-
emisation barriers calculated from computations, confirmed
the main role of the steric effects in the configurational in-
tegrity of these helical quinones. These results also provided
evidence for a small but significant influence electronic ef-
fects when an electron-donating group is situated at C-6 of
the aromatic system. The higher electron density of the C-1
carbonyl atom of the quinone in such 6-ethoxy-substituted
systems could be the origin of the higher values for their
racemisation barriers.

Experimental Section

General: Melting points were obtained in open capillary tubes. 'H and
BCNMR spectra were recorded at 300 and 75 MHz, respectively, by
using CDCl; as a solvent and tetramethylsilane as the internal standard.
All reactions were monitored by TLC, which was performed on precoat-
ed silica gel 60 F,s5, plates. Flash column chromatography was effected
with silica gel 60 (230240 mesh) from Macherey—Nagel. Eluting solvents
are indicated in the text. HRMS were measured at 70 eV. Reagent quali-
ty solvents, such as THF, diethyl ether and acetonitrile, were dry pur-
chased and kept under an argon atmosphere over activated 4 A molecu-
lar sieves. For toluene and benzene, activated 3 A molecular sieves were
used. CH,Cl, was predried over CaCl,, distilled over P,O5 and carefully
kept under an argon atmosphere. For routine workup, hydrolysis was car-
ried out with water, extractions with CH,Cl, and solvent drying with
MgSO,. The values of ee were determined by chiral HPLC by using col-
umns Daicel Chiracel OD, AS or AD and/or by NMR spectroscopy by
using chiral lanthanide shift reagents.

General procedure A: Aromatization of 1,2-dihydronaphthalenes: A so-
lution of DDQ (1.89 g, 8.3 mmol) in CH,Cl, (35 mL) was added to a solu-
tion of the corresponding dihydronaphthalene (6.9 mmol) in CH,Cl,
(35 mL). The mixture was stirred for 10 min and then washed with sever-
al portions of an aqueous saturated solution of NaHCO;. After workup
and flash chromatography, pure naphthalenes were obtained.

General procedure B: Synthesis of f-tetralones: To a well-stirred reflux-
ing solution of the corresponding -methoxynaphthalene (6.2 mmol) in
EtOH (66 mL), small portions of Na (40-60 equiv) were carefully added
under argon. After the time indicated in each case, the reaction mixture
was cooled to 0°C and acidified with 35% HCI until pH ~1. The mix-
ture was stirred for 1h at room temperature, diluted with CH,Cl,, ex-
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tracted and the organic layer washed with an aqueous saturated solution
of NaHCO;. After workup and flash chromatography, pure 2-tetralones
were obtained.

General procedure C: Synthesis of enol triflates: A solution of KHMDS
(HMDS =hexamethyldisilazane) in toluene (0.5M, 8 mL, 4.0 mmol) was
added to a solution of the corresponding (-tetralone (3.3 mmol) and N-
phenyl-trifluoromethanesulfonimide, Tf,NPh, (1.20 g, 3.3 mmol) in THF
(31 mL) at —78°C under an argon atmosphere. The reaction mixture was
stirred at this temperature for the time indicated in each case, hydrolysed
with water and allowed to warm to RT. After extraction with EtOAc,
workup and flash chromatography, pure enol triflates were obtained.

General procedure D: Synthesis of 3-vinyl-1,2-dihydronaphthalenes: The
corresponding vinylstannane (0.35 mmol) was added to a well-stirred
mixture of the trifluoromethanesulfonate derivative (0.35 mmol), Pd-
(PPh;), (16 mg, 0.014 mmol) and dry LiCl (81 mg, 1.75 mmol) in THF
(3mL) under an argon atmosphere. The reaction mixture was refluxed
for the reaction time indicated in each case, cooled to room temperature,
diluted with hexane (12 mL) and washed with a 10% aqueous solution of
NH,OH and water. After workup and flash chromatography on silica gel
or alumina, pure dienes were obtained.

General procedure E: Diels-Alder reactions: A solution of (SS)-8°
(0.32-0.48 mmol, 80-120 mg, 2 or 3 equiv) in CH,Cl, (2 mL) was added
to a solution of the corresponding diene (0.16 mmol) in CH,Cl, (2 mL) at
the temperature indicated in each case under an argon atmosphere. After
the time indicated in each case, the solvent was evaporated and the resi-
due was purified by flash chromatography.

General procedure F: Diels—Alder reactions under high pressure condi-
tions: A solution of (SS)-8%2 (120 mg, 0.48 mmol, 3 equiv) in CH,Cl,
(2mL) was added to a solution of the corresponding diene (0.16 mmol)
in CH,Cl, (2 mL) under an argon atmosphere, and the mixture was sub-
mitted to high pressure conditions (8 Kbar). After the time indicated in
each case, the solvent was evaporated and the residue was purified by
flash chromatography.

General procedure G: Synthesis of helicene biscamphanates: Et;N
(516 uL, 3.68 mmol) was added to a mixture of the corresponding heli-
cene quinone (0.18 mmol), activated Zn (286 mg, 4.38 mmol) and (—)-
camphanoyl chloride (379 mg, 1.75 mmol) in CH,Cl, (7.4 mL) under an
argon atmosphere. The reaction mixture was stirred for 24 h, filtered
through Celite and the organic solution was washed with saturated aque-
ous solution of NaHCO;, 10% HCI and water. After workup and flash
chromatography, pure helicene biscamphanates were obtained.
6-Methoxy-4-methyl-1,2-dihydronaphthalene (12b): MeMgCl in ether
(3.0m, 1.2 mL, 3.55 mmol) was slowly added to a solution of commercial-
ly available 7-methoxy-1-tetralone (11) (250 mg, 1.42 mmol) in Et,0O
(5 mL) under an argon atmosphere. After stirring for 5h, the mixture
was refluxed for 2 h, cooled to 0°C and hydrolysed with a saturated
aqueous solution of NH,Cl. After extraction with ethyl ether and
workup, the residue was dissolved in CH,Cl, (SmL) and 35% HCI
(5 mL) was added. After stirring the mixture for 15 h, the organic layer
was separated and washed with a saturated solution of NaHCO;. After
workup and flash chromatography (EtOAc/hexane 1:4), compound
12bP was obtained as a colourless oil in 93% yield. 'H NMR: 6=2.08
(s, 3H), 2.27 (m, 2H), 2.73 (dd, J=17.9, 8.1 Hz, 2H), 3.84 (s, 3H), 5.91 (t,
J=4.6 Hz, 1H), 6.72 (dd, J=8.1, 2.6 Hz, 1H), 6.85 (d, /=2.6 Hz, 1H),
7.08 ppm (d, /=8.1 Hz, 1H); "CNMR: 6=19.2, 23.5, 27.4, 55.3, 109.6,
110.9, 126.0, 127.8, 128.5, 132.1, 136.9, 158.4 ppm; MS (EI): m/z (%): 115
(48), 129 (63), 144 (28), 159 (79), 172 (100), 174 [M]* (63); MS (EI):
m/z: caled for C,H;,0: 174.10446; found: 174.10417.
7-Methoxy-1-methylnaphthalene (13b): Compound 13b% was obtained
from 12b by following general procedure A (eluent: EtOAc/hexane 1:70)
in 97 % yield as a white solid. M.p. 40-42°C (CH,Cl,); 'H NMR: 6 =2.65
(s, 3H), 3.94 (s, 3H), 7.16 (dd, /=89, 2.4 Hz, 1H), 7.23 (d, /=24 Hz,
1H), 7.24 (dd, /=75, 6.9 Hz, 1H), 7.29 (dd, J=6.9, 0.6 Hz, 1H), 7.64
(dd, J=75, 0.6 Hz, 1H), 7.75 ppm (d, /=89 Hz, 1H); "CNMR: 6=
19.6, 55.3, 102.7, 117.9, 123.3, 126.1, 127.1, 128.9, 130.0, 132.9, 133.6,
157.6 ppm; MS (EI): m/z (%): 63 (6), 86 (21), 102 (5), 115 (9), 141 (10),
157 (7), 172 (100) [M]*; MS (EI): m/z: caled for C,H;,0: 172.08881;
found: 172.08916.
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7-Methoxy-1-isopropylnaphthalene (13¢): BF;-OEt, (21.6 mL,
170.5 mmol) was added to a solution of commercially available 7-me-
thoxy-1-tetralone (11) (7.50 g, 42.6 mmol) in dry Et,O (120 mL) under an
argon atmosphere. After stirring for 2 h, the reaction mixture was cooled
to —20°C and added dropwise to a freshly prepared solution of iPrMgCl
(from 9.6 mL of iPrBr and 2.27 g of Mg turnings in 90 mL of Et,O for
30 min at reflux) at —65°C. The mixture was allowed to reach room tem-
perature, stirred for 2 h and hydrolysed at 0°C with a saturated aqueous
solution of NH,Cl. After extraction with Et,0 and workup, a residue
containing 6-methoxy-4-isopropyl-1,2-dihydronaphthalene (12¢) and 7-
methoxy-1-isopropylnaphthalene (13¢) was obtained. This mixture was
dissolved in CH,Cl, (210 mL) and treated with a solution of DDQ
(11.6 g, 51.0 mmol) in CH,Cl, (250 mL), following general procedure A
(eluent: EtOAc/hexane 1:70). Compound 13¢P was obtained in 77%
yield as a colourless oil. '"HNMR: 0 =1.69 (d, J=6.9 Hz, 6 H), 3.94 (sept,
J=69Hz, 1H), 4.13 (s, 3H), 7.44 (dd, /=8.9, 2.4 Hz, 1H), 7.58 (dd, /=
8.1, 7.5 Hz, 1H), 7.62 (d, /=89 Hz, 1H), 7.69 (d, /=2.4 Hz, 1H), 7.85
(dd, /=75, 1.4 Hz, 1H), 8.00 ppm (d, J=8.1 Hz, 1H); "CNMR: 6=
23.2,28.6, 55.0, 102.1, 117.4, 122.1, 123.3, 126.0, 129.3, 130.3, 132.3, 143.0,
157.5 ppm; MS (EI): m/z (%): 115 (19), 128 (7), 141 (16), 154 (12), 170
(15), 200 [M]* (56); MS (EX): m/z: caled for C,H},O: 200.12011; found:
200.12083.

1-tert-Butyl-7-methoxy-1,2,3,4-tetrahydronaphthalen-1-ol (14): BuMgCl
in Et,0 (2.0M, 17 mL, 34.0 mmol) was slowly added to a solution of com-
mercially available 7-methoxy-1-tetralone (11) (3.0 g, 17.0 mmol) in Et,O
(8 mL) under an argon atmosphere. After stirring for 48 h, the mixture
was hydrolysed at 0°C with 10% HCI (100 mL) and stirred for 30 min at
room temperature. The organic layer was extracted with Et,0O and
washed with water and a saturated aqueous solution of NaHCO;. After
workup and flash chromatography (eluent: EtOAc/hexane 1:20), com-
pound 14 was obtained in 56% yield as a white solid. M.p. 53-55°C
(CH,Cly/pentane); 'HNMR: 6=0.97 (s, 9H), 1.51 (m, 1H), 1.83 (m,
2H), 1.87 (brs, 1H), 2.28 (ddd, /=34, 10.5, 15.3 Hz, 1H), 2.51 (ddd, J=
4.5, 9.1, 153 Hz, 1H), 2.65 (dt, /J=15.0, 45Hz, 1H), 3.78 (s, 3H), 6.73
(dd, J=2.6, 8.3 Hz, 1H), 6.99 (d, J=8.3 Hz, 1H), 7.20 ppm (d, /=2.6 Hz,
1H); "CNMR: 6=21.2, 25.8, 29.7, 36.7, 39.9, 55.1, 76.1, 112.6, 113.8,
128.7, 146.3, 146.3, 156.9 ppm; MS (EI): m/z (%): 91 (6), 121 (22), 159
(8), 177 (100), 234 (10) [M]*; MS (EI): m/z: caled for C;sH,,0;:
234.16198; found: 234.16193.
4-tert-Butyl-6-methoxy-1,2-dihydronaphthalene  (12d): 10% H,SO,
(0.11 mL) was added to a solution of carbinol 14 (50 mg, 0.21 mmol) in
benzene (1 mL). After refluxing for 1 h, the reaction mixture was cooled
to room temperature and washed with a saturated aqueous solution of
NaHCO; and water. After workup and flash chromatography (eluent:
EtOAc/hexane 1:40), compound 12d was obtained in 85% yield as a
yellow oil. 'HNMR: 6=1.36 (s, 9H), 2.15 (dt, J=4.8, 8.1 Hz, 2H), 2.57
(t, J=8.1Hz, 2H), 3.81 (s, 3H), 6.12 (t, /=4.8 Hz, 1 H), 6.68 (dd, J=2.6,
83Hz, 1H), 7.09 (d, J=83Hz, 1H), 7.24ppm (d, J=2.6Hz, 1H);
BCNMR: §=23.8, 28.3, 31.0, 34.9, 55.2, 109.7, 113.2, 124.7, 127.9, 130.7,
135.6, 144.7, 157.4 ppm; MS (EI): m/z (%): 69 (33), 84 (55), 105 (32); 115
(41), 128 (28), 149 (25), 159 (85), 175 (39), 189 (25), 201 (46), 216 (100)
[M]*; MS (EI): m/z: caled for C;sH,,0: 216.15141; found: 216.15199.
1-tert-Butyl-7-methoxynaphthalene (13d): Compound 13d was obtained
from 12d by following general procedure A (eluent: EtOAc/hexane 1:20)
in 99 % yield as a yellow oil. "HNMR: 6=1.68 (s, 9H), 3.98 (s, 3H), 7.19
(dd, /=22, 89 Hz, 1H), 7.30 (t, J=7.6 Hz, 1H), 7.53 (dd, J=1.1, 7.3 Hz,
1H), 7.68 (brd, J=7.9 Hz, 1H), 7.81 (d, /J=2.3 Hz, 1H), 7.80 ppm (d, J=
89 Hz, 1H); "CNMR: 6=314, 358, 552, 106.8, 116.6, 123.0, 123.7,
127.1, 130.4, 130.9, 132.4, 144.5, 156.2 ppm; MS (EI): m/z (%): 57 (73), 71
(41), 84 (25), 105 (10), 113 (17), 149 (100), 167 (42), 199 (28), 214 (14)
[M]*; MS (EI): m/z: caled for CisH sO: 214.13637; found: 214.13576.
8-Methyl-3,4-dihydro-2(1H)naphthalenone (10b): Compound 10b" was
obtained from 13b by following general procedure B (4 h, eluent:
EtOAc/hexane 1:20) in 72% yield as a white solid. M.p. 71-73°C
(CH,Cly/hexane); '"H NMR: =2.29 (s, 3H), 2.60 (t, J=6.8 Hz, 2H), 3.09
(t, J=6.8 Hz, 2H), 3.53 (s, 2H), 7.11 ppm (m, 3H); "C NMR: §=19.0,
28.6, 38.1, 41.3, 1252, 126.1, 128.0, 131.5, 135.5, 135.9, 201.1 ppm; MS
(EX): m/z (%): 65 (11), 77 (20), 91 (28), 115 (27), 118 (100), 146 (22), 160
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(48) [M]*; MS (EI): mi/z: caled for C;;H,,0: 160.08882; found:
160.08894.

8-Isopropyl-3,4-dihydro-2(1H)naphthalenone (10c¢): Compound 10¢ was
obtained from 13¢ by following general procedure B (2h, eluent:
EtOAc/hexane 1:20) in 65% yield as a dark yellowish oil. 'H NMR: 0=
1.24 (d, J=6.7 Hz, 6H), 2.57 (t, J=6.8 Hz, 2H), 3.08 (t, J=6.8 Hz, 2H),
3.00-3.15 (sept, J=6.7Hz, 1H), 3.63 (s, 2H), 7.09 (t, J=4.6 Hz, 1H),
7.17-7.22 ppm (2d, J=4.6 Hz, 2H); "C NMR: 6=23.1, 28.7, 29.1, 38.0,
41.2, 123.4, 125.3, 126.7, 130.3, 136.6, 146.2, 211.0 ppm; MS (EI): m/z
(%): 115 (73), 131 (85), 141 (16), 173 (86), 188 (100) [M]*; MS (EI): m/z:
calcd for C;3H,4O: 188.12011; found: 188.11987.
8-tert-Butyl-3,4-dihydro-2(1H)naphthalen-2-one (10d): Compound 10d
was obtained from 13d by following general procedure B (5 h, eluent:
EtOAc/hexane 1:9) in 99% yield as a yellow solid. M.p. 43-45°C
(CH,Cl,/pentane); '"HNMR: §=1.41 (s, 9H), 2.48 (t, J] = 6.7 Hz, 2H),
3.06 (t, J=6.7Hz, 2H), 3.89 (s, 2H), 7.12 (dd, /=2.0, 7.5 Hz, 1H), 7.17
(t, J=17.5Hz, 1H), 7.33 ppm (dd, J=2.0, 7.5 Hz, 1H); *C NMR: 6 =29.3,
31.2, 35.3, 36.9, 45.7, 124.7, 125.7, 126.3, 131.4, 138.9, 147.7, 211.4 ppm;
MS (EI): mi/z (%): 55 (21), 77 (36), 91 (66), 115 (100), 129 (88), 143 (54),
161 (93), 183 (76), 202 (84) [M]*; MS (EI): m/z: caled for C,H;O:
202.13576; found 202.13628.

5,8-Dimethoxy-3,4-dihydronaphthalen-2-yl trifluoromethanesulfonate
(9a): Compound 9a was obtained from 2-tetralone 102’ by following
general procedure C (1 h, eluent EtOAc/hexane 1:9) in 60% yield as a
white solid. M.p. 26-28°C (EtOAc/hexane); 'HNMR: 6=2.62 (t, J=
8.6 Hz, 2H), 3.03 (t, /=8.6 Hz, 2H), 3.78 (s, 6H), 6.67, 6.75 (AB system,
J=8.9Hz, 2H), 6.85ppm (s, 1H); "CNMR: 6=21.7, 25.6, 55.8, 55.9,
109.3, 111.3, 113.1, 1185 (q, J=328.1 Hz), 122.2, 129.9, 130.9, 132.1,
149.5, 150.4 ppm; MS (EI): m/z (%): 69 (100), 91 (18), 115 (49), 129 (45),
143 (26), 157 (56), 183 (88), 317 (19), 334 (40) [M]*; MS (EI): m/z: caled
for C;3H;3SOsF;: 334.08505; found: 334.08548.
8-Methyl-3,4-dihydronaphthalen-2-yl trifluoromethanesulfonate  (9b):
Compound 9b was obtained from 2-tetralone 10b by following general
procedure C (6 h, eluent: EtOAc/hexane 1:20) in 91 % yield as a colour-
less oil. "H NMR: 6=2.32 (s, 3H), 2.67 (t, J=8.5Hz, 2H), 3.04 (t, J=
8.5 Hz, 2H), 6.69 (s, 1H), 7.00 (d, J=7.5Hz, 1H), 7.04 (d, /=7.5 Hz,
1H), 7.11 ppm (t, J=7.5Hz, 1H); "C NMR: 6=18.7, 26.2, 29.0, 115.6,
116.5, 122.1 (q, J=212.1 Hz), 125.2, 127.9, 128.6, 129.3, 134.4, 150.1 ppm;
MS (EI): m/z (%): 69 (8), 115 (21), 131 (100), 159 (42), 292 (23) [M]*;
MS (EI): m/z: caled for C,,H;;F505S: 292.03802; found: 292.03810.
8-Isopropyl-3,4-dihydronaphthalene-2-yl trifluoromethanesulfonate (9c):
Compound 9¢ was obtained from 2-tetralone 10c¢ by following general
procedure C (1 h, eluent: EtOAc/hexane 1:70) in 88 % yield as a colour-
less oil. 'HNMR: 0=127 (d, J=6.9 Hz, 6H), 2.68 (t, J=8.3 Hz, 2H),
3.06 (t, /=83 Hz, 2H), 3.12 (sept, J=6.9 Hz, 1H), 6.84 (s, 1H), 7.02 (dd,
J=6.1, 5.7Hz, 1H), 7.15-725 ppm (m, 2H); "CNMR: 0=23.3, 26.2,
28.8, 29.5, 115.3, 118.6 (q, /=319 Hz), 123.7, 125.2, 128.1, 128.3, 133.4,
145.0, 150.5 ppm; MS (EI): m/z (%): 69 (22), 97 (10), 117 (53), 129 (29),
143 (23), 169 (47), 187 (56), 320 [M]* (30); MS (EX): m/z: caled for
C,H;5sF;058: 320.06940; found: 320.06958.
8-tert-Butyl-3,4-dihydronaphthalene-2-yl trifluoromethanesulfonate (9d):
Compound 9d was obtained from 2-tetralone 10d by following general
procedure C (2 h, eluent hexane) in 91 % yield as a white solid. M.p. 26—
27°C (hexane); '"HNMR: 0 =1.42 (s, 9H), 2.63,3.03 (2, /=79 Hz t, 4H),
7.02 (dd, J=2.0, 7.5Hz, 1H), 713 (t, J=73Hz, 1H), 717 (s, 1H),
7.28 ppm (dd, J=2.0, 7.5 Hz, 1H); "CNMR: 6=25.8, 29.9, 31.6, 35.2,
1183, 119.1 (q, J=319Hz), 1247, 1259, 127.9, 128.9, 134.8, 146.9,
149.0 ppm; MS (EI): m/z (%): 69 (100), 91 (18), 115 (49), 129 (45), 143
(26), 157 (56), 183 (88), 317 (19), 334 [M]* (40); MS (EX): m/z: calcd for
C;sH,7F;05S: 334.08505; found: 334.08548.
5,8-Dimethoxy-3-vinyl-1,2-dihydronaphthalene (6a): Compound 6a was
obtained from enol triflate 9a and vinyl tributyl stannane by following
general procedure D (1.5 h, eluent: EtOAc/hexane 1:9) in 82% yield as a
colourless oil. 'THNMR: 6=2.42 (t, J=7.9 Hz, 2H), 2.84 (t, J=8.3 Hz,
2H), 3.80 (s, 6H), 5.12 (d, /=10.7 Hz, 1H), 533 (d, /=17.4 Hz, 1H),
6.62 (dd, /=10.7, 17.4 Hz, 1H), 6.66, 6.69 (AB system, J=8.9 Hz, 2H),
6.81 ppm (s, 1 H); "C NMR: 6 =20.4, 21.3, 56.0, 109.9, 112.4, 122.0, 124.5,
124.9, 125.8, 137.0, 138.9, 149.8, 150.4 ppm; MS (EI): m/z (%): 141 (7),
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175 (7), 201 (20), 216 (100) [M]*; MS (EI): m/z: caled for CHO:
216.11503; found: 216.11430.

5-Methyl-3-vinyl-1,2-dihydronaphthalene (6b): Compound 6b was ob-
tained from enol triflate 9b and vinyl tributyl stannane by following gen-
eral procedure D (7 h, eluent: EtOAc/hexane 1:40) in 97 % yield as a col-
ourless oil. '"HNMR: §=2.37 (s, 3H), 2.45 (t, /=8.1 Hz, 2H), 2.84 (t, J=
8.1 Hz, 2H), 5.16 (d, J=10.9 Hz, 1H), 5.37 (d, J=17.4 Hz, 1H), 6.62 (dd,
J=109, 17.4 Hz, 1H), 6.66 (s, 1H), 6.99 (d, J=6.25, 1H), 7.02 (t, J=
6.25 Hz, 1H), 7.05 ppm (d, J=6.25Hz, 1H); "CNMR: 6=19.0, 22.0,
28.3, 112.7, 125.1, 126.6, 128.3, 132.6, 133.6, 135.8, 137.8, 138.9 ppm; MS
(EI): m/z (%): 115 (9), 129 (26), 142 (12), 155 (30), 170 [M]* (100); MS
(EI): m/z: caled for C3Hy4: 170.10955; found: 170.10907.
5-Isopropyl-3-vinyl-1,2-dihydronaphthalene (6¢): Compound 6¢ was ob-
tained from enol triflate 9¢ and vinyl tributyl stannane by following gen-
eral procedure D (7 h, eluent: hexane) in 81 % yield as a colourless oil.
'HNMR: 6=1.31 (d, J=6.9 Hz, 6H), 2.48 (t, J=8.1 Hz, 2H), 2.89 (t, /=
8.1 Hz, 2H), 3.35 (sept, J=6.9 Hz, 1H), 5.20 (d, /=10.7 Hz, 1H), 5.41 (d,
J=17.4Hz, 1H), 6.67 (dd, J=10.7, 17.4 Hz, 1H), 6.83 (s, 1H), 7.04 (dd,
J=1.7, 63Hz, 1H), 7.11-721 ppm (m, 2H); "CNMR: §=21.9, 23.5,
28.3, 28.8, 112.5, 123.0, 124.5, 125.0, 127.0, 131.3, 136.1, 138.0, 139.1,
144.0 ppm; MS (EI): m/z (%): 57 (13), 129 (14), 141 (21), 155 (36), 183
(50), 198 (100) [M]*; MS (EI): m/z: caled for C;sHg: 198.14085; found:
198.14099.

5-tert-Butyl-3-vinyl-1,2-dihydronaphthalene (6d): Compound 6d was ob-
tained from enol triflate 9d and vinyl tributyl stannane by following gen-
eral procedure D (2 h, eluent: hexane) in 67% yield as a white solid.
M.p. 54-56°C (CH,Cl,/hexane); '"HNMR: 6 =1.55 (s, 9H), 2.48 (t, J =
8.3 Hz, 2H), 2.91 (t, J=8.3 Hz, 2H), 524 (d, /=10.7 Hz, 1H), 5.44 (d,
J=17.4Hz, 1H), 6.72 (dd, J=10.7, 17.4 Hz, 1H), 7.10 (dd, J=1.6, 7.3 Hz,
1H), 7.15 (t, J=7.3 Hz, 1H), 7.19 (s, 1H), 7.33 ppm (dd, J=1.8, 7.7 Hz,
1H); "CNMR: 6=21.5, 29.4, 31.7, 35.4, 112.4, 124.1, 125.7, 126.4, 127.9,
132.3, 136.8, 137.6, 139.2, 145.7 ppm; MS (EI): m/z (%): 115 (9), 128 (16),
141 (20), 155 (45), 169 (22), 197 (42), 212 (100) [M]*; MS (EI): miz:
caled for C;¢H,: 212.15650; found: 212.15742.
5,8-Dimethoxy-3-(1'-ethoxyvinyl)-1,2-dihydronaphthalene (7a): Com-
pound 7a was obtained from enol triflate 9a and 1-ethoxyvinyl tributyl
stannane by following general procedure D (1.5h, alumina, eluent:
EtOAc/hexane 1:4) in 50 % yield as a very unstable colourless oil, which
was immediately used in the next step. 'H NMR: §=1.43 (t, /=7.0 Hz,
3H), 2.44 (dt, J=8.6, 2.1 Hz, 2H), 2.83 (t, J=8.69, 1.9 Hz, 2H), 3.79 (s,
3H), 3.80 (s, 3H), 3.84 (q, /=7.0 Hz, 2H), 421 (d, J=2.4 Hz, 1H), 4.42
(t, J=2.4 Hz, 1H), 6.65, 6.71 (AB system, J=8.9 Hz, 2H), 7.33 ppm (s,
1H).

5-Methyl-3-(1'-ethoxyvinyl)-1,2-dihydronaphthalene (7b): Compound 7b
was obtained from enol triflate 9b and 1-ethoxyvinyl tributyl stannane by
following general procedure D (4 h, alumina, eluent: pentane) in 60 %
yield as a very unstable colourless oil, which was immediately used in the
next step. 'HNMR: 6=1.43 (t, J=6.9 Hz, 3H), 2.38 (s, 3H), 2.46 (dd,
J=15, 85Hz, 2H), 2.83 (dd, /=7.5, 8.5Hz, 2H), 3.90 (q, /=69 Hz,
2H), 423 (d, J=2.5Hz, 1H), 445 (t, J=2.5Hz, 1H), 6.98 (d, /=6.9 Hz,
1H), 7.00 (dd, J=6.9 Hz, 1H), 7.01 (t, J=6.9 Hz, 1H), 7.21 ppm (s, 1H);
MS (EI): m/z (%): 77 (9), 115 (44), 128 (76), 143 (100), 171 (94), 186
(20), 214 [M]* (58); MS (EI): m/z: caled for C;sH;30: 214.13576; found:
214.13548.

5-Isopropyl-3-(1'-ethoxyvinyl)-1,2-dihydronaphthalene (7¢): Compound
7 ¢ was obtained from enol triflate 9¢ and 1-ethoxyvinyl tributyl stannane
by following general procedure D (4 h, alumina, eluent: pentane) in 65 %
yield as a very unstable colourless oil, which was immediately used in the
next step. '"HNMR: 6=1.26 (d, J=7.5 Hz, 6H), 1.43 (t, J=7.0 Hz, 3H),
2.37-2.63 (m, 2H), 2.73-2.89 (m, 2H), 3.32 (sept, J=7.5 Hz, 1H), 3.90 (q,
J=7.0Hz, 2H), 423 (d, J=2.4Hz, 1H), 445 (t, J=2.4Hz, 1H), 6.93-
7.03 (d, J=5.6 Hz, 1H), 6.99 (d, J=5.6 Hz, 1H), 7.13 (t, J=5.6 Hz, 1H),
7.33 ppm (s, 1H); MS (EI): m/z (%): 77 (20), 129 (35), 155 (38), 171 (27),
199 (32), 215 (100), 243 (95) [M]*; MS (EI): m/z: caled for C;H,,0:
243.17489; found: 243.17473.
5-tert-Butyl-3-(1"-ethoxyvinyl)-1,2-dihydronaphthalene (7d): Compound
7d was obtained from enol triflate 9d and 1-ethoxyvinyl tributyl stannane
by following general procedure D (2 h, alumina, eluent: pentane) in 60 %
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yield as a very unstable colourless oil, which was immediately used in the
next step. 'HNMR: 0=1.43 (t, J=6.9 Hz, 3H), 1.46 (s, 9H), 2.41 (t,J =
7.9 Hz, 2H), 2.83 (t, /=7.9 Hz, 2H), 3.89 (q, J=6.9 Hz, 2H), 423 (d, /=
2.6, 1H), 5.44 (t, J=2.6 Hz, 1H), 7.02 (dd, /=12, 7.7 Hz, 1H), 7.07 (t,
J=7.5Hz, 1H), 7.25 (dd, J=1.4, 7.7 Hz, 1H), 7.71 ppm (s, 1 H); MS (EI):
milz (%): 84 (22), 115 (32), 128 (61), 141 (52), 153 (44), 169 (72), 185 (9),
213 (100), 228 (19), 243 (60), 256 (17) [M]*; MS (EI): m/z: caled for
C,3H,,0: 256.18272; found: 256.18287.

(12bR ,P)-9,12-Dimethoxy-5,7,8,12 b-tetrahydrobenzo[ c]phenanthrene-
1,4-dione (16a): Compound (12bR,P)-16a was obtained from diene 6a
by following general procedure E (2 equiv of (SS)-8, —20°C, 48 h, eluent:
acetone/hexane 1:6) in 55% yield as an orange solid. M.p. 164-166°C
(CH;CN); [a]¥=4273 (¢=0.14 in CHCL,); 'H NMR (500 MHz): 6 =2.31
(dt, J=16.9, 8.9 Hz, 1H), 2.54 (dt, J=15.8, 9.7 Hz, 1H), 2.70-2.81 (m,
1H), 2.97 (ddd, J=24.0, 3.3, 3.4 Hz, 1H), 3.13-3.25 (m, 1H), 3.35 (ddd,
J=13.7, 7.4, 1.9 Hz, 1H), 3.46 (s, 3H), 3.77 (s, 3H), 4.49 (t, J=6.6 Hz,
1H), 5.52 (t, J=1.2 Hz, 1H), 6.65, 6.70 (AB system, J=8.9 Hz, 2H), 6.75,
6.85 ppm (AB system, J=10.1 Hz, 2H); "CNMR: 6=20.4, 24.6, 27.9,
35.7, 56.1, 57.4, 109.3, 111.7, 115.6, 128.8, 130.3, 134.8, 135.7, 136.3, 137.0,
143.4, 148.8, 151.6, 186.2, 187.1 ppm; MS (EI): m/z (%): 55 (17), 77 (10),
94 (7), 115 (9), 152 (19), 165 (19), 177 (24), 202 (7), 221 (16), 235 (9), 249
(28), 260 (35), 275 (17), 209 (100), 322 [M]* (95); MS (EI): m/z: calcd for
C,H30,: 322.12051; found: 322.12039; elemental analysis calcd (%) for
CyH,50,: C 74.52, H 5.63; found: C 72.91, H 6.10.

(P.M)-9,12-Dimethoxy-7,8-dihydrobenzo[ clphenanthrene-1,4-dione (4a):
Compound (P,M)-4a was obtained from (12bR,P)-16a by following gen-
eral procedure A (6 h, eluent: acetone/hexane 1:6) in 59% yield as an
orange solid. M.p. 196-198°C (CH,CN); [a]3=0 (¢=0.03 in CHCL);
'HNMR (500 MHz): 6 =2.34 (dt, J=15.0, 4.8 Hz, 1 H), 2.57 (dt, J=15.0,
4.3 Hz, 1H), 2.85 (ddd, J=15.0, 4.3, 2.7 Hz, 1H), 3.34 (ddd, J=15.0, 4.3,
2.1 Hz, 1H), 3.64 (s, 3H), 3.85 (s, 3H), 6.70, 6.85 (AB system, /=8.9 Hz,
2H), 6.86, 7.00 (AB system, J=10.3 Hz, 2H), 7.50, 7.90 ppm (AB system,
J=7.8Hz, 2H); "C NMR: 6=214, 29.6, 55.1, 56.1, 109.2, 111.5, 124.9,
129.3, 130.1, 131.0, 137.1, 139.9, 147.5, 149.3, 149.7, 150.3, 151.8, 152.7,
185.0, 186.8 ppm; MS (EI): m/z (%): 149 (5), 189 (6), 245 (10), 289 (100),
290 (94), 320 [M]* (10); MS (EI): m/z: caled for C,HgO,4: 320.10486;
found: 322.10391; elemental analysis calcd (%) for C,)H;cO,4: C 74.99, H
5.03; found: C 68.51, H 5.64.

(P)-6-Ethoxy-9,12-dimethoxy-7,8-dihydrobenzo[ c]phenanthrene-1,4-
dione (5a): Compound (P)-5a was obtained from diene 7a by following
general procedure E (2 equiv of (SS)-8, —78°C, 48 h, eluent: EtOAc/
hexane 1:2) in 87 % yield as an orange solid. M.p. 186-188°C (CH;CN);
[a]¥=+4640 (c=0.027 in CHCL), after 2 h at —20°C the value of [«]¥
decreased to zero; 'H NMR (500 MHz): § =1.41 (t, J=7.1 Hz, 3H), 2.07
(dt, J=15.0, 44 Hz, 1H), 2.25 (dt, J=15.0, 44 Hz, 1H), 3.28 (m, 1H),
3.33 (m, 1H), 3.61 (s, 3H), 3.85 (s, 3H), 4.21 (m, 2H), 6.70, 6.85 (AB
system, J=89Hz, 2H), 6.80, 6.90 (AB system, J=10.3Hz, 2H),
7.42 ppm (s, 1H); "CNMR: 6=14.6, 20.9, 21.6, 55.2, 56.1, 64.4, 106.1,
109.0, 111.3, 123.9, 126.7, 129.3, 131.7, 132.9, 136.3, 136.4, 140.2, 149.6,
150.2, 158.5, 185.3, 185.6 ppm; MS (EI): m/z (%): 57 (33), 69 (17), 77
(15), 83 (11), 149 (25), 273 (10), 289 (14), 305 (34), 333 (100), 366
[M+2]* (17); MS (EI): miz: caled for CyH,Os: 364.13107; found:
364.12949; elemental analysis caled (%) for C,,H,,O5: C 72.51, H 5.53;
found: C 67.53, H 5.14.

(12bR P)-12-Methyl-5,7,8,12 b-tetrahydrobenzo[ c]phenanthrene-1,4-
dione (16b): Compound (12bR,P)-16b was obtained from diene 6b by
following general procedure E (2 equiv of (SS)-8, —20°C, 27 d, eluent:
CH,Cly/hexane 4:1) in 81 % yield as an orange oil. [a]¥=+332 (c=0.1 in
CHCL); 'HNMR: §=2.10 (s, 3H), 2.19-2.43 (m, 1H), 2.85-3.12 (m,
4H), 3.15-3.43 (m, 1H), 4.60 (m, 1H), 5.50 (m, 1H), 6.82-6.95 (m, 3H),
6.97-7.14 ppm (m, 2H); "CNMR: 0=21.1, 24.7, 27.9, 29.2, 38.5, 115.2,
125.9, 126.0, 127.1, 130.6, 131.9, 136.8, 136.7, 138.4, 140.0, 140.9, 142.9,
186.6, 187.0 ppm; MS (EI): m/z (%): 101 (11), 131 (14), 189 (21), 202
(18), 229 (16), 245 (6), 259 (100), 276 (58) [M]*; MS (EI): m/z: caled for
CioH 40,0 276.11503; found: 276.11398; HPLC (Daicel Chiralpack AD
chiral column Hexane/2-Propanol 99:1): 0.5mLmin', 254nm, R,=
29.9 min, T=25°C, 96 % ee.
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(P)-12-Methyl-7,8-tetrahydrobenzo[ c]phenanthrene-1,4-dione (4b)
Method A: Compound (P)-4b was obtained from diene 6b by following
general procedure E (3 equiv of (SS)-8, —20°C for 11 d and 5°C for 23 d,
eluent: CH,Cl/hexane 4:1) in 83% yield as an orange solid. M.p.: 170-
172°C (CH5CN); [a]¥=+482 (c=0.05 in CHCL); 'HNMR: 6=2.18 (s,
3H), 2.50, 2.90 (2m, 4H), 6.87, 6.92 (AB system, J=10.3 Hz, 2H), 7.10
(d, J=73 Hz, 1H), 7.17 (d, J=7.3 Hz 1H), 7.22 (t, J=7.3 Hz, 1 H), 7.55,
7.95ppm (AB system, J=7.7 Hz, 2H); "CNMR: 6=20.6, 30.4, 30.6,
124.8, 1252, 128.0, 129.2, 131.3, 131.4, 131.5, 132.7, 135.0, 135.3, 137.3,
139.8, 139.9, 149.1, 185.0, 186.5 ppm; MS (EI): m/z (%): 101 (6), 189 (9),
202 (9), 229 (11), 259 (100), 274 (16) [M]*; MS (EI): m/z: caled for
CoH,,0,: 274.09938; found: 274.09872; elemental analysis calcd (%) for
CoH,,0,: C 83.19, H 5.14; found: C 82.87, H 5.25; HPLC (Daicel Chiral-
pack AD chiral column, hexane/2-propanol 95:5), 0.5 mLmin !, 254 nm,
R,=21.9 min, T=25°C, 35% ee.

Method B: Compound (P)-4b was obtained from diene 6b by following
general procedure F (13 h, eluent: CH,Cl,/hexane 4:1) in 89 % yield as
an orange solid. [a]3 =+1547 (¢=0.05 in CHCl,); after 250 h at RT, the
value of [a]¥ decreased to zero. HPLC (Daicel Chiralpack AS chiral
column): hexane/2-propanol 99:1), 0.5 mLmin !, 254 nm, R,=44.5 min,
T=25°C, 81% ee.

(P)-12-Methyl-6-ethoxy-7,8-dihydrobenzo| c]phenanthrene-1,4-dione
(5b): Compound (P)-5b was obtained from diene 7b by following gener-
al procedure E (2 equiv of (SS)-8, —20°C, 48 h, eluent: EtOAc/hexane
1:4) in 64 % yield as an orange solid. M.p. 169-171°C (CH;CN); [a]¥ =+
1633 (c=0.05 in CHCl3); 96 % ee, determined by '"H NMR (300 MHz) by
using Pr(tfc); (tfc=tris[3-(trifluoromethylhydroxymethylene)-p-campho-
rate]) as a chiral lanthanide shift reagent (4 mg (P)-5b/1.6 mg Pr(tfc); in
0.8 mL of CDCly); '"HNMR: 6=1.50 (t, J=7.0 Hz, 3H), 2.12 (dt, J=
16.0, 4.7 Hz, 1H), 2.17 (s, 3H), 2.64 (dt, J=14.4, 4.2 Hz, 1H), 2.79 (ddd,
J=144, 4.6, 2.4 Hz, 1H), 3.32 (ddd, J=16.0, 4.6, 2.4 Hz, 1H), 4.15-4.35
(2dq, J=9.3, 7.0 Hz, 2H), 6.75 (s, 2H), 7.08 (d, /=7.1 Hz, 1H), 7.15 (d,
J=7.1Hz, 1H), 7.19 (t, J=7.1 Hz, 1 H), 7.49 ppm (s, 1H); "C NMR: 6 =
14.7, 20.6, 22.5, 30.0, 64.5, 106.7, 124.6, 125.3, 127.7, 129.0, 132.3, 133.0,
135.4, 136.6, 137.2, 137.6, 139.9, 140.2, 158.8, 185.2, 185.4 ppm; MS (EI):
miz (%): 85 (5), 189 (11), 229 (4), 245 (6), 275 (44), 303 (100), 318 (14)
[M]*; MS (EX): m/z: caled for CyH gO5: 318.12559; found: 318.12552; el-
emental analysis caled (%) for C,H;3O5: C 79.22, H 5.70; found: C
78.92, H 5.78.

(12bR,P)-12-Isopropyl-5,7,8,12 b-tetrahydrobenzo[ c]phenanthrene-1,4-
dione (16c¢): Compound (12bR,P)-16 ¢ was obtained from diene 6 ¢ by fol-
lowing general procedure E (2equiv of (SS)-8, —20°C, 42d, eluent:
EtOAc/hexane 1:20) in 67 % yield as an orange oil. [a]i =+291 (¢=0.05
in CHCLy); '"HNMR: 6=0.97, 1.10 (2d, J=6.6 Hz, 6H), 2.20-2.43 (m,
1H), 2.60-3.15 (2m, 5H), 3.20-3.40 (m, 1H), 4.55-4.67 (m, 1H), 5.53
(brs, 1H), 6.81-6.99 (m, 2H), 7.03-7.20 ppm (2 m, 3H); "C NMR: =
23.0, 24.6, 25.9, 27.9, 29.5, 29.7, 38.2, 115.2, 124.6, 125.6, 126.2, 136.1,
136.3, 136.5, 136.9, 139.7, 140.2, 143.3, 143.4, 186.1, 186.3 ppm; MS (EI):
miz (%): 77 (6), 115 (11), 165 (11), 202 (27), 233 (22), 259 (100), 304 (28)
[M]*; MS (EI): m/z: caled for C,;H,,0,: 304.14633; found: 304.14597.
HPLC (Daicel Chiralpack AD, chiral column, hexane/2-propanol 99:1):
0.5 mLmin "', 254 nm, R,=15.8 min, T=25°C, 96% ee.
(12bR.M)-12-Isopropyl-5,7,8,12 b-tetrahydrobenzo[ c]phenanthrene-1,4-
dione (17¢): A solution of (12bR,P)-16¢ (50 mg, 0.16 mmol) in CDCl;
(0.5 mL) was maintained at RT for 30 d. After evaporation of the solvent
and flash chromatography (eluent: CH,Cl,/hexane 4:1), compound
(12bR,M)-17 ¢ was obtained in 14 % yield as an orange oil. [a]3=—167
(¢=0.05 in CHCL); 'HNMR: 6=1.15 (d, / = 6.9 Hz, 3H), 1.29 (d, /=
6.9 Hz, 3H), 2.20-2.50 (m, 1H), 2.55-2.90 (m, 4H), 3.15 (sept, /=6.9 Hz,
1H), 3.85 (dd, /=7.0, 17.2 Hz, 1H), 4.52 (m, 1H), 6.04 (m, 1H), 6.53,
6.39 (AB system, J=8.6 Hz, 2H), 7.05-7.35 ppm (m, 3H).
(P)-12-Isopropyl-7,8-dihydrobenzo[ c]phenanthrene-1,4-dione (4c¢)
Method A: Compound (P)-4c¢ was obtained from diene 6¢ by following
general procedure E (3 equiv of (SS)-8, —20°C for 11 d and 5°C for 24 d,
eluent: CH,Cly/hexane 4:1) in 79% yield as an orange solid. M.p. 196-
198°C (CH;CN); [a]d=+1451 (¢=0.08 in CHCl;); '"H NMR: 6=0.77 (d,
J = 6.5Hz,3H), 1.26 (d, J=6.5 Hz, 3H), 2.50-2.80 (2 m, 4H), 3.20 (sept,
J=6.5Hz, 1H), 6.87, 6.92 (AB system, J=10.1 Hz, 2H), 7.17 (d, J=
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7.7Hz, 1H), 723 (d, J=7.7Hz, 1H), 729 (t, J=7.7Hz, 1H), 7.58,
7.95 ppm (AB system, J=7.7Hz, 2H); “C NMR: 6=20.4, 26.9, 29.7,
30.8, 30.9, 123.8, 124.7, 125.1, 128.5, 131.0, 131.3, 131.6, 134.5, 137.4,
139.9, 146.2, 149.2, 184.9, 185.3 ppm; MS (EI): m/z (%): 202 (9), 229 (11),
259 (100), 302 [M]* (3); MS (EI): m/z: caled for C,HO,: 302.13068;
found: 302.13097; elemental analysis calcd (%) for C,;H;30,: C 83.42, H
6.00; found: C 83.12, H 6.50; HPLC (Daicel Chiralpack OD chiral
column, hexane/2-propanol 90:10): 0.5 mLmin~', 254 nm, R,=20.3 min,
T=25°C, 80 % ee.

Method B: Compound (P)-4¢ was obtained from diene 6¢ by following
general procedure F (13 h, eluent: CH,Cly/hexane 4:1) in 73% yield as
an orange solid. [a]¥=+1758 (¢=0.05 in CHCl;); HPLC: (Daicel Chir-
alpack OD chiral column, hexane/2-propanol 90/10): 0.5 mLmin"!,
254 nm, R,=20.9 min, T=25°C, 82 % ee.
(P)-12-Isopropyl-6-ethoxy-7,8-dihydrobenzo[ c]phenanthrene-1,4-dione
(5¢): Compound (P)-5¢ was obtained from diene 7¢ by following general
procedure E (2 equiv of (SS)-8, —20°C, 3 h, eluent: EtOAc/hexane 1:40)
in 65% yield as an orange solid. M.p.: 178-180°C (CH,CN); [a]X=
+1678 (c=0.08 in CHCL;); 'H NMR: 6=0.74 (d, J=6.7 Hz, 3H), 1.24 (d,
J=6.7Hz, 3H), 1.51 (t, J=7.1 Hz, 3H), 2.09 (dt, J=15.6, 4.5 Hz, 1H),
2.59 (dt, /=145, 3.8 Hz, 1H), 2.77 (ddd, J=14.5, 45, 2.4 Hz, 1H), 3.21
(sept, J=6.7 Hz, 1H), 3.32 (ddd, /=15.6, 3.8, 2.4 Hz, 1 H), 4.14-4.36 (dq,
J=9.2,7.1Hz, 2H), 6.80, 6.88 (AB system, J=10.2 Hz, 2H), 7.15 (d, /=
7.5Hz, 1H), 7.20 (d, J=7.5Hz, 1H), 7.27 (t, J=7.5 Hz, 1H), 7.48 ppm (s,
1H); BCNMR: 6=14.7, 20.6, 22.6, 26.9, 29.7, 30.5, 64.5, 106.5, 123.5,
124.5, 125.0, 128.3, 131.3, 132.2, 136.7, 136.8, 137.7, 139.8, 140.2, 146.4,
158.9, 184.2, 185.4 ppm; MS (FAB+): m/z (%): 283 (48), 303 (17), 327
(93), 347 (11) [M+1]*; MS (FAB +): m/z: calcd for C,;3Hy;05: 347.16472;
found: 347.16318; elemental analysis calcd (%) for C,;;H,,05 (346.2): C
79.39, H 6.46; found: C 79.74, H 6.40; HPLC (Daicel Chiralpack OD
chiral column, hexane/2-propanol 95:5): 0.5 mLmin~!, 254nm, R,=
52.7 min, T=25°C, 97 % ee.

(12bR ,M)-12-tert-Butyl-5,7,8,12 b-tetrahydrobenzo[ cJphenanthrene-1,4-
dione (17d): Compound (12bR,M)-17d was obtained from diene 6d by
following general procedure E (2 equiv of (SS)-8, 20°C, 7d, eluent:
EtOAc/hexane 1:12), after separation of the 25:15:60 mixture of 17d, 4d
and 18, in 14 % yield as a red solid. M.p.: 188-189°C (CH,CN); [a]X =
—240 (¢=0.02 in CHCL); '"HNMR: 6=1.32 (s, 9H), 2.24 (m, 1H), 2.41
(dt, J=13.9, 3.1 Hz, 1H), 2.51 (ddd, J=4.2, 9.5, 18.8 Hz, 1H), 2.64 (dt,
J=3.0, 13.2 Hz, 1H), 3.75 (dt, J=3.2, 143 Hz, 1H), 3.81 (ddd, /=123,
6.6, 18.8 Hz, 1H), 4.63 (d, J=8.8 Hz, 1H), 591 (dq, J=6.6, 2.0 Hz, 1H),
6.37, 6.61 (AB system, J=7.3 Hz, 2H), 7.06 (d, /=7.3 Hz, 1H), 7.23 (d,
J=74Hz, 1H), 7.36 ppm (dt, J=1.1, 8.1 Hz, 1H); "CNMR: =254,
314, 31.8, 32.1, 36.0, 42.8, 119.0, 124.8, 126.3, 133.1, 134.5, 137.0, 141.9,
145.8 (2C), 146.4, 147.3, 147.7, 184.9, 185.6 ppm; MS (EIL): m/z (%): 57
(100), 115 (6), 189 (8), 202 (12), 233 (9), 245 (6), 262 (73), 320 (16)
[M+2]*; MS (EX): m/z: caled for C,,H,,0,: 318.16198; found: 318.16116;
HPLC (Daicel Chiralpack AS chiral column, hexane/2-propanol 97:3),
0.7 mLmin~", 254 nm, R,=8.4 min, T=25°C, 72% ee.
(P)-12-tert-Butyl-7,8-dihydrobenzo[ c]phenanthrene-1,4-dione (4d)
Method A: Compound (P)-4d was obtained from diene 6d by following
general procedure E (2 equiv of (SS)-8, 20°C, 7 d, eluent: EtOAc/hexane
1:12), after separation of the 25:15:60 mixture of 17d, 4d and 18, in 10 %
yield as a red solid. M.p.: 172-174°C (CH;CN); [a]¥=+1371 (¢=0.02 in
CHCL); 'HNMR: 6=1.32 (s, 9H), 2.57, 2.79 (2m, 4H), 6.77, 6.91 (AB
system, J=10.3 Hz, 2H), 7.16 (d, J=7.5 Hz, 1H), 7.27 (t, J=7.1 Hz, 1H),
7.57 (d, J=7.8 Hz, 1H), 7.57, 7.98 (AB system, J=7.9 Hz, 2H); MS (EI):
miz (%): 55 (35), 57 (66), 69 (36), 71 (27), 83 (19), 121 (16), 149 (39), 202
(13), 229 (35), 260 (78), 316 (100) [M]*; MS (EI): m/z: caled for
Cy,H,0,: 316.14663; found: 316.14612; HPLC (Daicel Chiralpack AS
chiral column, hexane/2-propanol 99:1): 0.3 mLmin~!, 254nm; R,=
29.5 min, T=25°C, 72 % ee.

Method B: Compound (P)-4d was obtained from diene 6d by following
general procedure F (24 h, eluent: EtOAc/hexane 1:4), after separation
of the 40:60 mixture of 4d and 18, in 37% yield as a red solid. [a]¥=
+1573 (¢=0.1 in CHCl;); HPLC: (Daicel Chiralpack OD chiral column,
hexane/2-propanol 99:1): 0.5 mLmin~!, 254 nm; R,=20.9 min, T=25°C,
80% ee.
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(P)-12-tert-Butyl-6-ethoxy-7,8-dihydrobenzo[ c]phenanthrene-1,4-dione
(5d): Compound (P)-5d was obtained from diene 7d by following gener-
al procedure E (2 equiv of (SS)-8, —20°C, 3d, eluent: EtOAc/hexane
1:20) in 57 % yield as an orange solid. M.p.: 118-120°C (CH;CN); [a]¥ =
+977 (¢=0.03 in CHCL;); '"HNMR: §=1.06 (s, 9H), 1.52 (t, J=7.1 Hz,
3H), 2.11 (dt, J=4.5, 147 Hz, 1H), 2.47 (dt, J=4.4, 14.7Hz, 1H), 2.73
(ddd, /=22, 42, 151 Hz, 1H), 3.30 (ddd, J=2.2, 3.6, 14.7 Hz, 1H), 4.25
(dg, /=20.0, 7.1 Hz, 2H), 6.68, 6.81 (AB system, J=10.1 Hz, 2H), 7.14
(d, J=71Hz, 1H), 725 (t, J=7.7Hz, 1H), 7.37 (d, J=8.0Hz, 1H),
7.48 ppm (s, 1H); *CNMR: 6=14.7, 23.1, 31.2, 33.9, 37.5, 64.5, 106.9,
123.8, 127.0, 127.2, 129.3, 130.1, 131.7, 132.1, 136.3, 137.2, 140.1, 141.0,
149.4, 157.9, 184.0, 185.6 ppm; MS (EI): m/z (%): 71 (10), 85 (6), 189
(12), 229 (6), 247 (10), 275 (55), 303 (100), 362 ppm (4) [M+2]*; MS
(EI): m/z: caled for C,H,,0;: 360.17254; found: 360.17126; HPLC
(Daicel Chiralcel OD chiral column, hexane/2-propanol 90:10):
0.5 mLmin~', 254 nm, R,=14.0 min, T=25°C, 95% ee.

Helicene biscamphanate (M)-19b: Compound (M)-19b was obtained
from 7,8-dihydro[4]helicene quinone (P,M)-4b by following general pro-
cedure G, after chromatographic separation (eluent: EtOAc/hexane 1:2)
of the mixture with helicene biscamphanate (P)-19b, in 40% yield as a
yellowish oil. R;=0.53 (EtOAc/hexane 1:2); [a]¥=-186 (c=0.09 in
CHCL;); 'THNMR: 6=0.79 (s, 3H), 0.94 (s, 3H), 1.03 (s, 3H), 1.20 (s,
3H), 1.21 (s, 3H), 1.22 (s, 3H), 1.37-1.51 (m, 1H), 1.56-1.73 (m, 2H),
1.77-1.88 (m, 1H), 1.94 (s, 3H), 1.98-2.13 (m, 1H), 2.27-2.40 (m, 1H),
2.61-2.88 (m, 6H), 7.10 (dd, J=7.3, 1.4 Hz, 1H), 7.14 (1, J=7.3 Hz, 1H),
7.19 (dd, J=7.3, 1.4Hz, 1H), 7.30, 7.15 (AB system, J=8.1 Hz, 2H),
7.45, 7.35 ppm (AB system, J=8.3 Hz, 2H); MS (EI): m/z (%): 83 (66),
125 (14), 259 (29), 456 (11), 636 (100) [M]*; MS (EI): m/z: calcd for
C3oH,O4: 636.27232; found: 636.27155.

Helicene biscamphanate (P)-19b: Compound (P)-19b was obtained from
7,8-dihydro[4]helicene quinone (P,M)-4b as above, in 45 % yield, or from
(P)-4b by following general procedure G (eluent: EtOAc/hexane 1:2), in
82% yield, as a white solid. R;=0.43 (EtOAc/hexane 1:2); m.p. 266
268°C (CH;CN); [a]¥=+222 (¢=0.1 in CHCL); 'HNMR: 6=0.84 (s,
3H), 1.04 (s, 3H), 1.09 (s, 3H), 1.20 (s, 3H), 1.21 (s, 3H), 1.22 (s, 3H),
1.50-1.62 (m, 2H), 1.70-1.80 (m, 1H), 1.85-1.90 (m, 1H), 1.87 (s, 3H),
2.07-2.13 (m, 1H), 2.32-2.42 (m, 1H), 2.65-2.90 (m, 6H), 7.30, 7.15 (AB
system, J=8.5 Hz, 2H), 7.15 (dd, /=74, 3.9 Hz, 1H), 7.20 (dd, J=7.4,
39Hz, 1H), 7.21 (t, J=7.4, 1H), 7.85, 7.65 ppm (AB system, J=8.0 Hz,
2H); MS (EI): m/z (%): 83 (63), 125 (12), 259 (24), 456 (10), 636 (100)
[M]*; MS (EI): m/z: caled for CyH,yOg: 636.27232; found: 636.27460.
Helicene biscamphanate (M)-20d: Compound (M)-20d was obtained
from 7,8-dihydro[4]helicene quinone (P,M)-5d by following general pro-
cedure G, after chromatographic separation (eluent: EtOAc/hexane 1:2)
of the mixture with helicene biscamphanate (P)-20d, in 42% yield as a
yellowish oil. R;=042 (EtOAc/hexane 1:2); [a]y=-116 (c=0.12 in
CHCL;); 'HNMR (500 MHz): 6=0.81 (s, 3H), 0.87 (s, 9H), 0.97, 1.07,
1.22, 1.23, 1.24 (5s, 5x3H), 1.41 (m, 1H), 1.54 (t, J=7.0 Hz, 3H), 1.55,
1.73, 1.85, 1.87, 2.08, 2.19 (6 m, 6H), 2.34 (dt, J=4.5, 9.0 Hz, 1H), 2.46
(m, 1H), 2.70 (m, 2H), 3.30 (ddd, /=2.0, 4.0, 16.0 Hz, 1H), 4.14-4.24 (m,
2H), 6.79, 7.24 (AB system, /=82 Hz, 2H), 7.03 (d, J=7.2 Hz, 1H), 7.19
(t, J=7.1Hz, 1H), 721 (s, 1H), 7.52 ppm (ddd, J=0.6, 1.3, 8.0 Hz, 1H);
MS (EI): m/z (%): 55 (21), 83 (61), 97 (20), 125 (13), 137 (14), 275 (19),
303 (35), 484 (14), 722 (100) [M]*; MS (EI): m/z: caled for CuHsOy:
722.34548; found: 722.34772.

Helicene biscamphanate (P)-20d: Compound (P)-20d was obtained from
7,8-dihydro[4]helicene quinone (P,M)-5d as above, in 42 % yield, or from
(P)-5d by following general procedure G (eluent: EtOAc/hexane 1:2) in
78% yield as a yellowish oil. R;=0.34 (EtOAc/hexane 1:2); [a]5=+92
(c=0.16 in CHCL;); '"H NMR: (500 MHz): 6=0.80 (s, 3H), 0.81 (s, 9H),
1.05 (s, 3H), 1.08 (s, 3H), 1.23 (s, 6H), 1.24 (s, 3H), 1.51 (t, J=7.0 Hz,
3H), 1.40, 1.56, 1.79, 1.85, 1.91, 2.06, 2.14 (7 m, 7H), 2.32 (dt, J=4.5,
9.0 Hz, 1H), 2.52 (m, 1H), 2.67 (m, 2H), 3.24 (ddd, J=2.0, 4.0, 16.0 Hz,
1H), 4.12-4.24 (m, 2H), 6.75, 7.23 (AB system, /=82 Hz, 2H), 7.13 (d,
J=72Hz, 1H), 7.18 (s, 1H), 7.18 (t, J=7.1 Hz, 1H), 7.41 ppm (dd, J=
1.3, 8.0Hz, 1H); "CNMR (125 MHz): 6=10.0, 10.1, 15.2, 17.3, 17.3,
17.5, 24.0,29.4 (2C), 29.5, 30.1, 31.6, 32.2, 32.9, 37.5, 54.9, 55.0, 55.4, 64.3,
91.1, 91.5, 98.8, 115.6, 116.8, 123.9, 125.9, 126.9, 127.9, 128.2, 134.0, 134.6,
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136.1, 142.2, 143.6, 144.6, 149.5, 155.6, 164.9, 166.3, 1782 ppm (2C); MS
(EIL): m/z (%): 57 (100), 83 (72), 97 (33), 107 (34), 137 (60), 154 (73), 275
(19), 303 (12), 399 (16), 667 (14), 722 ppm (69) [M]*; MS (EI): m/z:
calcd for CyHsOy: 722.34548; found: 722.34521.
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Synthesis of 4-Aminotropones from [(Sulfinyl or Sulfonyl)methyl]-

Substituted p-Quinamines

M. Carmen Carreiio,* Montserrat Ortega-Guerra, Maria Ribagorda, and

M. Jestis Sanz-Cuesta'®

Abstract: An efficient synthesis of 4-
aminotropones has been achieved in
excellent yields by simple treatment of
4-amino-4-[(p-tolylsulfinyl)methyl]-2,5-
cyclohexadienones (p-quinamines) with
NaH. The method allowed regiocon-
trolled access to 3-methyl, 5-methyl-
and 3,5-dimethyl-substituted deriva-
tives starting from p-quinamines with
adequate substituents at the cyclohexa-

of a a-lithium sulfinyl carbanion to the
imino group, and ketal hydrolysis. Oxi-
dation of the sulfoxide gave the sulfo-
nyl-substituted  p-quinamines  that,
upon basic treatment, behave similarly.
The p-quinamine 55 and bis-p-quin-
amine 56, resulting in the addition of
the anion derived from dimethyl sul-
fone to the p-quinonimine ketal 14,
also gave the 4-aminotropone. The
mechanism involves the initial forma-

tion of a a-sulfonyl carbanion, which
intramolecularly attacks the cyclohexa-
dienone giving a norcaradiene-like
enolate intermediate, the evolution of
which through a ring-expansion pro-
cess, pushes off a methyl sulfinate
anion or SO,. This efficient process ful-
fils the criteria of atom economy. The
introduction of a proline substituent in
the nitrogen of the starting p-quin-
amine allowed the synthesis of an

dienone moiety and/or at the carbon
linked to the sulfur function. The p-
quinamines in turn were easily accessi-
ble from N-Boc p-anisidines (Boc=
tert-butoxycarbonyl) by electrochemi-
cal oxidation in MeOH to quinone
imine monoketals, followed by addition

Diels-Alder
quinamine -«

Introduction

The synthesis of tropone (cycloheptatrienone) and tropo-
lone (2-hydroxytropone) derivatives is receiving increasing
attention due to the presence of such heptacyclic systems!!!
in a number of natural products, ranging from structurally
simple monocyclic derivatives! to more complex norditer-
penoids®! and alkaloids.! Some of them are nowadays rec-
ognised as leading structures showing a wide range of bio-
logical properties, the pharmaceutical potential of which is
demanding flexible synthetic approaches for the develop-
ment of novel therapeutic analogues.”!
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enantiopure 4-aminotropone, the asym-
metric Diels—Alder reactions of which
with maleimide occurred in a highly
endo and m-facial diastereoselective
manner.

Diels—Alder adducts derived from tropolones showing
DNA-damaging properties have also been isolated from nat-
ural sources.! Several strategies have been applied up to
now for the synthesis of the tropone ring. Since the pioneer-
ing work of Nozoe in 1951, sequential transformations on
cycloheptanone have allowed access to tropone itself as well
as alternatively alkyl-substituted analogues, by using bromi-
nation—-dehydrobromination processes and/or hydrogenolysis
steps.

Starting from 1,2-cycloheptadione, tropolones were also
available by this method, even in a regioselective manner by
controlling the substitution in the starting product.’] The
tropinone, first synthesised in 1917 by Robinson,”! could be
transformed into tropone by Hofmann elimination followed
by oxidation."”! Nicolaou recently reported the synthesis of
tropinone and tropone from cycloheptanol by using o-iodoxy-
benzoic acid (IBX) as the oxidant.'"' Aldol condensations
between phthaldehyde and f-dicarbonyl derivatives gave
rise to benzotropones.'?! Improved yields were achieved by
using 2,3-bistrimethylsilyloxy-1,3-butadiene derivatives as
the enol partners.['’)
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The direct formation of the seven-membered ring could
be also achieved by using [4+3] cycloadditions. Thus, the
[Fe,(CO)y]-promoted cycloaddition between a,0’-dibromo-
ketones and 1,3-dienes led to 4-cycloheptenones which were
latter transformed into tropones.'!! The [443] cycloadducts,
resulting from the reaction of 1,3-haloketones and furan de-
rivatives, evolved into tropones by dechlorination and ether-
bridge cleavage with TMSOT{/Et;N (TMSOT{=trimethyl-
silyl triflate).™! Similarly, [443] cycloadditions between rho-
dium vinyl carbenoids™ or a-methoxy-substituted oxyallyl
derivatives and electron-rich dienes!'” allowed the direct
construction of the seven-membered ring.

The ring expansion of a bicyclic system is among the most
widely used strategies en route to substituted tropones and
tropolones. Thus, upon a basic treatment, the bicyclic deriva-
tive proceeding from a [2+42] cycloaddition between cyclo-
pentadiene and haloketenes!"® suffered a ring expansion
leading to tropolones. The phototochemical [2+2] cycloaddi-
tion between a cyclopentenone and acetylene, followed by
in situ electrocyclic cyclobutene ring opening, directly pro-
duced the seven-membered derivative.'”! Other cycloaddi-
tions followed by ring expansion that gave the cyclohepta-
dienone skeleton include Diels—Alder reactions between
ortho-quinones and alkynes® or between activated dienes

Abstract in Spanish: La sintesis de 4-aminotroponas se ha lo-
grado en una tnica etapa y con excelentes rendimientos por
tratamiento de 4-amino-4-[(p-tolilsulfinil)metil]-2,5-ciclohe-
xadienonas (p-quinaminas) con NaH. Esta metodologia per-
mite acceder de forma regiocontrolada a 4-aminotroponas
con sustituyentes metilo en distintas posiciones (3-, 5- y 3,5-)
a partir de p-quinaminas adecuadamente sustituidas en el
fragmento de ciclohexadienona y/o en el C-a respecto de la
funcion de azufre. Las p-quinaminas precursoras son facil-
mente accesibles a partir de p-anisidinas N-Boc protegidas
por oxidacion electroquimica en MeOH, para dar lugar a los
monoacetales de quinonimina, seguida de adicion de un a-
litio sulfinil carbanién e hidrélisis del acetal. La oxidacion
del sulfoxido origina las sulfonil p-quinaminas que también
se transforman en las 4-aminotroponas en presencia de NaH.
La p-quinamina 55 y la bis-p-quinamina 56, resultantes de la
adicion del anion derivado de la dimetil sulfona sobre el mo-
noacetal de quinonimina 14, también evolucionan a la 4-ami-
notropona en medio bdsico. El mecanismo del proceso impli-
ca la formacion inicial de un o-sulfonil carbanién que ataca
de forma intramolecular al fragmento de ciclohexadienona
para dar un enolato intermedio con estructura de norcaradie-
no, que sufre la expansion del anillo con eliminacion simultd-
nea del anion metil sulfinato o de SO,. Este proceso cumple
los requisitos de economia de dtomos que aumentan su inte-
rés sintético. La introduccion de un resto de prolina en el ni-
trogeno de la p-quinamina de partida permite acceder a una
4-aminotropona enantiopura cuyas reacciones de Diels—
Alder asimétricas con maleimida tienen lugar con una eleva-
da selectividad endo y m-facial.
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and cyclopropene derivatives.”!! The Diels-Alder cycload-
ducts resulting from reactions between 3-hydroxypyridinium
betaines and electron-poor olefins could be transformed
into 4-substituted cycloheptatrienones after oxidation and
chelotropic elimination of nitrosobenzene.”?! Adequately
substituted bicyclo[4,1,0]heptacyclo-2,4-diene systems (nor-
caradiene) may undergo a ring-expansion process leading to
tropones. The products resulting from the insertion of a di-
halocarbene into an electron-rich aromatic ring®! or a 1-me-
thoxy-1,4-cyclohexadiene framework® evolve into tropones
under different conditions. Other substituted carbenes®!
have been used with this aim.

The formation of intermediate norcaradienes could also
be achieved in an intramolecular way by irradiation of a
lithiated benzamide, 1,4-conjugate addition on a 2,5-cyclo-
hexadienone 4-alkyl-substituted radical derivativel®” or
Wagner-Meerwein rearrangement on a 1-methoxy-1,4-cyclo-
hexadiene bearing a hydroxy methyl tosylate at C-3.%
Under basic conditions, 4-halomethyl-substituted-2,5-cyclo-
hexadienone oxime and 5-halomethyl-substituted cyclohexe-
nones® also gave the tropones. The ring expansion of a 7-
bromo-7-stannyl-substituted  bicyclo[4,1,0]heptacyclo-2-ene
allowed the synthesis of a 4-stannyl-substituted tropolone en
route to colchicine analogues.”!

In connection with a project directed to extend the syn-
thetic applications of sulfoxides,!! a systematic study on the
behaviour of 4-amino-4-[(p-tolylsulfinyl)methyl]-2,5-cyclo-
hexadienones (p-quinamines), such as 1 (Scheme 1), allowed
us to establish that the f-amino sulfoxide moiety situated at
C-4 increased the reactivity of the cyclohexadienone frag-
ment towards intramolecular conjugate additions, being the
ambident nature of the system essential to trigger a series of
domino reactions.’” Thus, a direct synthesis of hydroindo-
lones or carbazolones 4 could be achieved in the titanium-
promoted conjugate addition of the amino group of p-quin-
amine 1 to a,p-unsaturated ketones, which was followed by

TMSO o
- o
3 o
X
BusNF
c pTolOS
SOpTol 6
NaH

= NH hen X = NH, or NHBoc

=0 E
= NHBoc le]

LiCIl, when X = NH

NaH, when X =0

O

! X

N—
5 SOpTol

9: X= NH,
E 10: X= NHBoc
L TH W
TolopS  HX SOpTol
SOpTol
7: X = NH
8:X=0

Scheme 1. Synthetic  applications of [(p-tolylsulfinyl)methyl]-p-quin-
amines 1 and 3 and p-quinol 2.
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an intramolecular 1,4-addition of the resulting enolate to
the cyclohexadienone system. With acyclic enones, a highly
stereoselective domino sequence involving two (Scheme 1,
route A) or four conjugate additions (route B) occurred,
leading to the azatricyclic framework 5.°% Moreover, sever-
al polyheterocyclic cage compounds, such as 6 (X =NH),?!
were stereoselectively synthesised by taking advantage of
the reaction occurring between 1 and 2-trimethylsilyloxyfur-
an in the presence of Bu,NF, which triggered a sequence of
three conjugate additions affording 6 in a single step
(Scheme 1, route C). A similar behaviour was observed for
such reactions of the p-quinol derivative 2. Both 1 and 2
behave like natural quinol metabolites, giving rise to a tri-
merisation process through a domino sequence of four con-
jugate additions (Scheme 1, route D).’ Thus, upon treat-
ment of 1 with LiCl, the pentacyclic compound 7 (X=NH)
was formed, whereas the analogue derivative 8 (X=0) re-
sulted from p-quinol 2 in the presence of NaH (Scheme 1,
route D). In both cases, four new bonds and eight stereogen-
ic centres were formed in a single step. To complete the sys-
tematic study of the p-quinamine behaviour, we submitted
compound 1 to a treatment with NaH. To our surprise, a
rather different evolution was observed, with 4-amino cyclo-
heptatrienone 9 detected (Scheme 1, route E). When the
amino group of 1 was protected with a Boc group (Boc=
tert-butoxycarbonyl), the NaH treatment gave rise to N-
Boc-4-aminotropone 10 in an almost quantitative yield. We
also showed that the ring expansion could take place from
[(p-tolylsulfonyl)methyl]-p-quinamines. An inspection of the
published work revealed that 4-aminotropones had only
been synthesised in a stepwise manner from 4-aminotropo-
lone sulphate®! and 4-hydroxytropone.*¥ The formation of
N-Boc-4-aminotropone 10 was assumed to proceed from an
initial o-sulfinyl carbanion I, resulting upon basic treatment
of the p-quinamine 3, which evolved to a norcaradiene-like
intermediate ILF>* by an intramolecular 1,4-addition on
the cyclohexadienone moiety. A subsequent elimination of
the p-toluene sulfenate anion from this intermediate oc-
curred with simultaneous ring expansion leading to 10
(Scheme 2). The sulfenate anion could be trapped with

o o)
NaH, THF, RT
n=1.2
@)
BocHN o1 oTo BocHN | H
ol
3n =(1 " o S(O)pTol
11:n=2 cyclization:
’ intramolecular
1,4-addition
O 0
ring «
expansion
R ~
C s
BocHN
BocHN pToISCI: 1 S(0),pTol
]

Scheme 2. Proposed mechanism for the formation of N-Boc-4-aminotro-
pone 10 from N-Boc-[p-(tolylsulfinyl)methyl] and [p-(tolylsulfonyl)-
methyl]-p-quinamines 3 and 11.
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CH;I forming methyl p-tolylsulfoxide. In agreement with
this mechanism was also the fact that the [(p-tolylsulfonyl)-
methyl]-p-quinamine 11 behaved similarly. The efficiency of
this new domino reaction, along with the lack of a general
synthetic approach to 4-aminotropones, moved us to extend
our methodology to the synthesis of alternatively substituted
derivatives.

We first focused on regioselective access to alkyl-substi-
tuted 4-aminotropones and then turned our attention to
other analogues containing alternate nitrogen substituents.
We now report the regioselective synthesis of new 4-amino-
tropones including enantiopure derivatives incorporating a
proline amide, the asymmetric Diels—Alder reactions of
which are studied. To our knowledge, this represents the
first synthesis of an enantiopure 4-aminotropone. An impor-
tant improvement of the synthesis, which allows significant
atom economy, has been achieved by using (CH;),SO, as
the starting material. Our previous work is also discussed in
full detail including results not described in our earlier com-
munication.F”!

Results and Discussion

The general route devised to synthesize alternatively substi-
tuted p-quinamines started from N-Boc p-anisidine deriva-
tives. In the case of [(p-tolylsulfinyl)methyl]-p-quinamine 1
and its N-Boc-protected derivative 3, the starting material
was N-Boc-p-anisidine 12 (Scheme 3), which was subjected
to a controlled anodic oxidation in a single-cell apparatus by
using a cylindrical 5 cm diameter x 5 cm 45 mesh Pt anode

OMe MeO. OMe 1) LDA (1.1 equiv),
MeSOpTol 16 (1 equiv)
THF,-78°C,2-3 h

®E puc

MeOH, py,LiCIO,

R’ 2V o1A R 2) oxalic acid (5%)
NHBoc ~ 0°C NBoc  THF/H,O (4:1)

12:R'=H 14: R'= H (99%)

13: R'= Me 15: R'= Me (93%)

mCPBA
TFA, CH2C|2 CHCL 0°C
RT, 24 h, 99% 99%
H.N BocHN BocHN
SOZpToI O,pTol SOpTol
19:R'= 11:R'= 3:R'=H (80%)
20: R'= Me 18: R'= 17:R'= Me (77%)
TFA, CH CI2
RT 24 h
IMe
MeCN RT MeCN 'RT
61%
Me,N MeHN BnHN
OpTol SOpTol SOpTol S pTol
22 (37%) 70:30 23 (20%) 1:R'=H (97 %)

21: R'= Me (88 %)

Scheme 3. Synthesis of p-[(p-tolylsulfinyl)methyl] or p-[(p-tolylsulfonyl)-
methyl]-p-quinamines 1, 3, 11 and 17-24.
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and a carbon electrode situated inside as a cathode. The
electrolysis, which was run in a methanol solution by using
LiClO, as the electrolyte, a current efficiency of 0.1 A at
0°C and by adding pyridine, afforded N-(tert-butoxycarbon-
yl)-4,4-dimethoxy-1-benzoquinonimine (14)®! in a 99%
yield (Scheme 3).

Addition of the lithium anion derived from methyl p-tol-
ylsulfoxide 16 to the imine 14, followed by ketal hydrolysis
with aqueous oxalic acid gave the p-quinamine 3 in 80 %
overall yield (Scheme 3). To evaluate the influence of the
presence of a sulfoxide or a sulfone in the starting p-quina-
mines on the overall yield of the aminotropones, we planned
to synthesize p-quinamines 11 and 19 (Scheme 3). Com-
pound 11 was obtained from mCPBA (meta-chloroperben-
zoic acid) oxidation of the sulfoxide 3 in 99 % yield. Remov-
al of the N-Boc protecting group from 3 and 11 with TFA
(TFA =trifluoroacetic acid) yielded the free NH, p-quina-
mines 1 and 19 in 97 and 99% yield. The synthesis of 3-
methyl-substituted sulfinyl derivative 17 was achieved as
shown in Scheme 3, by following the above reaction se-
quence which started from N-Boc-2-methyl-p-anisidine 13,
after electrochemical oxidation (15, 93 %), a-lithium sulfinyl
carbanion addition and ketal hydrolysis. N-Boc sulfinyl p-
quinamine 17 was isolated as a mixture of diastereoisomers
(77:23) in 77 % yield and was directly oxidised to the sulfone
18 (99 %). The free sulfonyl and sulfinyl amines 20 and 21
resulted in 99 and 88 % yield, respectively, by treatment of
18 and 17 with TFA. N-Alkyl-substituted p-[(p-tolylsulfinyl)-
methyl]-p-quinamines (N,N-dimethyl- 22, N-methyl- 23 and
N-benzyl- 24) were obtained by following established litera-
ture protocols? from the NH,-free p-quinamine 1, as de-
picted in Scheme 3, by simple treatment with the corre-
sponding alkylating agent (Mel or BnBr) in acetonitrile.

The synthesis of the naphthoquinamine derivatives 27 and
28 was performed similarly. The electrochemical oxidation
of N-Boc-1-methoxy-4-aminonaphthalene 25 quantitatively
yielded the naphthoquinonimine monoketal 26. Addition of
the a-lithium anion derived from methyl p-tolylsulfoxide 16
to the imine group was followed by hydrolysis of the ketal
group to give the desired 4-[(p-tolylsulfinyl)methyl]-4-naph-
thoquinamine 27 as a 67:33 mixture of C-4 epimers. This re-
action proved to be difficult to reproduce due to the insta-
bility of 26. After laborious experimentation, we could es-
tablish that the best results were achieved when freshly pre-
pared 26 reacted with the lithium anion in the presence of
HMPA (HMPA =hexamethylphosphoramide) at 0°C.
Under these conditions, after hydrolysis of the ketal group
and protection of the free NH,, naphthoquinamine 27 (67:33
mixture of epimers) could be isolated in 31 % yield by flash
chromatography (Scheme 4).1”

Due to the difficulties encountered to oxidize this sulfinyl
derivative to the corresponding sulfone 28, we tried the re-
action of N-Boc-4,4-dimethoxy-1-naphthoquinonimine 26
with the lithium anion derived from methyl-p-tolylsulfone
29. Although p-[(p-tolylsulfonyl)methyl]-p-naphthoquin-
amine (28) was obtained, we could never improve the low
18 % yield (Scheme 4). The synthesis of p-quinamines 31, 33
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OMe MeO_ OMe
OO (E) PyC, MeOH O‘
Py, LICIO,, 2V, 0.1 A
0°C (99%)
25 NHBoc NBoc
26

1) LDA (1.1 equiv), HMPA
MeSOpTol 16 (1 equiv)
THF,0°CtoRT,5h

2) oxalic acid (5%)
THF/H,O (4:1)

3) (Boc),0, DMPA

1) LDA (1.1 equiv)

HMPA
(18 %) | MeSO,pTol 29 (1 equiv)
THF, 0°C to RT, 5 h
2) oxalic acid (5%)

(31 %)

Et,N, CH,CN
o) o)
BocHN BocHN
SOpTol SO,pTol
27 (67:33) 28

Scheme 4. Synthesis of p-[(p-tolylsulfinyl)methyl] and p-[(p-tolylsulfo-
nyl)methyl]-p-naphthoquinamines 27 and 28.

and 34 with a methyl substituent o to the sulfur function
was achieved as shown in Scheme 5 from the common p-
quinonimine monoketal 14 precursor. The addition of the a-
lithium carbanion derived from ethyl phenylsulfoxide 30 to
14 afforded, after acidic hydrolysis of the ketal group, com-
pound 31 as a 80:20 mixture of epimers at the C-a sulfur, in
40% yield (2 steps).

MeO_ OMe 0
1) LDA (1.1 equiv), PhS(O),Et (1 equiv)
THF, 0 ‘Cto RT,2-3 h
2) oxalic acid (5%), THF/H,O (4:1) Me
NBoc RHN
14 S(0),Ph

mCPBA, CH,CI,

PhSOEt = 40% (two steps), R = Boc, n = 1: 31
30 2
& Oﬂ RT, 1 h, 99%

PhSO,Et = 20% (two steps), R=Boc,n=2: 33
32 (80:20ZJ TFA, CH,Cl,
R=H,n=2: 34 RT, 24 h, 52%
(80:20)

Scheme 5. Synthesis of p-[(1'-phenylsulfinyl or sulfonyl)ethyl]-p-quin-
amines 31, 33 and 34.

By starting from the lithium anion derived from ethyl
phenyl sulfone 32, the addition to the imine group of 14
gave the sulfonyl p-quinamine derivative 33, also as a 80:20
mixture of epimers, in a lower 20% yield. Compound 33
was also accessible by mCPBA oxidation of 31 in quantita-
tive yield. Deprotection of the fert-butoxycarbonyl group led
to NH,-free p-quinamine 34 (80:20 mixture of epimers), as
depicted in Scheme 5. The addition of the a-lithium carban-
ion derived from p-tolyl propyl sulfoxide 35 to the p-quino-
nimine monoketal 14 afforded, after acidic hydrolysis of the
ketal group, compound 36, which was isolated as a single
diastereomer in 30 % yield (2 steps; Scheme 6). The sulfonyl
p-quinamine derivative 38 resulted in a similar sequence
from 14 and the anion derived from p-tolyl propyl sulfone
37 producing 38 in 43 % yield. Reaction of 14 with the lithi-
um anion derived from benzyl phenyl sulfoxide 39 led to the

Chem. Eur. J. 2008, 14, 621 -636
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MeO,_ OMe o
1) LDA (1.1 equiv), ArS(0O),CH,R(1 equiv)
THF,0°'Cto RT,2-3 h

2) oxalic acid (5%), THF/H,0 (4:1) R
NBoc BocHN
14 S(O),Ar
pTolSOPr =>30% (2 steps), R = Et, Ar=pTol, n=1: 36
35
pTolSO,Pr => 43% (2 steps), R = Et, Ar=pTol, n=2: 38
37
PhSOCH Ph=> 40% (2 steps), R = Ar = Ph, n = 1(7202?]m0PBA, CH.CI,
R=Ar=Ph,n=2, 41 <RI, 1 88%
(75:25)

Scheme 6. Synthesis of p-[(1'-p-tolylsulfinyl or sulfonyl)propyl]-p-quin-
amines 36 and 38 and p-[(1'-phenylsulfinyl or sulfonyl)benzyl]-p-quin-
amines 40 and 41.

p-quinamine 40 as a 75:25 mixture of epimers, after oxalic
acid hydrolysis in 40 % yield. mCPBA oxidation of 40 gave
rise to 41 in 68 % yield (Scheme 6).

Finally, the synthesis of the p-quinamines 42 and 43, bear-
ing a double substitution at the cyclohexadienone moiety
and at the carbon atom o to the sulfur function, was ach-
ieved by reaction between 2-methyl p-quinonimine monoke-
tal 15”1 and the a-lithium carbanion derived from ethyl
phenylsulfone 32 under similar conditions (Scheme 7). In

1) LDA (1.1 equiv),

MeO_ OMe
PhSO,Et 32, (1 equiv)
THF, 0 °C to RT, 2-3 h
Me 2) oxalic acid (5%) Me Me
NBoc THF/H,0 (4:1) RHN
15 20% (two steps) SOPh
R=Boc, 42 ™1 1Fp cH,CI,
(75:25) RT, 4 h, 55%
R=H, 43
(75:25)

Scheme 7. Synthesis  of
amines 42 and 43.

3-methyl-p-[(1-phenylsulfonyl)ethyl]-p-quin-

this case, the use of a lithium anion derived from PhSOEt
did not give the addition on the imine group. The final p-
quinamine 42 could be isolated in a 20% yield (two steps)
as a 75:25 mixture of epimers. Deprotection of the fert-bu-
toxycarbonyl group of 42 led to the NH,-free p-quinamine
43 in a 55% yield. With the starting p-quinamines in hand,
we checked their behaviour in the presence of a base to pro-
mote the synthesis of alternatively substituted 4-aminotro-
pones.

To establish the best conditions, we studied the reaction
of the simplest N-Boc-[p-(tolylsulfinyl)methyl]-p-quinamine
3 in the presence of different bases, such as K,CO;, NaOH,
NaH, LDA, KHMDS and LiHMDS, and by using different
solvents or mixtures of solvents (H,O, CH;CN, THEF,
CH,Cl,). In all cases, we observed the formation of N-Boc-
4-aminotropone 10, but the conversion was highly depen-
dent on the base chosen, the number of equivalents used
and the solvent. Best conversions were achieved with NaH
at room temperature, but the amount of base was critical to
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reach a useful yield. As shown in Table 1, when one equiva-
lent of NaH was used in dry THF, only traces of N-Boc-4-
aminotropone 10 were detected after 6 h (entry 1). By using
two equivalents of NaH, a 54 % yield of 10 could be isolated

Table 1. Reaction of 3 with NaH at room temperature in different sol-
vents.

0] e}
NaH, solvent, RT

BocHN BocHN H
SOpTol
3 10

Entry NaH [equiv] Solvent t [h] Yield of 10 [%]
1 1 THF 6 traces

2 2 THF 2 54

3 4 THF 3 74

4 4 CH,Cl, 2 11

5 4 CH,CN 2 21

6 4 toluene 2 33

after flash column chromatography (entry2). When an
excess of the base was added, working in THF, a 74 % yield
of 101 was isolated after 3 h at room temperature (4 equiv,
entry 3). This was the best result as when other solvents
were used in the presence of such an excess of the base
(CH,Cl,, CH;CN and toluene, entries 4-6) lower yields re-
sulted.

We then used these conditions as the standard en route to
alternatively substituted 4-aminotropones. As shown in
Scheme 8, upon treatment with NaH (4 equiv) in THF at
room temperature, the analogue N-Boc-p-[(p-tolylsulfonyl)-
methyl] p-quinamine 11 evolved in a shorter time giving rise

NaH NaH
(4 equiv) (4 equiv)
THF RT THF RT
3h, 74% 2 h, 97%
BocHN BocHN
3 SOpTol BocHN 1180,pTol
NaH
(4 equiv)
THF RT HCI/MeOH
99%
2h, 99% b CHN |
SOszoI oH
0
NaH (4 equiv) 0]
THF, RT CIH,N
EERLLLEELLNG ®
2h
9-HCI
RN
SOpTol R,N
22: R =Me 44 (99%)
23: R=H, Me 45 (70%)
24:R=H, Bn 46 (99%)

Scheme 8. Synthesis of 4-aminotropones 9, 10 and 44-46 from p-[p-tolyl-
sulfinyl)methyl]-p-quinamines 3 and 22-24 and p-[p-tolylsulfonyl)meth-
yl]-p-quinamines 11 and 19.
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to the N-Boc-4-aminotropone 10 in an almost quantitative
yield (97 %, Scheme 8). The better yield obtained from the
sulfone bearing p-quinamine 11 was in agreement with the
mechanism proposed in Scheme 2, as the best quality of the
p-toluene sulfinate anion, namely its leaving-group ability,
relative to the p-toluene sulfenate anion, which was lost
from the analogue sulfoxide 3, facilitated the ring-expansion
step. The NH,-free sulfonyl bearing p-quinamine 19 quanti-
tatively yielded the free 4-aminotropone 9 (Scheme 8),
which could be isolated pure by using a neutral silica gel for
the column chromatography. The free amine proved to be
highly sensitive to the air atmosphere and could only be in-
definitely stored as the hydrochloride salt 9-HCl which was
obtained by treating 9 with a saturated solution of HCI (g)
in MeOH (99 % yield).

The C NMR spectrum of the final ammonium salt 9-HCI
showed two set of signals that were assigned to the tauto-
mers represented in Scheme 8, resulting from tautomeric
equilibrium with the 4-hydroxyiminotropone hydrochloride.
The ring expansion was also proven to occur from [(p-tolyl-
sulfinyl)methyl]-p-quinamines bearing alternate substitution
at the nitrogen atom. Thus, as depicted in Scheme 8, the
N,N-dimethyl-, N-methyl- and N-benzyl-substituted p-quin-
amines 22, 23 and 24, successfully afforded the correspond-
ing N-substituted-4-aminotropones 44, 45 and 46 in good to
excellent yield (70-99 % ).

On the contrary, N-Boc-3-methyl-[(p-tolylsulfinyl)meth-
yl]-p-quinamine 17 remained unchanged upon treatment
with NaH. Nevertheless, the p-tolylsulfonylmethyl-substitut-
ed analogue 18 gave the N-Boc-4-amino-3-methyltropone 47
in the presence of NaH in excellent yield (Scheme 9). The

o o]
NaH (4 equiv), THF, RT
3 5 2h
Me Me
RHN
S(0),pTol
17: R=Boc, n=1 -
18: R=Boc,n=2 47 (97%)
20: R=H,n=2 48 (99%)
o 0
NaH (4 equiv), THF, RT
)~ oam )
BocHN
S0,pTol BocHN
8 49

Scheme 9. Synthesis of 4-amino-3-methyltropones 47 and 48 and N-Boc-
aminobenzotropone 49.

4-amino-3-methyltropone 48, with the free NH,, could also
be regioselectively obtained in an excellent yield from the
corresponding  3-methyl-[(p-tolylsulfonyl)methyl]-p-quina-
mine (20). Once again, the results matched with the pro-
posed mechanism, as the regioselective formation of 47 and
48 must be a consequence of the initial conjugate addition
of the intermediate a-sulfonyl anion I (Scheme 2, n=2) de-
rived from 18 or 20 to the more electrophilic unsubstituted
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conjugate position (C-5) of the cyclohexadienone moiety. N-
Boc amino benzotropone 49 could also be obtained from
the N-Boc-4-[(p-tolylsulfonyl)methylJnaphthoquinamine
(28) under basic conditions, although in low yield (27 %).
When the p-quinamines were substituted at the a-carbon
atom with respect to the sulfur function with a methyl
group, the sulfoxides were recovered unchanged upon treat-
ment with the base, whereas the sulfones gave the ring ex-
pansion in good to excellent yields. Thus, N-Boc-4-amino-5-
methyltropone 50 and the free-amine analogue 51 were ac-
cessible from 4-[(1’-phenylsulfonyl)ethyl]-p-quinamines 33
and 34 in 94 and 99 % yield, respectively (Scheme 10). Both

NaH (4 equiv)
Me THF RT

SO,Ph
33:R=Boc, 4 h 50: R =Boc (94%)
34:R=H,2h 51: R=H (99%)

NaH (4 equiv) , THF, RT

Me Me 2h Me
RHN RHN Me
SO,Ph
42: R =Boc 52: R = Boc (84%)
43:R=H 53: R = H (98%)

Scheme 10. Synthesis of 4-amino-5-methyltropones 50 and 51, and 4-
amino-3,5-dimethyltropones 52 and 53.

50 and 51 showed “C NMR spectra in CDCl; in which two
sets of signals, assigned to the tautomeric equilibrium shown
in Scheme 10, appeared in a 67:33 ratio. When the a-sulfur
substituent was an ethyl group, no evolution was observed
upon NaH treatment of both the sulfoxide 36, and the sul-
fone 38, with the 5-ethyl amino tropone not detected.

A similar result was obtained from 4-(1’-phenylsulfinyl)-
phenyl-p-quinamine 40 and the sulfone 41. In the reaction
of 41 with NaH, traces of benzyl phenyl sulfone were detect-
ed in the crude reaction mixture. This could be a conse-
quence of the formation of a nitrogen anion which could
evolve through a retroaddition reaction to produce benzyl
phenyl sulfone (Scheme 11). The results shown up to now
have provided evidence that the synthesis of 4-aminotro-
pones by basic treatment of [(p-tolylsulfinyl)methyl]-substi-
tuted p-quinamines is a general process when the 2,5-cyclo-

NaH (4 equiv) NaH (4 equiv)
THF, RT THF, RT
1d j( 1d
BocHN R BocHN R \_R=Ph BocN ) R
SOAr ano Ph SOAr
0 )
36: R=Et, Ar=pTol R =Et 38: R Et, Ar=pTol

40: R=Ph, Ar=Ph R =Ph 41: R=Ph, Ar=Ph

Scheme 11. Reaction of a-ethyl or phenyl-substituted p-quinamines 36,
38, 40 and 41 with NaH.

Chem. Eur. J. 2008, 14, 621 -636



www.chemeurj.org



Synthesis of 4-Aminotropones

hexadienone moiety of the starting material was unsubstitut-
ed and the amine was protected as a Boc. When the starting
p-quinamine had a free amine and/or a methyl substituent
at the cyclohexadienone moiety and at C-a to the sulfur
function, only the sulfones reacted in basic medium, opening
a straightforward access to 4-aminocycloheptatrienones in
excellent yields.

The final position of the methyl substituent at C-3 or C-5
of the tropone system can be directed by choosing adequate
substitution in the starting materials. Considering all these
results as well as the mechanism proposed in Scheme 2 for
the formation of the 4-amino tropones, we reasoned that an
alkyl sulfoxide or sulfone, instead of the aryl we had previ-
ously used, could behave similarly. The interest of changing
the sulfur substituent stems on the possibility of using
cheaper and commercially available compounds, such as a
dimethyl sulfoxide or dimethyl sulfone, instead of methyl p-
tolyl sulfoxide or the corresponding sulfone, as starting ma-
terials to synthesize the p-quinamine precursors.

To check the behaviour of an alkyl sulfoxide as a leaving
group in the ring-expansion process, we chose to synthesize
p-quinamine 54 bearing a methyl sulfoxide. Compound 54
was readily obtained from p-quinonimine monoketal 14 by
addition of the o-lithium carbanion derived from dimethyl
sulfoxide® generated with #nBuLi as the base, followed by
acidic hydrolysis of the ketal group (Scheme 12, 46 % yield,

MeO_ OMe 1) nBuLi (2.5 equiv),

SOMe, (2.5 equiv) NaH, THF
THF,0°CtoRT,7h
.4_0> RT,3h
2) oxalic acid (5%) 95%
NBoc THFH,O (4:1)  BocHN' | BocHN
e
14 46% 54 10

Scheme 12. Synthesis of N-Boc-4-aminotropone 10 from p-[(methylsulfi-
nyl)methyl]-p-quinamine 54.

two steps). Subsequent treatment of a THF solution of 54
with NaH (4 equiv) afforded the N-Boc-4-aminotropone 10
in 95 % yield. In a similar reaction sequence, the p-[(methyl-
sulfonyl)methyl]-p-quinamine 55 could be obtained from p-
quinonimine monoketal 14 and the anion generated from di-
methylsulfone with nBuLi, in almost quantitative yield
(Scheme 13). When we swapped nBuLi with LDA (LDA =

MeO_ ,OMe
1) Base, SO,Me,
__O'CtoRT, THF

NBoc BocHN ]\ /" NHBoc

2) Oxal|c acid 5m
THF/H,0 (4:1)
// \\

14
Base  SO,Me, t 55 56
[equiv] [equiv] [h]
nBuLi
25 25 1 99 % -
LDA
3 3 7 45 % 32 %

Scheme 13. Synthesis of p-[(methylsulfonyl)methyl]-p-quinamine and 55
and bis-p-quinamine 56.
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lithium diisopropylamide) as the base to produce the a-lithi-
um carbanion of Me,SO,,* we obtained a mixture of com-
pound 55 and the bis[N-(tert-butoxycarbonyl)-1"-amino-4'-
oxo-2',5'-cyclohexadienyl]dimethylsulfone (56) (bis-p-quin-
amine) which could be separated by column chromatogra-
phy in 45 and 32 % yields, respectively. Both new p-quina-
mines 55 and 56 were used as the 4-aminotropone precur-
sors. Thus, upon treatment of a THF solution of 55 with
NaH, after 3 h at room temperature, N-Boc-4-aminotropone
10 was obtained in excellent yield (95%; Scheme 14). The

NaH, THF NaH, THF
_RT.3h RT, 3 h
95% T
BocHN BocHN H SO:  BochN NHBoc
96% d \\

10
N '95% \ QO 09

BocHN ¢ \v NHBoc

AN
@)
n

Scheme 14. Synthesis of N-Boc-4-aminotropone 10 from p-[(methylsulfo-
nyl)methyl]-p-quinamine 55 or bis(p-quinamine)-substituted sulfone 56.

bis-p-quinamine derivative 56 behaved similarly, giving rise
to a clean crude mixture in which the N-Boc-4-aminotro-
pone 10 was the only product detected (96 % yield). In this
case, the formation of 10 must arise from a double domino
process, in which two intramolecular conjugate additions
must give a double norcaradiene intermediate, such as III,
the evolution of which through two ring-expansion process-
es, yielded the tropone derivative. The reaction gave almost
pure 10 due to the formation of SO, as the only byproduct.
Moreover, N-Boc-4-aminotropone 10 could also be directly
obtained from the mixture of 55 and 56 in 95% yield. The
synthesis of aminotropone 10 from dimethyl sulfone and p-
quinonimine ketal 14, through the intermediate formation
of bis-p-quinamine 56, is an efficient process that fulfils the
criteria of atom economy™ as both carbon atoms of the
methyl groups of the reactant appear in the product, and
minimum waste (SO,) is produced.

Although less efficient, the synthesis of 10 from the mix-
ture of p-[(methylsulfonyl)methyl]-p-quinamines 55 and 56
was also economising atoms if compared with the analogue
synthesis starting from p-tolylsulfoxide or p-tolylsulfone.
Taking this into account, for the most efficient synthesis of
10 from 56, we tried to improve the yield of bis-p-quinamine
56 by considering that it must arise from compound 55
through the formation of a new a-lithium sulfonyl carbanion
reacting with a second equivalent of the p-quinonimine
monoketal 14. We thus repeated the reaction of 14 with the
anion derived from dimethylsulfone by changing the condi-
tions shown in Scheme 13, mainly the number of equivalents
of LDA (up to 4), by using longer reaction times and/or sub-
stituting LDA with LHMDS (LHMDS =lithium hexamethyl
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disilazide). In spite of laborious experimentation, we could
never improve the 32% yield of 56 previously obtained.
Other dialkylsulfoxides and sulfones were tested to evaluate
the generality of this atom-economic tropone synthesis.
Thus, reaction of the a-lithium carbanion resulting from
treatment of diethylsulfone (Et,SO,) with nBuLi (2.5 equiv)
with 14, followed by ketal-group hydrolysis, gave the corre-
sponding N-Boc-[(1'-ethylsufonyl)ethyl]-p-quinamine 57 in
25% yield after column chromatography (Scheme 15).
Treatment of a THF solution of 57 with NaH gave the de-

NaH, THF Q

MeO. OMe 1) nBuLi (2.5 equiv),

R,CH,S(0), (2.5 equiv)
THF, 0 ‘Cto RT,2-3 h
2) oxalic acid (5%)
NBoc THF/H,0 (4:1) BocHN

BocHN
S(0),CH,R
14 R =Me, 2 h, 50
(94% from 57)
Et,S0, n=2, R=Me, 25% (two steps), 57 R=Et,10 h, 60

(32% from 59)

mCPBA, CH,Cl,
RT, 1h, 99%

nPr,SO n=1, R =Et, 35% (two steps), 58
nPr,SO, n=2, R =Et, 10% (two steps), 59

Scheme 15. Synthesis of N-Boc-4-amino-5-alkyltropones 50 and 60 from
alkylsulfinyl (or sulfonyl)-substituted p-quinamines 57-59.

sired N-Boc-4-amino-5-methyltropone 50 in excellent yield
(94%). Reaction of 14 with the a-lithium anion derived
from nPr,SO gave N-Boc-[(1'-propylsulfinyl)propyl]-p-quin-
amine 58 in 35% yield. The synthesis of the p-quinamine
sulfonyl analogue 59 by starting from nPr,SO, and 14 gave a
low yield (10%).

A much better yield of the sulfonyl derivative 59 was ach-
ieved by using mCPBA oxidation of 58 (99% yield,
Scheme 15). Upon treatment with NaH, the sulfinyl deriva-
tive 58 remained unaltered whilst the N-Boc-4-amino-5-eth-
yltropone 60 resulted from the sulfone 59 in 32% yield. Up
to now, the lack of an efficient method to synthesise 4-
amino tropones had kept their reactivity unexplored. The
preliminary studies we had carried out®” on the reactivity of
10 had provided evidence that the 4-amino cycloheptatrie-
none system behaved as a diene through the C4-C7 frag-
ment by reaction with maleimide giving the endo adduct 61
in a highly stereoselective manner (Scheme 16). Upon irra-
diation, N-Boc-4-aminotropone 10 suffered a 4m-electrocyc-
lisation process giving rise to the cis-bicyclo[3.2.0]hepta-3,6-
dien-2-one derivative 62, with a protected bridged nitrogen
function in a 60 % yield. Heating compound 62 (40°C) pro-
moted the reversible cyclobutene opening to regenerate 10
in 99 % yield (Scheme 16). Taking into account these results,
we decided to extend the reactivity studies to the new 3-
methyl- and S-methyl-substituted N-Boc-4-aminotropones
47 and 50 we had synthesised.

N-Boc-4-amino-3-methyltropone 47 reacted as a diene
with maleimide in refluxing toluene to give adduct 63, re-
sulting from endo cycloaddition through the C-4-C-7 diene
fragment, in a low 17 % yield. The similar reaction between
the 5-methyl-substituted tropone 50 and maleimide, gave a
much better yield (74 %) of the endo adduct 65. This was ex-

628 ——— www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

H

0 0o
oﬁ/N o] 7 hv,CHCN H
\_? 4h
R i e——
PhMe, A, 1d — A
BocHN e 4
ref. 37 BocHN ref. 37 BocHN
61 (74% 10 62 (60%)
H
o}
m o=N20 7 hv.CD,OD H
"y l
BocHN PhMe, 4,15 h Me™ A e
BocHN NHBoc
63 (17% 47 64 (32%)
H 0 0
wH 7 v CHCN H
8h #
O —_—
Pa—
BocHN J PhMe, A, 4 h 4 A
BocHN  Me BocHN M
65 (74%) 51 66 (20%)

Scheme 16. Diels—Alder reactions and 4m-electrocyclisations of N-Boc-4-
aminotropones 10, 47 and 50.

pected on the basis of the activating effect of the methyl
group situated at C-5 of the diene partner. The structure of
both 63 and 65 was secured by NOESY experiments. The
poor yield obtained from 47 could be due to the presence of
the 3-methyl substituent existent in the cyclic diene which
could be sterically hindering the endo approach of the male-
imide.

When the 3,5-dimethyl-substituted tropone 52 was under-
went reaction with maleimide under refluxing toluene, only
a complex reaction mixture resulted. The photocyclisation
of 47 and 50 also occurred upon irradiation of CH;CN solu-
tions, but the conversion of the starting materials was lower
than that observed from the unsubstituted amino tropone
10. The cis-N-Boc-1-amino-2-methylbicyclo[3.2.0]hepta-3,6-
dien-2-one 64 and the 7-methyl-substituted analogue 66
were isolated in 32 and 20% yields, respectively
(Scheme 16). Taking into account the high endo selectivity
achieved in these Diels—Alder reactions, as well as the pres-
ence of the amino group in the tropone core, we decided to
extend our synthetic methodology to a novel enantiopure 4-
aminotropone 68, incorporating a proline unit in the amine
function, and explore its asymmetric reactions. The synthesis
of tropone 68 started from a 2:1 mixture of p-quinamines 55
and 56 the transformation of which into 68 occurred in a
56 % overall yield by following the reaction sequence sum-
marised in Scheme 17. Thus, upon treatment of the mixture
of 55 and 56 with concentrated HCIl in CH,Cl,, cleavage of
the N-tert-butoxycarbonyl groups was achieved, forming the
hydrochlorides of the free p-quinamines. After evaporation
to dryness, a solution of N-Boc-protected (S)-proline 67,
Et;N and EDC was immediately added. The resulting crude
mixture was washed with a diluted solution of HCIl and
evaporated to dryness before adding THF and NaH. After
2 h stirring at room temperature, enantiopure amide 68*!
was isolated in 56 % yield (three steps; Scheme 17).

The Diels—Alder reaction of enantiopure (S)-aminotro-
pone 68 with N-phenylmaleimide took place in refluxing tol-
uene to give, after 48 h, a 90:10 mixture of diastereomeric
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1) HCI, CH,Cl,

2) (}\ ,EtN, EDC
COOH
o)
BocHN BocHN NHBoc  ~—

SO,Me g \\ {BUOH, RT, 24 h CHJ\ N
55 5 3 NBoc " 68
)NaH, THF, 2 h 20
[a]p™ =68
56% three steps (0= 24 in acetone)
(99 % ee)

Scheme 17. Synthesis of enantiopure {(S)-4-amino-[1'-(fert-butoxycarbo-
nyl)pyrrolidine]-2’-carboxamide}tropone (68) from sulfonyl-p-quinamines
55 and 56.

endo adducts 69a and 69b that were separated by flash
column chromatography. The major cycloadduct 69a was
thus obtained diastereomerically pure in 21 % yield, whereas
a 50:50 mixture of 69a and 69b was obtained in a second
fraction in 49 % yield. The overall yield of the cycloaddition
was thus 70 % (Scheme 18).

The endo structure of both diastereomers was established
on the basis of the "H NMR spectroscopic parameters ob-

0 Ph Mo
10
o N__0 " <H
7
o
o =7 ) A
> NH NPh

toluene, reflux

48 h, 70% ©
NBoc
o) NBoc

endo-69a  (90:10) endo-69b

(21%)

— + H
68 toluene, reflux / A0
48 h, 70% *ROCHN NH
*ROCHN &
endo-70a (90:10) endo-70b
(53%) (6%)
OH

OH

O (]
oo S
68 CH,CI, 8 Kbar A

H *ROCHN

6d, 65 % *ROCHN
71a (50:50)
o] enolization
H
+ 7 Ho
*ROCHN Y
*ROCHN (0]

endo-72a endo-72b

Scheme 18. Asymmetric Diels—Alder reaction of enantiopure 68.
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tained from the spectra registered at 353 K, as at room tem-
perature, broad signals were observed. The values of the
coupling constants and NOESY experiments were essential
for such a structural assignment. The cross peaks observed
between the hydrogens situated at C-2 and C-10 appearing
at 0=3.81 and 7.14 ppm, respectively, and C-6 and C-9, 6=
3.46 and 5.78 ppm, respectively, in the major diastereoiso-
mer 69a was evidence of their spatial proximity. Similar cor-
relations were observed in the minor diastereomer 69b.
Moreover, the relative configuration of the major compo-
nent 69a was secured by X-ray diffraction (Figure 1).1

Figure 1. X-ray ORTEP of Diels—-Alder adduct 69a.

Taking into account the § absolute configuration of the
proline moiety, the absolute configuration was established as
(1R2R,6R,7S) for 69a and (15,25,65,7R) for 69b. Similar re-
sults were observed in the asymmetric Diels—Alder reaction
of 68 with maleimide. The 90:10 mixture of endo adducts
70a and 70b could be separated in 53 and 6% yields, re-
spectively. The structures of both adducts were established
by comparison of their NMR spectroscopic parameters with
those of 69a and 69b. Contrary to our expectations, the cy-
cloaddition of 68 with p-benzoquinone did not take place
under thermal conditions (refluxing toluene). When the re-
action between p-benzoquinone and 68 was carried out
under high pressure conditions (8 Kbar), the cycloaddition
occurred without selectivity giving rise to a 50:50 mixture of
diastereomers 71a and 71b which must result from the cy-
cloaddition and subsequent enolisation of the initially
formed adducts 72a and 72b (Scheme 18). The high n-facial
diastereoselectivity observed in the reactions of 68 with mal-
eimide derivatives is noteworthy taking into account the
structure of the enantiopure diene. The stereoselectivity
could be explained on the basis of the transition state A
shown in Scheme 18, in which hydrogen bonding between
the carbonyl imide group of the dienophile and the amide
hydrogen donor of the tropone could act as a transient
tether favouring the endo approach which led to the major
formation of 69a and 70a and facilitating the cycloaddition.

The lack of m-facial selectivity observed when p-benzoqui-
none was the dienophile suggested that the lower basicity of
the quinonic carbonyl groups was hindering the formation
of the intermolecular hydrogen bonding which was responsi-
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ble for the high reactivity and diastereoselectivity observed
with maleimide. Finally, irradiation of a MeOH solution of
68 also produced the 4m-electrocyclisation, yielding a 50:50
mixture of diastereomers 73a and 73b (Scheme 19). The
polar hydroxylic solvent used for the electrocyclisation
could contribute to the lack of diastereoselectivity observed.

hv, MeOH Q H H
4h, 50% .
(o] _— +
A 5
Me
dLH Me  NHcor*
NBoc

68 73a 5050 73b

Scheme 19. 4n-Electrocyclisation of 68.

Conclusion

We have reported the regioselective synthesis of a series of
substituted 4-aminoptropones by starting from N-Boc p-ani-
sidines in three steps and good to excellent yields. The suc-
cessful route involves the initial synthesis of 4-amino-4-[(ar-
ylsulfinyl)methyl]-2,5-cyclohexadienones or the analogues
aryl or methyl sulfones by addition of an a-lithium sulfinyl
or sulfonyl carbanion to the quinoneimine monoketal result-
ing in the electrochemical oxidation of the starting N-Boc p-
anisidines. Our methodology provides a short and simple
access to 4-amino tropones not accessible by other methods,
through the basic treatment of the sulfinyl or sulfonyl p-
quinamines, which triggers a one-pot, domino conjugate ad-
dition-ring expansion process. An optically pure amino tro-
pone derivative, including a proline moiety is also described.
The proline auxiliary delivers a high level of asymmetric in-
duction in the Diels—Alder reaction with maleimide dieno-
philes, considering the distance of the chiral unit from the
reactive centres.

Experimental Section

General: Melting points were obtained in open capillary tubes. '"H NMR
spectra were recorded at 500 or 300 MHz and *C NMR spectra were re-
corded at 125 or 75 MHz. All reactions were monitored by TLC, which
was performed on precoated silica gel 60 F254 plates. Flash column chro-
matography was carried out with silica gel 60 (230-240 mesh). Diisopro-
pylamine was used freshly distilled over KOH in each case. NaH was
washed before use with several portions of hexane. Reagent quality sol-
vents, such as THF, CH;CN, CH,Cl, and toluene, were dry purchased
and kept under an argon atmosphere over activated 4 A molecular
sieves. Compounds 1, 3, 9, 14, 15, 17, 21, 26, 47, 48, 51, 61 and 62 were
synthesised as previously reported.*23!

General procedure for the synthesis of p-quinamines: Method A: A solu-
tion of nBuLi (2.6M in hexanes, 1.1 equiv) was added dropwise to a solu-
tion of diisopropylamine in THF (0.5M, 1.2 equiv) cooled to —78°C. The
resulting solution was stirred for 20 min. After this time, a solution of the
corresponding sulfoxide or sulfone in THF (0.5M, 1 equiv) at —78°C was
slowly added. After 30 min at this temperature, a solution of the corre-
sponding p-benzoquinonimine ketal in THF (0.3m 1.0 equiv) was added
dropwise. The resulting solution was stirred at —78°C (the reaction time
is indicated in each case). The mixture was hydrolyzed with saturated
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NH,CI and extracted with AcOEt. The organic phase was dried over
MgSO, and the solvents were removed under reduced pressure. The re-
sulting material was treated with a 5% oxalic acid in a mixture of THF/
H,O 4:1. When the reaction was finished (reaction time is indicated), a
saturated solution of NaHCO; was added and the aqueous phase was ex-
tracted with AcOEt (x3). The organic extracts were dried over MgSO,
and the solvent was removed under reduced pressure. The obtained ma-
terial was purified by flash column chromatography on silica gel. The elu-
ents are indicated in each case.

General procedure for the oxidation of sulfoxides to sulfones: Method B:
A solution of mCPBA (1.15 equiv) in CH,Cl, (0.2m) was slowly added to
a solution of the corresponding sulfinyl N-Boc protected p-quinamine
(1.0 equiv) in CH,Cl, (0.2m) cooled to 0°C. The resulting mixture was
stirred at 0°C until no starting material could be detected by TLC (reac-
tion time is indicated in each case). Then the organic phase was washed
sequentially with NaHSO; 40 %, saturated NaHCO; and brine. The or-
ganic extracts were dried over MgSO, and the solvent was removed
under reduced pressure. The final sulfone was purified by flash column
chromatography on silica gel. The eluents are indicated in each case.

General procedure for the deprotection of Boc group: Method C: TFA
(1.1 mmol, 10 equiv) was added at RT to a solution of the corresponding
N-Boc-protected p-quinamine (0.11 mmol, 1equiv) in CH,Cl, (0.6Mm).
The resulting solution was stirred at RT for the time indicated in each
case and then NaOH (2N) was added at 0°C until pH 12 was reached.
The organic phase was extracted and washed with brine (x2). The organ-
ic extracts were dried over MgSO,, filtered and the solvents were re-
moved under reduced pressure. The crude reaction was purified by flash
column chromatography. Eluents are indicated in each case.

General procedure for the synthesis of 4-aminotropones from p-quin-
amines: Method D: NaH (4 equiv) at RT was added to a solution of the
corresponding p-quinamine (1 equiv) in THF (0.2m). The reaction was
stirred under an argon atmosphere for the time indicated in each case.
Then the mixture was diluted with CH;CN and filtered over Celite. The
solvents were removed under reduced pressure and the crude purified by
flash column chromatography (eluents indicated in each case).
N-(tert-Butoxycarbonyl)-4-amino-3-methyl-4-[ p-(tolylsulfonyl)methyl]-
2,5-cyclohexadienone (18): Compound 18 was obtained by following
method B from of N-(fert-butoxycarbonyl)-4-amino-3-methyl-4-[p-(tolyl-
sulfinyl)methyl]-2,5-cyclohexadienone (17; 78 mg, 0.20 mmol, 1.0 equiv)
as an orange solid in quantitative yield. Reaction time 1h; eluent:
hexane/AcOEt, 1:1; m.p. 132-134°C (Et,0); "HNMR (300 MHz,
CDCl;): =140 (s, 9H), 1.96 (s, 3H), 2.45 (s, 3H), 3.00-3.60 (AB
system, J=13.9 Hz, 2H), 6.11 (s, 1H), 6.23 (dd, /=10.1, 1.8 Hz, 1H),
6.65 (brs, 1H), 7.25 (d, /=10.1, 1H), 7.37-7.86 ppm (AA'BB’ system, J =
8.3 Hz, 4H); "CNMR (75 MHz, CDCL,): 6=18.6, 21.7, 28.1 (3C), 56.7,
63.1, 80.9, 127.9 (2C), 128.2, 128.6, 130.3 (2C), 136.3, 146.0, 149.5, 153.8,
158.9, 184.5 ppm; MS (EI): m/z (%): 57 (83), 59 (30), 65 (30), 77 (16), 91
(98), 92 (27), 105 (11), 107 (23), 121 (47), 122 (54), 135 (12), 136 (44), 139
(13), 148 (16), 155 (19), 162 (27), 166 (21), 170 (13), 180 (100), 275 (10),
335ppm [M-56]* (11); HRMS (EI): m/z: caled for C;H;;NOsS
[M—Bu]*: 335.0827; found: 335.0843.

4-Amino-3-methyl-4-[ p-(tolylsulfonyl)methyl]-2,5-cyclohexadienone (20):
Compound 20 was obtained by following method C from 18 (40 mg,
0.10 mmol, 1equiv) as a colourless oil in quantitative yield. Reaction
time 5h; eluent hexane/AcOEt, 3:1; 'HNMR (300 MHz, CDCl;): 6=
1.82-1.98 (brs, 2H), 2.02 (s, 3H), 2.45 (s, 3H), 3.16-3.60 (AB system, J=
13.9 Hz, 2H), 6.05 (d, J=1.8 Hz, 1H), 6.10 (dd, /=9.9, 1.8 Hz, 1H), 7.22
(d, /=101, 1H), 7.31-7.77 ppm (AA'BB’ system, J=8.5Hz, 4H);
C NMR (75 MHz, CDCly): 6=18.7, 21.6, 54.6, 63.6, 126.6, 127.9, 128.3,
130.1, 137.0, 145.5, 150.9, 158.7, 185.0 ppm; MS (EI): m/z (%): 65 (12), 83
(106), 91 (22), 107 (16), 121 (6), 135 (12), 136 (19), 291 [M]* (1); HRMS
(EI): m/z: caled for C;sH;NOsS: 291.0929 [M]*; found: 291.0928.
N,N-Dimethyl- and N-methyl-4-amino-4-[(p-tolylsulfinyl)methyl]-2,5-cy-
clohexadienone (22) and (23): Mel (72 pL, 1.14 mmol, 6 equiv) was
added to a solution of 4-amino-4-[p-(tolylsulfinyl)methyl]-2,5-cyclohexa-
dienone (1) (50 mg, 0.19 mmol, 1equiv) in CH;CN (0.5mL) under an
argon atmosphere at room temperature and the resulting mixture was
stirred for 3 d. The N-methylation products were obtained as a (70:30)
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mixture of 22 and 23. The two p-quinamines were isolated separately as
yellow oils with over 70% conversion after column chromatography
(eluent: AcOEt/CH;CN 6:1).

Compound 22: Yield: 37% (20 mg); '"HNMR (300 MHz, CDCly): 6=
241 (s, 3H), 2.43 (s, 6H), 2.91-3.08 (AB system, J=14.0 Hz, 2H), 6.38
(dd, /=103, 1.8 Hz, 1H), 6.44 (dd, /J=10.3, 1.8 Hz, 1H), 6.97 (dd, J=
10.3, 3.3 Hz, 1H), 7.27 (dd, J=10.3, 3.3 Hz, 1H), 7.29-7.53 ppm (AA'BB’
system, J=8.3 Hz, 4H); "C NMR (125 MHz, CDCLy): 6 =21.4, 30.7, 58.2,
67.2, 123.9, 130.2, 130.6, 131.5, 140.7, 142.2, 150.6, 150.7, 185.0 ppm; MS
(ED): mlz (%): 165 (28), 166 (27), 167 (22), 175 (13), 179 (15), 191 (10),
219 (20), 214 (10), 257 (10), 272 (10), 288 (34), 289 [M]* (100).
Compound 23: Yield: 20% (11 mg); '"HNMR (300 MHz, CDCl;): 6=
2.30 (s, 3H), 2.41 (s, 3H), 2.69-3.20 (AB system, J=13.3 Hz, 2H), 6.34
(dd, J=10.3, 1.8 Hz, 1H), 6.46 (dd, /=10.3, 1.8 Hz, 1H), 6.88 (dd, J=
10.3, 3.0 Hz, 1H), 7.06 (dd, J=10.3, 3.0 Hz, 1H), 7.27-7.56 ppm (AA'BB’
system J=8.1 Hz, 4H); "C NMR (125 MHz, CDCl,): 6=21.4, 39.7, 60.6,
60.6, 123.9, 130.1, 130.4, 131.8, 141.4, 141.9, 147.3, 150.1, 184.7 ppm; MS
(EX): miz (%): 164 (12), 165 (14), 166 (12), 219 (27), 272 (11), 275 [M]*
7).

N-Benzyl-4-amino-4-[ (p-tolylsulfinyl)methyl]-2,5-cyclohexadienone (24):
BnBr (53 uL, 0.44 mmol, 2 equiv) was added to a solution of 1 (58 mg,
0.22 mmol, 1equiv) in CH;CN (3mL), under an argon atmosphere at
RT. The resulting solution was stirred at RT for 3 d, then the solvent was
removed at reduced pressure. The reaction crude was then purified by
column chromatography to give 24 as a yellow solid in a 61% yield
(47 mg). Eluent: hexane/AcOEt 4:1; m.p. 94-96°C; '"H NMR (300 MHz,
CDCl;): 0=2.36 (s, 3H), 2.70-3.18 (AB system, J=13.3 Hz, 2H), 3.51-
3.69 (AB system, J=12.9 Hz, 2H), 6.28 (dd, /=10.1, 2.0 Hz, 1H), 6.39
(dd, J=10.1, 2.0 Hz, 1H), 6.92 (dd, /=10.1, 3.2 Hz, 1H), 7.07 (dd, J=
10.1, 3.2 Hz, 1H), 7.17-7.32 (m, 5H), 7.28-7.53 ppm (AA'BB’ system, J=
8.3 Hz, 4H); "C NMR (75 MHz, CDCl,): §=21.4, 48.5, 57.9, 67.3, 123.9,
127.3, 128.0, 128.5, 130.1, 130.2, 131.0, 139.6, 140.6, 142.2, 150.9, 151.0,
185.0 ppm; MS (EI): m/z (%): 165 (28), 166 (25), 167 (20), 175 (38), 177
(20), 211 (10), 121 (36), 219 (21), 220 (16), 258 (12), 260 [M—-91]* (5);
HRMS (FAB +): m/z: caled for C,,H;,NO,S: 260.0745 [M—Bn]™; found:
260.0675.

N-(tert-Butoxycarbonyl)-4-amino-4-[ p-(tolylsulfinyl)methyl]-4H-naphtha-
len-1-one (27): Compound 27 was obtained from N-(fert-butoxycarbon-
yl)-1,4-naphthoquinonimine dimethyl ketal (26) (435 mg, 1.45 mmol,
1 equiv), MeSOTol 16 (223 mg, 1.45 mmol, 1 equiv) and HMPA (1.7 mL,
8.70 mmol, 6 equiv) in THF (SmL) by following method A. After 5h
stirring, the mixture was treated with Et;N (36 uL, 0.25 mmol, 1 equiv),
DMAP (12mg, 0.1 mmol, 0.5equiv) and di-tert-butyldicarbonate
(270 mg, 1.23 mmol, 5 equiv) in refluxing CH;CN (4 mL) for 5d at RT,
to reprotect the unprotected NH, residues. Compound 27 was finally iso-
lated as a yellow oil in 31% yield as a (66:33) mixture of diastereoiso-
mers. Eluent: hexanes/AcOEt 3:1; '"H NMR (300 MHz, CDCl;): 6=2.38
(s, 3H), 2.58-3.31 (AB system, J=13.5Hz, 2H), 6.37 (d, /=10.1 Hz,
1H), 7.09 (d, /J=10.1Hz, 1H), 7.24-7.65 (m, 5H), 7.72 (t, J=6.7 Hz,
1H), 8.01 (d, /=79 Hz, 1H), 820 ppm (d, /=7.9 Hz, 1H); MS (EI): m/z
(%): 57 (100), 59 (52), 63 (18), 65 (23), 75 (12), 77 (25), 91 (51), 92 (31),
102 (20), 127 (27), 128 (90), 139 (48), 140 (47), 156 (50), 172 [M—139]*
(45); HRMS (EI): m/z: caled for C,;H;(NO: 172.0762 [M—SOpTol]*;
found: 172.0766.

N-(tert-Butoxycarbonyl)-4-amino-4-[ p-(tolylsulfonyl)methyl]-4H-naph-
thalen-1-one (28): Compound 28 was obtained from 26 (300 mg,
0.99 mmol, 1 equiv) and MeSO,pTol 29 (168 mg, 1.0 mmol, 1 equiv) as an
orange oil in 18 % yield (77 mg) by following a modified version of meth-
od A (the anion was formed at 0°C, and the reaction was stirred at RT).
Reaction time: 5h; eluent: hexane/AcOEt 4:1; 'HNMR (300 MHz,
CDCly): 0=1.50 (s, 9H), 2.42 (s, 3H), 3.16-3.66 (AB system, J=14.1 Hz,
2H), 6.45 (d, J=10.5 Hz, 1H), 6.77 (brs, 1H), 7.28-7.74 (AA'BB’ system,
J=10.5Hz, 4H), 7.41 (dd, /=149, 1.4 Hz, 1H), 7.53 (dd, J=7.8, 1.4 Hz,
1H), 7.59 (td, J=7.1, 1.4Hz, 1H), 7.72 (dd, /=79, 1.4Hz, 1H),
8.10 ppm (dd, J=7.9, 1.4 Hz, 1H); "C NMR (75 MHz, CDCL,): 6 =21.6,
28.0 (3C), 60.3, 66.5, 80.8, 125.0, 1272 (2C), 127.9, 128.3, 128.4, 130.2,
130.5, 133.2 (2C), 136.4, 145.8, 149.9, 153.7, 183.4 ppm; MS (EI): m/z
(%): 57 (100), 65 (26), 77 (18), 91 (69), 115 (17), 127 (18), 128 (57), 143
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(17), 156 (34), 158 (97), 172 (52), 184 (37), 198 (21), 202 (58), 216 (67),
311 (10), 327 ppm.
N-(tert-Butoxycarbonyl)-4-amino-4-[1'-(phenylsulfinyl)ethyl]-2,5-cyclo-
hexadienone (31): Compound 31 was obtained from N-(fert-butoxycar-
bonyl)-p-benzoquinonimine dimethyl ketal (14) (300 mg, 1.19 mmol,
1 equiv) and EtSOPh 30 (189 mg, 1.18 mmol, 1 equiv) by following a
modified version of method A (the anion was added at 0°C and the reac-
tion was stirred at RT). The product was produced as a (80:20) mixture
of diastereoisomers in 40% yield (172 mg). Yellow oil; reaction time:
4 h; eluent: hexane/AcOEt 1:1; 'TH NMR (300 MHz, CDCl,): 6=0.80 (d,
J=17.1Hz, 3H), 148 (s, 9H), 3.60-3.79 (m, 1H), 5.51 (s, 1H), 6.32 (dd,
J=10.1, 2.0 Hz, 1H), 6.36 (dd, /=10.1, 2.0 Hz, 1H), 7.13 (dd, /=10.1,
33Hz, 1H), 729 (dd, J=10.1, 3.3 Hz, 1H), 7.45-7.59 ppm (m, SH);
BCNMR (75 MHz, CDCL): 6=4.2, 283 (3C), 58.1, 63.1, 81.1, 124.1,
129.2, 129.4, 130.7, 130.9, 141.7, 145.4, 146.7, 154.6, 184.6 ppm; MS (EI):
mlz (%): 57 (100), 59 (14), 64 (13), 77 (19), 78 (30), 91 (21), 108 (16), 124
(14), 125 (28), 136 (21), 180 (50), 236 [M—125]" (2); HRMS (EI): m/z:
caled for C;3HgNOs: 236.1287 [M—SOPh]*; found: 236.1283.
N-(tert-Butoxycarbonyl)-4-amino-4-[1-(phenylsulfonyl)ethyl]-2,5-cyclo-
hexadienone (33): Compound 33 was obtained pure by following meth-
od B from N-(fert-butoxycarbonyl)-4-amino-4-[1'-(phenylsulfinyl)ethyl]-
2,5-cyclohexadienone (31) (32 mg, 0.09 mmol, 1.0 equiv) as a yellow oil in
99% yield (33 mg). '"H NMR (300 MHz, CDCL,): 6=1.10 (d, J=7.1 Hz,
3H), 1.48 (s, 9H), 3.77-3.89 (m, 1H), 6.35 (dd, /=9.9, 2.0 Hz, 1H), 6.45
(dd, J=9.9,2.0 Hz, 1H), 6.51 (s, 1H), 7.01 (dd, /=10.1, 3.3 Hz, 1H), 7.27
(dd, /=10.1, 3.3 Hz, 1H), 7.51-7.73 (m, 1H), 7.63 (d, J=8.1 Hz, 2H),
7.92 ppm (d, J=7.3 Hz, 2H); "C NMR (75 MHz, CDCL,): 6=11.5, 28.2
(3C), 57.8, 62.1, 80.9, 128.6 (2C), 129.4 (2C), 129.5, 130.8, 134.3, 138.5,
145.0, 147.5, 154.3, 184.7 ppm; MS (EI): m/z (%): 55 (100), 59 (10), 77
(32), 78 (19), 91 (16), 105 (10), 108 (321), 109 (12), 136 (21), 151 (11), 161
(10), 169 (40), 180 (42), 321 ([M—56]%, 1); HRMS (EI): m/z: calcd for
CsH;sNOsS: 321.0671 [M—tBu]*; found: 321.0683.
4-Amino-4-[1'-(phenylsulfonyl)ethyl]-2,5-cyclohexadienone (34): Com-
pound 34 was obtained from N-(fert-butoxycarbonyl)-4-amino-4-[1'-(phe-
nylsulfonyl)ethyl]-2,5-cyclohexadienone  (33)  (42mg, 0.11 mmol,
1.0 equiv) by following method C. The product was isolated as a white
solid in 52% yield (16 mg) as a (80:20) mixture of epimers. Reaction
time: 24 h; eluent: hexane/AcOEt 3:1; m.p. 128-130°C (hexane/AcOEt);
'HNMR (300 MHz, CDCL,): 6=1.10 (d, J=7.1 Hz, 3H), 2.27 (s, 2H),
3.42 (q, J=7.1Hz, 1H), 6.25 (dd, /=10.1, 1.8 Hz, 1H), 6.30 (dd, J=10.1,
1.8 Hz, 1H), 6.64 (dd, /J=10.2, 3.2 Hz, 1H), 7.43 (dd, /=10.2, 3.2 Hz,
1H), 7.60 (d, J=7.9 Hz, 2H), 7.65-7.73 (m, 1H), 7.93 ppm (d, /=8.5 Hz,
2H); PCNMR (75 MHz, CDCl,): 6=12.2, 56.8, 65.9, 128.3, 128.5, 129.2,
129.4 (2C), 134.2, 138.9, 149.1, 150.0, 184.8 ppm; MS (EI): m/z (%): 57
(100), 65 (20), 67 (21), 69 (58), 71 (42), 77 (77), 78 (41), 79 (23), 81 (28),
83 (33), 85 (23), 91 (36), 95 (22), 97 (27), 105 (19), 107 (21), 121 (23), 135
(34), 136 (90), 148 (25), 208 (18), 277 [M]* (4); HRMS (EI): m/z: caled
for C,H;sNOsS: 277.0773 [M]*; found: 277.0765.
N-(tert-Butoxycarbonyl)-4-amino-4-[1"-(p-tolylsulfinyl)propyl]-2,5-cyclo-
hexadienone (36): Compound 36 was obtained from 14 (276 mg,
1.09 mmol, 1 equiv) and PrSOpTol (35) (200 mg, 1.09 mmol, 1 equiv) by
following a modified version of method A (the anion was formed with
2 equiv of nBuLi and 1 equiv of PrSOpTol, and the addition was carried
out at 0°C). The product was formed as a single diastereoisomer and as a
white solid in 30% yield (130 mg). Reaction time: 2 h; eluent hexane/
AcOEt 2:1; m.p. 128-130°C (hexane/AcOEt); 'HNMR (300 MHz,
CDCly): 0=0.28 (t, /J=7.4 Hz, 3H), 0.92-1.11 (m, 1H), 1.46 (s, 9H), 1.84
(dq, J=7.1, 7.1 Hz, 1H), 2.40 (s, 3H), 3.40-3.52 (m, 1H), 5.60 (brs, 1H),
6.34 (d, J=9.0 Hz, 1H), 6.37 (d, J=9.0 Hz, 1H), 7.11, 7.34 (dd, J=10.5,
2.4 Hz, 2H), 7.22-7.47 ppm (AA'BB' system, J=8.1 Hz, 4H); "C NMR
(75 MHz, CDCly): 6=13.4, 14.9, 21.3, 282 (3C), 58.4, 70.2, 81.0, 124.0,
129.4, 129.9, 131.0, 138.0, 141.2, 145.7, 146.9, 154.5, 184.6 ppm; MS (EI):
miz (%): 57 (100), 59 (11), 65 (22), 77 (15), 79 (19), 91 (55), 92 (49), 105
(13), 121 (13), 123 (17), 133 (35), 134 (32), 139 (28), 140 (46), 149 (46),
193 (30), 194 (31), 205 (60), 249 (98), 279 (10), 316 (20), 330 [M—58]*,
159.
N-(tert-Butoxycarbonyl)-4-amino-4-[1'-(p-tolylsulfonyl)propyl]-2,5-cyclo-
hexadienone (38): Compound 38 was obtained from 14 (253 mg,
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1.00 mmol, 1 equiv) and PrSO,pTol 37 (200 mg, 1.00 mmol, 1 equiv) by
following a modified version of method A (the anion was formed with
2.2 equiv of nBuLi, and the addition was done at 0°C). The product was
formed as an orange oil in 43% yield (174 mg). Reaction time: 2 h;
eluent: hexane/AcOEt 1:1; '"H NMR (300 MHz, CDCl;): 6=0.91 (t, J=
7.3 Hz, 3H), 1.27-1.49 (m, 1H), 1.42 (s, 9H), 1.61-1.79 (m, 1H), 2.47 (s,
3H), 3.88-4.03 (m, 1H), 6.34 (dd, J=10.1, 1.6 Hz, 1H), 6.42 (dd, J=10.1,
1.6 Hz, 1H), 6.70 (brs, 1H), 6.98 (dd, /=10.3, 3.0 Hz, 1H), 7.28 (dd, /=
10.3, 3.0Hz, 1H), 7.34-7.82ppm (AA'BB’ system, J=7.9Hz, 4H);
BCNMR (75 MHz, CDCL): 6=13.6, 19.0, 21.7, 28.2 (3C), 58.2, 65.2,
69.1, 1254, 1287, 1299, 130.0, 131.1, 136.0, 144.9, 147.0, 154.9,
184.6 ppm; MS (EI): m/z (%): 57 (100), 59 (21), 65 (40), 77 (22), 91 (93),
92 (43), 106 (20), 108 (96), 109 (35), 133 (20), 134 (25), 139 (23), 148 (21),
150 (39), 176 (22), 183 (19), 194 (47), 208 (86), 250 (70), 405 [M]* (3);
HRMS (EI): m/z: caled for C,;H,;NOsS: 405.1610 [M]™; found: 405.1605.
N-(tert-Butoxycarbonyl)-4-amino-4-[1'-(phenylsulfinyl)benzyl]-2,5-cyclo-
hexadienone (40): Compound 40 was obtained from 14 (50 mg,
0.19 mmol, 1 equiv) and BnSOPh (39) (325 mg, 1.50 mmol, 1 equiv) by
following a modified version of method A (the anion addition was
formed at 0°C and the reaction mixture stirred at RT). The product was
formed as a (75:25) mixture of diastereoisomers and as a colourless oil in
40% yield (253 mg). Reaction time: 5 h; eluent: hexane/AcOEt 2:1; mix-
ture of diastereomers: 'H NMR (300 MHz, CDCl,): § =1.51 (s, 9H), 1.59
(s, 9H), 422 (s, 1H), 4.24 (s, 1H), 5.92 (dd, J=10.1, 2.0 Hz, 1H), 6.65
(dd, /=10.1, 2.0 Hz, 1H), 5.94 (dd, /=10.1, 1.8 Hz, 1H), 6.19 (dd, J =
10.1, 1.8 Hz, 1H), 6.41 (dd, /=9.1, 3.0 Hz, 1H), 6.69 (dd, /=9.1, 3.0 Hz,
1H), 6.75 (dd, J=10.1, 3.0 Hz, 1H), 7.60 (dd, /=10.1, 3.0 Hz, 1H), 7.08-
7.50 ppm (m, 10H); *C NMR (75 MHz, CDCL,): 6=28.2 (6C), 58.3, 59.4,
64.9, 76.3, 80.2, 80.9, 123.7, 124.8, 127.2, 127.8, 128.1, 128.2, 128.3, 128.4,
128.5, 128.8, 129.2, 129.3, 130.3, 130.5, 131.6, 131.7, 132.2, 132.3, 141.6,
141.8, 144.1, 144.6, 148.1, 148.7, 153.9, 154.4, 184.1, 184.5 ppm; MS (EI):
miz (%): 57 (100), 59 (23), 65 (18), 77 (48), 78 (48), 83 (57), 85 (37), 91
(30), 105 (13), 125 (22), 126 (29), 153 (47), 167 (13), 196 (26), 222 (17),
241 (13), 242 (17), 297 [M-126]* (5); HRMS (EI): m/z: caled for
C;sHyNO: 297.1365 [M—PhSO]*; found: 297.1360.
N-(tert-Butoxycarbonyl)-4-amino-4-[1'-(phenylsulfonyl)benzyl]-2,5-cyclo-
hexadienone (41): Compound 41 was obtained from 40 (141 mg,
0.33 mmol, 1equiv, 75:25 mixture of diastereoisomers) by following
method B. The product was formed as a yellow oil in 68 % yield (98 mg).
Reaction time: 1h; eluent: hexane/AcOEt 1:1; 'HNMR (300 MHz,
CDCly): 6=1.48 (s, 9H), 3.75 (s, 1H), 4.90 (brs, 1H), 5.96 (dd, J=10.3,
1.8 Hz, 1H), 6.42 (dd, J=10.3, 1.8 Hz, 1H), 6.86 (dd, /=8.6, 3.3 Hz, 1H),
7.05 (dd, J=8.6, 3.3Hz, 1H), 7.25-7.43ppm (4m, 10H); “CNMR
(75 MHz, CDCl;): 6=28.2 (3C), 55.3, 58.3, 81.8, 114.0, 128.4 (2C), 128.6
(2C), 128.7 (2C), 129.9 (2C), 129.6, 133.6, 133.8, 138.0, 145.6, 147.5,
1542, 157.4, 184.4 ppm; MS (EI): m/z (%): 55 (100), 67 (43), 69 (81), 71
(47), 72 (45), 79 (23), 81 (57), 83 (54), 85 (28), 93 (22), 95 (54), 97 (42),
107 (27), 109 (34), 111 (21), 123 (21), 135 (28), 153 (31), 241 (22), 261
(11), 266 (21), 272 (22), 280 (53), 288 (28), 298 [M—141]* (50); HRMS
(E1): mlz: caled for CgH,NO;: 298.14377 [M—PhSO,]"; found:
298.14511.
N-(tert-Butoxycarbonyl)-4-amino-3-methyl-4-[1'-(phenylsulfonyl)ethyl]-
2,5-cyclohexadienone (42): Compound 42 was obtained from N-(fert-bu-
toxycarbonyl)-2-methyl-p-benzoquinonimine dimethyl ketal (15) (479 mg,
1.76 mmol, 1 equiv) and EtSO,Ph (32) (486 mg, 1.76 mmol, 1 equiv) by
following method A. The product was produced as a 75:25 mixture of
diastereoisomers and as a yellow solid in 20% yield (138 mg). Reaction
time: 1.5 h; eluent: hexane/AcOEt 4:1; '"H NMR (300 MHz, CDCl,): 6 =
0.90 (d, /J=6.7Hz, 3H), 1.39 (s, 9H), 1.89 (s, 3H), 3.29 (q, /=7.1 Hz,
1H), 6.19 (brs, 1H), 6.41 (dd, /=10.3, 1.8 Hz, 1H), 7.19 (d, /=10.3 Hz,
1H), 7.34 (brs, 1H), 7.59 (t, J=7.5 Hz), 7.64-7.74 (m, 1H), 7.90 ppm (d,
J=7.6 Hz); "*CNMR (75 MHz, CDCl,): 6=10.8, 18.3, 28.1 (3C), 60.9,
62.9, 80.6, 128.5, 128.7, 129.4, 129.5, 130.6, 134.6, 145.8, 150.5, 153.6,
185.0 ppm; MS (EI): m/z (%): 57 (100), 59 (21), 77 (78), 91 (22), 122
(76), 148 (36), 166 (31), 170 (49), 176 (29), 194 (84), 335 [M—56]* (19);
HRMS (EI): m/z: caled for C;gH;;NOsS: 335.0825 [M—tBu]*; found:
335.0811.
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4-Amino-3-methyl-4-[1'-(pheylsulfonyl)ethyl]-2,5-cyclohexadienone (43):
Compound 43 was obtained from 42 (75:25 mixture of diastereoisomers;
40 mg, 0.10 mmol, 1 equiv) by following method C. The reaction crude
was purified by flash column chromatography by employing BondElut
LRC-SCX cartridges and NH; in MeOH (2N). Compound 43 was isolat-
ed as a (75:25) mixture of diastereoisomers and as a yellow oil in 55%
yield (16 mg). Reaction time: 4 h.

Major diastereomer: '"H NMR (300 MHz, CDCl;): 6=0.94 (d, J=6.9 Hz,
3H), 1.99 (s, 3H), 3.42 (q, /J=7.1 Hz, 1H), 6.13 (brs, 1H), 6.31 (dd, /=
10.2, 1.8 Hz, 1H), 7.49 (d, /=10.2 Hz, 1H), 7.53-7.85 (m, 3H), 7.94 ppm
(d, J=6.7Hz, 2H); "*CNMR (125 MHz, CDCL,): 6=11.8, 18.6, 59.3,
65.3,127.7, 128.5, 129.4, 129.5, 134.1, 139.0, 149.8, 158.5, 185.2 ppm
Minor diastereomer: '"H NMR (300 MHz, CDCl,): 6=1.46 (d, J=7.2 Hz,
3H), 2.17 (s, 3H), 3.58 (q, /=7.1 Hz, 1H), 6.04 (brs, 1H), 6.15 (dd, /=
9.8, 1.8Hz, 1H), 6.82 (d, /=102 Hz, 1H), 7.45-7.95ppm (3m, 5H);
C NMR (125 MHz, CDCl,): 6=10.3, 19.5, 56.0, 65.1, 127.9, 128.3, 128.9,
129.1, 134.1, 138.5, 148.1, 159.5, 185.2 ppm; MS (EI): m/z (%): 77 (42), 94
(14), 122 (100), 149 (41), 150 (53), 291 [M]* (3); HRMS (EI): m/z: caled
for CsH;;NO5S: 291.0929 [M]*; found: 291.0925.
N-(tert-Butoxycarbonyl)-9-amino-5SH-benzo[ 7]annulen-5-one (49): Com-
pound 49 was obtained from 28 (45 mg, 0.11 mmol, 1.0 equiv) by follow-
ing method D. The product was produced as a yellow oil in 27% yield
(8 mg). Reaction time: 5h; eluent: hexane/AcOEt 1:1; 'HNMR
(300 MHz, CDClL;): =150 (s, 9H), 6.39-6.48 (m, 1H), 6.67 (d, /=
11.9 Hz, 1H), 7.02 (dd, J=11.9, 8.4 Hz, 1H), 7.63-7.75 (m, 2H), 7.90 (dd,
J=75, 1.8Hz, 1H), 823 ppm (dd, /J=6.8, 2.4Hz, 1H); “CNMR
(75 MHz, CDCly): 0=28.2 (3C), 81.5, 117.9, 126.2, 127.9, 130.2, 130.8,
131.8, 132.5, 132.9, 134.4, 140.3, 153.0, 183.4 ppm; MS (EI): m/z (%): 57
(100), 143 (30), 169 (20), 215 (18), 271 [M*] (4); HRMS (EI): m/z: caled
for C,sH;;NO;: 271.1208 [M]™; found: 271.1219.
N-(tert-Butoxycarbonyl)-4-amino-5-methyltropone (50): Compound 50
was obtained from N-(fert-butoxycarbonyl)-4-amino-4-[1"-ethylsulfonyl)-
ethyl]-2,5-cyclohexadienone (57) (35 mg 0.1 mmol, 1.0 equiv) by follow-
ing method D. The product was produced as a yellow oil in 94 % yield
(25 mg). Reaction time: 5h; eluent: hexane/AcOEt 1:1; 'H NMR
(300 MHz, CDCly): 6=1.51 (s, 9H), 2.25 (s, 3H), 6.27 (brs, 1H), 6.79-
7.10 (ABX system, Jy,p=12.5, J,x=3.0 Hz, 2H), 6.91-7.73 ppm (ABX
system, J,z=13.3, Ju,x=2.8 Hz, 2H); "C NMR (125 MHz, CDCl;): two
sets of signals are observed due to the tautomeric equilibrium: 6 =22.1,
223,282, (3C), 28.3 (3C), 81.9, 130.1, 132.1, 134.9, 135.0, 137.5, 137.9,
138.5, 138.6, 139.8, 140.3, 140.8, 141.0, 152.5, 153.6, 186.40, 186.44 ppm;
MS (EI): m/z (%): 57 (100), 59 (13), 77 (14), 78 (11), 83 (19), 85 (12), 104
(14), 106 (18), 107 (35), 108 (14), 133 (10), 135 (16), 151 (19), 162 (13),
179 (15), 207 [M]* (13); HRMS (EI): m/z: caled for C;;H;NO: 235.1208
[M]*; found: 235.1200.
N-(tert-Butoxycarbonyl)-4-amino-3,5-dimethyltropone (52): Compound
52 was obtained from 42 (40 mg, 0.10 mmol, 1equiv) by following
method D. The product was formed as a yellow oil in 84 % yield (21 mg).
Reaction time 2h: eluent: hexane/AcOEt 1:1; 'HNMR (300 MHz,
CDCLy): 6=1.48 (s, 9H), 2.27 (s, 3H), 2.28 (s, 3H), 6.00-6.09 (brs, 1H),
6.80-7.09 (AB part of ABX system, J,g=12.3, J\x=2.8 Hz, 2H),
6.98 ppm (X part of ABX system, J,x=2.8 Hz); "CNMR (75 MHz,
CDCl;): 0=23.6, 25.3, 282 (3C), 81.0, 125.5, 138.8, 139.2, 139.4, 139.6,
141.4, 152.9, 186.1 ppm; MS (EI): m/z (%): 57 (100), 77 (12), 91 (10), 106
(12), 121 (21), 149 (17), 193 (18), 249 [M]* (1); HRMS (EI): m/z: caled
for C,H;oNOs: 249.1365 [M]*; found: 249.1355.
4-Amino-3,5-dimethyltropone (53): Compound 53 was obtained from 43
(16 mg, 0.06 mmol, 1equiv) by following method D. The product was
formed as a yellow oil in 98% yield (9 mg). Reaction time 2 h: eluent:
hexane/AcOEt 1:1; '"H NMR (300 MHz, CDCl;): 6=2.17 (s, 3H), 2.30 (s,
3H), 4.32-4.47 (brs, 2H), 6.54-7.11 (AB part of ABX system, J,5=12.1,
Jax=2.8Hz, 2H), 7.19ppm (X part of ABX system, J,x=2.8 Hz);
BCNMR (125 MHz, CDCLy): 6=22.8, 24.6, 117.7, 129.4, 137.7, 139.2,
142.3, 142.5, 184.7 ppm; MS (EI): m/z (%): 57 (30), 77 (30), 91 (17), 106
(77), 121 (100), 149 [M]* (42); HRMS (EI): m/z: caled for CoH;NO:
149.0840 [M]*; found: 149.0850.

N-(tert-Butoxycarbonyl)-4-amino-4-[ (methylsulfinyl)methyl]-2,5-cyclo-
hexadienone (54): Compound 54 was obtained from 14 (50 mg,
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0.19 mmol, 1 equiv) by following a modified version of method A (the
anion was formed at 0°C, with 2.5 equiv of nBuLi and 2.5 equiv of
DMSO). The product was formed as a yellow oil in 46 % yield (25 mg).
Reaction time: 7h; eluent: hexane/AcOEt 1:1; 'HNMR (300 MHz,
CDCly): 6=1.41 (s, 9H), 2.66 (s, 3H), 2.99-3.16 (AB system, J=12.9 Hz),
6.03 (brs, 1H), 6.29 (dd, /=10.1, 1.8 Hz, 1H), 6.34 (dd, /=10.1, 1.8 Hz,
1H), 7.07 (dd, J=10.0, 3.0 Hz, 1H), 7.23 ppm (dd, /=10.0, 3.0 Hz, 1H);
BCNMR (125 MHz, CDCly): =282 (3C), 39.9, 54.2, 62.2, 80.9, 128.7,
129.6, 147.8, 148.8, 154.2, 184.3 ppm; MS (EI): m/z (%): 57 (100), 77 (16),
107 (23), 122 (18), 166 (44), 229 [M—56]* (15); HRMS (EI): m/z: caled
for C,H;;NO,S: 229.0409 [M—Bu]*; found: 229.0419.
N-(tert-Butoxycarbonyl)-4-amino-4-[ (methylsulfonyl)methyl]-2,5-cyclo-
hexadienone (55): A solution of nBuLi (2.6M in hexane, 2.7 equiv) was
added dropwise to a solution of Me,SO, (46 mg, 0.5 mmol, 2.5 equiv) in
THF (1 mL) cooled to 0°C. The resulting solution was stirred at 0°C for
30 min and then a solution of 14 (50 mg, 0.19 mmol, 1.0 equiv) in THF
(380 uL) was added. The resulting mixture was stirred at RT for 1h to
afford compound 55 as a yellow solid in 99 % yield (57 mg) after purifica-
tion by flash column chromatography. Eluent: hexane/AcOEt, 1:1; m.p.
114-116°C (AcOEt/hexane); '"HNMR (300 MHz, CDCly): 6=1.44 (s,
9H), 3.03 (s, 3H,), 3.58 (s, 2H), 5.82 (brs, 1H), 6.34 (d, /=9.5Hz, 2H),
7.27 ppm (d, J=9.5 Hz, 2H); *CNMR (75 MHz, CDCL;): 6=28.1 (3C),
42.6, 43.6, 53.1, 81.3, 129.1, 146.6, 154.3, 184.1 ppm; MS (APCI+): m/z
(%): 122 (49), 166 (11), 202 (24), 246 (100), 247 (13), 302 [M+1]* (14);
HRMS (ESI): m/z: calcd for C;3sH;(NnaO;S: 324.0882; found: 324.0880.
Bis[N-(tert-butoxycarbonyl)-1-amino-4’-o0x0-2,5'-cyclohexadienyl ]dimeth-
ylsulfone (56): A solution of nBuLi (2.6M in hexanes, 1.4 mL, 3.3 equiv)
was added dropwise to a solution of diisopropylamine (543 puL, 3.4 equiv)
in THF (6.8 mL) cooled to —78°C. After stirring for 20 min, a solution of
Me,SO, (107 mg, 1.14 mmol, 3.0 equiv) in THF (2.3 mL) was slowly
added at —78°C. After 30 min at this temperature, a solution of 14
(100 mg, 0.38 mmol, 1.0 equiv) in THF (1.3 mL) was added dropwise.
The resulting solution was stirred for 7 h at RT to afford a mixture of the
compounds 55 and 56 that was separated by flash column chromatogra-
phy (hexane/AcOEt 1:1). Compound 55 and 56 were isolated as a yellow
solid in 45 (52 mg) and 32 % (31 mg) yield, respectively.

Compound 56: M.p. 198-200°C (AcOEt/hexane); '"H NMR (300 MHz,
CDCl;): 6=1.45 (s, 9H), 3.66 (s, 4H), 5.61 (brs, 1H), 6.36 (d, J=10.1 Hz,
2H), 7.27 ppm (d, J=10.1 Hz, 2H); "C NMR (75 MHz, CDCl,): §=28.2
(3C), 53.2, 60.3, 81.5, 129.4, 146.0, 154.3, 183.8 ppm; MS (FAB): m/z (%):
77 (23), 107 (31), 353 (33), 397 (100), 419 (13), 509 [M+1]* (28); HRMS
(ESI): m/z: caled for C,,H;,N,NaO,S: 531.1777; found: 531.1771.
N-(tert-Butoxycarbonyl)-4-aminotropone (10): Compound 10 was ob-
tained from N-(fert-butoxycarbonyl)-4-amino-4-[(methylsulfonyl)methyl]-
2,5 cyclohexadienone (55) (60 mg, 0.2 mmol) by following method D. The
product was isolated as pale-yellow crystals in 95% yield (42 mg; eluent:
hexane/AcOEt 1:1). Compound 10 was also obtained from bis[N-(tert-bu-
toxycarbonyl)-1’-amino-4'-ox0-2',5'-cyclohexadienyl] ~ dimethyl sulfone
(56) (170 mg, 0.14 mmol) by following method D in 96 % yield (29 mg).
Reaction time: 2 h; eluent: hexane/AcOEt 1:1; m.p. 40-142°C (CHCL,);
"H NMR (300 MHz, CDCl;): 6=1.50 (s, 9H), 6.83 (dd, J=11.9, 2.6 Hz,
1H), 6.89 (brs, 1H), 7.01-7.40 (ABXY system, J,g=12.9, J\x=2.6, Jgy=
22Hz, 2H), 712 ppm (dd, J=12.1, 9.6 Hz, 1H), 7.43 ppm (dd, J=9.7,
2.0 Hz, 1H); '"H NMR (300 MHz, [D,]MeOD): 6 =1.54 (s, 9H), 6.83 (dd,
J=119, 3.0Hz, 1H), 7.05-7.50 (ABXY system, Jo,p=12.9, J,x=3.0,
Jey=2.4Hz, 2H), 7.38 (dd, /=119, 9.9 Hz, 1H), 7.72 ppm (dd, /=9.9,
24 Hz, 1H); "CNMR (75 MHz, CDCL): 6=28.1 (3C), 82.0, 118.6,
132.8, 136.6, 137.2, 142.0, 144.3, 152.0, 186.8 ppm; MS (EI): m/z (%): 57
(100), 93 (13), 121 (5), 148 (8), 221 [M]* (7); HRMS (EI): m/z: calcd for
C,HsNOj: 221.1051; found: 221.1057; elemental analysis caled (%) for
C,H;sNO;: C 65.14, H 6.83, N 6.33; found: C 65.05, H 6.47, N 6.20.
N-(tert-Butoxycarbonyl)-4-amino-4-[1'-(ethylsulfonyl)ethyl]-2,5-cyclohex-
adienone (57): Compound 57 was obtained from 14 (50 mg, 0.19 mmol,
1 equiv) and Et,SO, (61 mg, 0.5 mmol, 2.5 equiv) by following a modified
version of method A (the anion was formed with 2.5 equiv of nBuLi and
2.5 equiv of Et,SO,). The product was isolated as an orange oil in 25 %
yield (16 mg). Reaction time 2 h; eluent: hexane/AcOEt 4:1; '"H NMR
(300 MHz, CDCLy): 6=1.26 (d, /=7.1Hz, 3H), 1.41 (s, 9H), 1.42 (t, J=
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8.7Hz, 3H), 2.93-3.18 (m, 2H), 3.84 (q, /=7.3 Hz, 1H), 6.07 (brs, 1H),
6.34 (dd, J=10.1, 1.8 Hz, 1H), 6.42 (dd, /=10.1, 1.8 Hz, 1H), 7.08 (dd,
J=103, 33Hz, 1H), 7.19ppm (dd, /=103, 3.3 Hz, 1H); "CNMR
(75 MHz, CDCLy): =64, 11.2, 282 (3C), 48.3 (2C), 58.7, 81.3, 129.6,
131.3, 144.4, 146.9, 154.4, 184.6; MS (EI): m/z (%): 57 (97), 108 (54), 180
(36), 275 (100), 329 [M]* (19); HRMS (EI): m/z: caled for C;sH,NOsS:
329.1297 [M]*; found: 329.1308.
N-(tert-Butoxycarbonyl)-4-amino-4-[1’-(propylsulfinyl) propyl]-2,5-cyclo-
hexadienone (58): Compound 58 was obtained from 14 (50 mg,
0.19 mmol, 1 equiv) and Pr,SO (66 mg, 0.50 mmol, 2.5 equiv) by follow-
ing a modified version of method A (2.5 equiv of nBuLi and 2.5 equiv de
Pr,SO were employed, the anion addition took place at 0°C). The prod-
uct was formed as a mixture of diastereoisomers (75:25) and as a yellow
oil in 35% yield (20 mg). Reaction time: 3 h; eluent: hexane/AcOEt 1:1;
'HNMR (300 MHz, CDCLy): 6=1.07 (t, J=7.5Hz, 3H), 1.09 (t, J=
7.5Hz, 3H), 143 (s, 9H), 1.68-2.14 (3 m, 4H), 2.47-2.61 (m, 1H), 2.78-
2.92 (m, 1H), 5.25 (brs, 1H), 6.35 (dd, /=9.3, 2.0 Hz, 1H), 6.38 (dd, /=
9.3, 2.0 Hz, 1H), 7.05 (d, /=9.3 Hz, 1H), 7.24 ppm (d, /J=9.3 Hz, 1H);
BCNMR (125 MHz, CDCL): 6=13.3, 14.3, 15.7, 17.1, 282 (3C), 53.6,
57.9, 65.2, 81.0, 129.6, 129.7, 131.2, 132.0, 154.4, 184.5 ppm; MS (EI): m/z
(%): 57 (100), 108 (37), 150 (22), 194 (24), 208 (13), 301 [M*—-56] (%);
HRMS (EI): m/z: caled for CsHyNOsS: 301.0983 [M—rBu]*; found:
301.0987.
N-(tert-Butoxycarbonyl)-4-amino-4-[1'-(propylsulfonyl)propyl]-2,5-cyclo-
hexadienone (59): Compound 59 was obtained from 58 (10 mg,
0.03 mmol, 1 equiv) by following method B. The product was produced
as a yellow oil in quantitative yield (9 mg). Reaction time: 1 h; eluent:
hexane/AcOEt 1:1; "H NMR (300 MHz, CDCl;): 6=1.07 (t, J=7.5 Hz,
3H), 1.09 (t, /J=7.5Hz, 3H), 1.43 (s, 9H), 1.81-2.00 (m, 4H), 3.03 (t, /=
8.5 Hz, 2H), 3.56-3.65 (m, 1H), 5.80 (brs, 1H), 6.37 (dd, /=9.3, 2.0 Hz,
1H), 6.41 (dd, J=9.3, 2.0Hz, 1H), 725 ppm (d, /J=9.3 Hz, 2H); MS
(EI): m/z (%): 57 (100), 108 (37), 150 (22), 194 (24), 208 (13), 301
[M-56]* (7); HRMS (EI): m/z: caled for C;;H;)NOsS: 301.0983
[M—tBu]*; found: 301.0987.
N-(tert-Butoxycarbonyl)-4-amino-5-ethyltropone (60): Compound 60 was
obtained from 59 (17 mg, 0.07 mmol, 1 equiv) by following method D.
The crude reaction mixture was purified by flash column chromatography
by employing BondElut LRC-SCX cartridges and NH; in MeOH (2N),
to afford compound 60 as a yellow oil in 32% yield (5 mg). '"H NMR
(300 MHz, CDCly): 6=1.06 (t, J=7.6Hz; ABX system, Jy,g=12.3,
3.0 Hz, 2H), 6.74-7.02 ppm (dd, J=12.9, 3.0 Hz, 2H); MS (EI): m/z (%):
57 (100), 71 (14), 149 (13), 193 [M—56]" (25); HRMS (EI): m/z: calcd
for CgHoNO: 193.0739 [M—tBu]™; found: 193.0732.
N-(tert-Butoxycarbonyl)-1-amino-10-methyl-3,5,8-trioxo-4-azatricy-
clo[5.3.2.0%2,6*]dodeca-9,11-diene (63): A solution of N-(fert-butoxycar-
bonyl)-4-amino-3-methyltropone (47) (54 mg, 0.23 mmol, 1 equiv) and
maleimide (45 mg, 0.46 mmol, 2 equiv) in toluene (2mL) was refluxed
for 15 h. The solvent was evaporated under reduced pressure. The endo
adduct 63 was obtained pure as a white solid after column chromatogra-
phy in 17% yield (13 mg). Eluent: AcOEt/hexane 1:1; m.p. 189-190°C
(CH,CL); '"H NMR (500 MHz, [D,]MeOD): §=1.51 (s 3H), 2.12 (s, 3H),
3.36 (dd, J=7.6, 1.4 Hz, 1H), 3.50 (d, /J=85Hz, 1H), 3.74 (brd, J=
6.7 Hz, 1H), 5.76 (brs, 1H), 5.84 (brs, 1H), 6.12 (dd, /=89, J=7.5 Hz,
1H), 6.63 (d, J=9.1 Hz, 1H), 7.57 ppm (brs, 1H); C NMR (125 MHz,
[D,]MeOD): 6=20.8, 22.7, 28.6 (3C), 44.2, 53.5, 61.5, 81.4, 123.7, 126.0,
142.6, 156.9, 167.2, 172.0, 179.0, 194.4 ppm; MS (EI): m/z (%): 57 (100),
59 (16), 107 (33), 144 (29), 187 (23), 232 (34), 332 [M]* (1); HRMS (EI):
m/z: caled for C;H,N,Os5: 332.1372; found: 332.1379.
N-(tert-Butoxycarbonyl)-1-amino-2-methyl[3.2.0]hepta-2,6-dien-4-one
(64): A solution of 47 (10 mg, 0.04 mmol, 1 equiv) in CD;0D (500 pL)
placed in a NMR tube was irradiated with a high pressure Hg lamp
(150 W). The evolution of the reaction was checked by NMR spectrosco-
py. After 6 h, the reaction was completed. The solvent was eliminated
under reduced pressure and the reaction mixture was purified by flash
column chromatography (hexane/AcOEt 1:1), affording the bicyclic dien-
one 64 as a yellowish oil in 32% yield (3 mg); '"HNMR (500 MHz,
CDCLy): 6=1.47 (s, 9H), 2.04, (d, J=11.0 Hz, 3H), 3.37 (s, 1H), 5.30
(brs, 1H), 5.77 (s, 1H), 6.58-6.66 ppm (m, 2H); “C NMR (125 MHz,
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CDCly): 0=14.8, 28.2 (3C), 59.6, 69.2, 77.2, 128.7, 130.2, 141.3, 154.5,
203.0 ppm; MS (FAB): m/z (%): 136 (99), 149 (46), 181 (57), 236 [M+1]*
(5); HRMS (FAB*): m/z: caled for C;3H{NO;: 236.1287 [M+1]*; found:
236.1281.
N-(tert-Butoxycarbonyl)-1-amino-12-methyl-3,5,8-trioxo-4-aza-tricy-
clo[5.3.2.0%2,6*]dodeca-9,11-diene (65): A solution of N-(fert-butoxycar-
bonyl)-4-amino-5-methyltropone (51) (24 mg, 0.10 mmol, 1 equiv) and
maleimide (20 mg, 0.20 mmol, 2 equiv) in toluene (2 mL) was refluxed
for 4 h. The solvent was evaporated under reduced pressure. The endo
adduct 65 was obtained as a white solid after column chromatography
(hexane/AcOEt, 2:1) in a 74 % yield (25 mg). M.p. 190-192°C (CH,Cl,);
"H NMR (500 MHz, CDCl,): 6=1.49 (s, 9H), 1.90 (s, 3H), 3.32 (dd, /=
8.7, 12 Hz, 1H), 3.65 (d, /J=8.5Hz, 1H), 3.79 (ddd, /=77, 2.2, 1.4 Hz,
1H), 5.75 (dd, J=11.2, 2.4 Hz, 1H), 5.80 (d, J=2.4 Hz, 1H), 6.85 (brs,
1H), 7.33 (d, J=11.7 Hz, 1H), 8.53 ppm (brs, 1H); "C NMR (75 MHz
CDCl): =189, 283 (3C), 42.9, 49.4, 52.9, 61.6, 80.7, 118.0, 126.0, 126.3,
149.1, 155.5, 175.6, 176.1, 192.1 ppm; MS (EI): m/z (%): 57 (100), 59 (20),
107 (33), 144 (61), 145 (26), 160 (19), 200 (19), 215 (55), 232 (24), 332
[M]* (1); HRMS (EI): m/z: caled for C;H,N,Os: 332.1372 [M]™*; found:
332.1374.
N-(tert-Butoxycarbonyl)-1-amino-7-methyl[3.2.0]hepta-2,6-dien-4-one
(66): A solution of 51 (16 mg, 0.07 mmol, 1 equiv) in CH;CN (2 mL; pre-
viously deoxygenated) was irradiated with a high pressure Hg lamp
(400 W) under an argon atmosphere at RT. An overheating in the reac-
tion media should be avoided as the 4m-electrocyclic reaction is reversi-
ble at temperatures up to 25°C. After 8 h, no starting material was de-
tected by TLC. Then the solvent was eliminated in vacuo without heat-
ing. After column chromatography, the bicyclic dienone 66 was isolated
as colourless oil in a 20% yield (3 mg). Eluent: hexane/AcOEt 4:1;
"H NMR (500 MHz, CDClL,): 6 =1.43 (s, 9H), 1.79 (s, 3H), 3.20 (s, 1H),
4.96 (brs, 1H), 6.01 (d, J=4.9 Hz, 2H), 6.10 (d, J=2.2 Hz, 2H), 7.62 ppm
(m, 1H); "CNMR (125 MHz, CDClL): 6=14.7, 282 (3C), 56.1, 56.2,
68.7,130.1, 130.3, 132.5, 141.2, 154.8, 204.6 ppm; MS (APCI+): m/z (%):
180 (100), 181 (10), 236 [M+1]* (46).
(S)-4-Amino-[1'-(tert-butoxycarbonyl)pyrrolidine]-2’-carboxamide tro-
pone (68): An excess of HCI (37 %, 1 mL) was added to a solution of 55
and dimer 56 (60:40 mixture, 300 mg) in CH,Cl, (2 mL) at RT. After 2 h,
the solvent was removed under reduce pressure and the resulting p-quin-
amine hydrochloride was used in the next step without further purifica-
tion. To a solution of this hydrochloride in CH,Cl, (5mL) was added
Et;N, N-Boc-L-proline 67 (235 mg, 1.1 mmol) and EDC-HCl (210 mg,
1.1 mmol). The resulting solution was stirred at RT overnight. The
CH,(l, solution was washed with HCI 10%, the organic layer was dried
over MgSO, and the solvent was removed under reduced pressure. The
proline amide derivative obtained was directly used in the next step with-
out further purification. The tropone 68 was obtained as a yellow solid in
a 56 % yield (179 mg, three steps) from the crude reaction mixture by fol-
lowing method D. Eluent: AcOEt/MeOH 10:1; m.p. 89-91°C (AcOEt);
[a]ly)=—68 (c=0.24 in acetone); 'HNMR (300 MHz, [D,JMeOD): 6=
1.38 (s, 9H), 1.88-2.36 (m, 4H), 3.38-3.58 (m, 2H), 4.12-4.34 (m, 1H),
6.90 (dd, /=122, 28 Hz, 1H), 7.10 (dd, 1H, J=12.6, 2.8 Hz), 7.38 (m,
1H), 7.50 (dd, /=129, 2.0Hz, 1H), 7.83ppm (m, 1H); “CNMR
(75 MHz, CDCl;): 6=24.5, 28.4 (3C), 29.7, 47.3, 60.7, 81.4, 120.4, 133.4,
137.0, 137.5, 141.9, 144.2, 170.8, 186.8 ppm; MS (EI): m/z (%): 57 (54), 70
(100), 114 (61), 121 (12), 149 (6), 318 [M]* (4); HRMS (EI): m/z: caled
for C;;H,,N,0,4: 318.1579; found: 318.1577; HPLC (Daicel Chiralpack
AD, 90:10 hexane/2-propanol): ee>99.5% (ee=enantiomeric excess),
1.0 mLmin~!, T=25°C, R,=26.5 min.
N-(tert-Butoxycarbonyl)-1-amino(pyrrolidine-1-carboxylate)-3,5,8-trioxo-
4-(phenyl)azatricyclo[5.3.2.0%2,6*]dodeca-9,11-diene (69): A solution of
68 (211 mg, 0.66 mmol, 1.0 equiv) and N-phenylmaleimide (137 mg,
0.79 mmol, 1.25 equiv) in toluene (2 mL) was refluxed for 48 h. The sol-
vent was removed under reduced pressure. Adducts 69 were obtained as
a mixture of endo cycloadducts (90:10) in 70% overall yield. After
column chromatography (hexane/AcOEt, 1:1), only the major cycload-
duct 69a could be isolated as a pure diastereoisomer in 21 % yield. White
solid; m.p. 237-239°C (CH,CL,); [a]y =462 (¢=0. 5 in CHCl;); 'H NMR
(500 MHz, tetrachoroethane, 353 K): d=1.46 (s, 9H), 1.85-1.91 (m, 2H),
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2.13-2.16 (m, 2H), 3.46 (dd, /=87, 1.4 Hz), 3.50-3.55 (m, 2H), 3.81 (d,
J=8.7Hz, 1H), 4.04 (d, J=7.2 Hz), 429-4.31 (m, 1H), 5.78 (dd, J=11.6,
2.1 Hz, 1H), 6.15 (t, J=7.6 Hz, 1H), 6.46 (d, J=8.7Hz, 1H), 7.14 (d, J=
11.6 Hz, 1H), 7.19-7.21 (m, 2H), 7.41-7.48 (m, 3H), 8.38 ppm (s, 1H);
BCNMR (125 MHz, TCE, 353 K): 0=24.2, 28.5, 29.2, 41.2, 47.1, 47.6,
53.6, 59.0, 60.9, 80.3, 124.1, 126.2, 126.3, 129.2, 129.3, 131.3, 140.5, 155.8,
173.0, 174.5, 191.3 ppm; MS (FAB™*): m/z (%): 57 (79), 70 (96), 136 (72),
154 (100), 392 (100), 492 [M*—H] (84); HRMS (FAB*): m/z: calcd for
Cy;H3N;O4: 492.2134; found: 492.2132; HPLC (Daicel Chiralpack AD,
85:15 hexane/2-propanol): ee>99.5%, 0.75 mLmin~!, T=25°C, R=
100.3 min.

Compound 69 b: 50:50 mixture of 69a and 69b: 'H NMR (500 MHz, tet-
rachloroethane, 353 K): only the signal of the NH appeared at a different
chemical shift 0=8.51 ppm (s, 1H); “CNMR (125 MHz, tetrachloro-
ethane, 353 K): =254, 28. (3C), 29.0, 41.4, 47.1, 47.4, 53.7, 59.0, 61.1,
80.4, 1242, 126.4, 126.7, 128.8, 129.1, 131.6, 140.4, 156.0, 173.3, 174.6,
191.4 ppm.
N-(tert-Butoxycarbonyl)-1-amino(pyrrolidine-1-carboxylate)-3,5,8-trioxo-
4-azatricyclo[5.3.2.0%2,6*]dodeca-9,11-diene (70): A solution containing
68 (100 mg, 0.31 mmol, 1.0 equiv) and maleimide (72 mg, 0.62 mg,
2.0 equiv) in toluene (2 mL) was refluxed for 24 h. The solvent was re-
moved under reduced pressure to afford a mixture of endo cycloadducts
(90:10). After column chromatography, the cycloadducts 70a (white
solid) and 70b (yellowish oil) were isolated diastereomerically pure in 53
(168 mg) and 6% (8 mg) yields, respectively. Eluent: hexane/AcOEt 1:1.
Compound 70a: M.p. 128-130°C (CH,CL); [a]y=+41 (¢=0.7 in ace-
tone); '"HNMR (300 MHz, CDCL): 6=1.43 (s, 9H), 1.86-2.11 (m, 4H),
3.34 (d, J=8.6 Hz), 3.49-3.55 (m, 2H), 3.63-3.75 (m, 1H), 3.89 (d, /=
6.6 Hz), 4.19-4.36 (m, 1H), 5.68 (d, /=10.8 Hz, 1H), 6.06 (t, J=7.5 Hz,
1H), 640 (t, J=11.6 Hz, 1H), 7.07 (d, J=11.6 Hz, 1H), 8.53 ppm (s,
1H); ®*C NMR (125 MHz, tetrachloroethane, 353 K): 6 =24.2, 28.5, 29.17,
42.4, 47.1, 488, 53.2, 58.7, 61.1, 80.6, 124.2, 125.8, 135.0, 140.2, 155.8,
170.5, 173.4, 175.2, 175.4, 191.6 ppm; MS (EI): m/z (%): 57 (46), 70 (100),
114 (60), 170 (31), 415 (0.8) [M]*; HRMS (EI): m/z: caled for
C,;HysN;O4: 415.1743; found: 415.1740; HPLC (Daicel Chiralpack AD,
85:15 hexane/2-propanol): ee>99.5%, 0.75mLmin™', T=25°C, R,=
28.9 min.

Compound 70b: [a]y=-45 (c=0.1 in acetone); 'HNMR (300 MHz,
CDCly): 6=1.47 (s, 9H), 1.68-2.25 (m, 4H), 3.37 (d, J=8.3 Hz), 3.44-
3.63 (m, 2H), 3.69-3.80 (m, 1H), 3.96 (d, /=7.9 Hz), 4.28-4.42 (m, 1H),
574 (d, /=113 Hz, 1H), 6.11 (t, /=79 Hz, 1H), 6.41 (d, J=7.9 Hz, 1H),
7.02-7.18 (m, 1H). 853ppm (s, 1H); "“CNMR (125MHz,
[D,]tetrachloroethane, 353 K): 6 =24.2, 28.5 (3C), 29.6, 42.3, 47.0, 48.5,
53.2, 58.7, 61.0, 80.4, 124.2, 126.0, 135.0, 140.4, 155.7, 170.1, 173.3, 174.6,
174.9, 191.3 ppm; MS (EI): m/z (%): 57 (35), 70 (100), 96 (25), 114 (32);
HRMS (EI): m/z: caled for C,HysN;O4: 415.1743; found: 415.1730;
HPLC (Daicel Chiralpack AD, 85:15 hexane/2-propanol): ee>99.5%,
0.75 mLmin~', 7=25°C, R,=41.7 min.
(S)-N-(tert-Butoxycarbonyl)-1,4-dihydroxy-8-oxo-8,9-dihydro-5H-5,9-
ethenobenzo[7]annulen-5-pyrrolidine-1-carboxamide (71): A solution
containing 68 (43 mg, 0.13 mmol, 1.0 equiv) and p-benzoquinone (25 mg,
0.23 mmol, 1.7 equiv) in CH,Cl, (2mL) placed in a teflon sealed tube
was submitted to 8.5 Kbar for 6 d. After this time, the solvent was re-
moved under reduced pressure and the crude reaction was purified by
flash column chromatography to afford the cycloadduct 72 as a brownish
solid and as a mixture of diastereomers (50:50) in 65% yield (36 mg).
Eluent: hexane/AcOEt 1:1; "H NMR (500 MHz, [D,]MeOD): 6=1.38 (s,
9H), 1.47 (s, 9H), 1.94-2.34 (m, 4H), 3.44-3.60 (m, 2H), 4.22-4.28 (m,
1H), 5.05-5.47 (m, 2H), 6.45-6.58 (m, 1H), 6.97-7.04 (m, 1H), 7.14-
7.26 ppm (m, 1H); "CNMR (125 MHz, tetrachloroethane, 350 K): 6=
23.1, 24.0, 27.2, 27.3, 30.8, 30.9, 46.5, 46.6, 54.7, 61.4, 61.6, 63.0, 63.1, 80.6,
80.6, 114.6, 116.0, 121.1, 121.3, 121.9, 125.1, 125.3, 125.6, 125.8, 142.8,
143.0, 143.2, 145.3, 145.4, 148.2, 154.6, 158.4, 158.5, 159.1, 173.5, 174.1,
190.4. 190.6 ppm; MS (EI): m/z (%): 57 (31), 70 (100), 96 (24), 114 (31),
184 (14), 212 (38), 229 (31), 426 [M]* (6); HRMS (EI): m/z: caled for
C,3Ha6N,Og: 426.1790; found: 415.1786.

(S)-tert-Butyl 2-(4-oxobicyclo[3.2.0]hepta-2,6-dien-1-ylcarbamoyl)pyrroli-
dine-1-carboxylate (73): A solution of 68 (210 mg, 0.67 mmol, 1.0 equiv)
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in MeOH (20 mL) was irradiated with a high pressure Hg lamp (150 W)
until the starting material could no longer be detected by NMR spectros-
copy. The solvent was evaporated under reduced pressure, without heat-
ing the water bath and the resulting material was purified by flash
column chromatography (hexane/AcOEt 1:1). Compound 73 was isolated
as a yellow solid in 50% yield (107 mg) and as a (50:50) mixture of dia-
stereoisomers. '"H NMR (300 MHz, CDCl;): 6=1.43 (s, 9H), 1.85-2.34
(m, 4H), 3.33 (d, J=3.9 Hz, 1H), 3.38-3.50 (m, 2H), 4.06-4.35 (m, 1H),
595 (d, J=5.7Hz, 1H), 6.49 (s, 1H), 6.72 (s, 1H), 7.59 (d, J=5.7Hz
1H), 7.90 ppm (brs, 1H); "CNMR (125 MHz, CDCL): 6=22.5, 28.2
(3C), 284 (3C), 29.2, 29.6, 47.1, 47.2, 58.2, 58.3, 60.4, 60.6, 68.0 (2C),
80.4, 80.6, 130.8, 131.3, 138.8, 138.9, 143.1 (2C), 154.4, 155.3, 160.3, 160.4,
172.5, 172.6, 203.7, 203.8 ppm; MS (EI): m/z (%): 57 (67), 70 (100), 105
(10), 122 (11), 245 (83), 318 [M]* (0.1); HRMS (EI): m/z: caled for
C;H,N,0,: 318.1579; found: 318.1584; HPLC (Daicel Chiralpack AD,
90:10 hexane/2-propanol): dr: 1:1 (dr =diastereomeric ratio), ee >99.5 %,
1.0 mLmin™!, T=25°C, R,=9.3, 13.3 min.

CCDC-247411 and CCDC-651134 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via http://
www.ccdc.cam.ac.uk/data_request/cif.
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Abstract: A new one-pot approach to synthesize densely substituted racemic and

enantiopure pyrroles from f-lactams has been developed. The approach relies on
the regiocontrolled cyclization of (-allenamine intermediates derived from the
ring opening of 2-azetidinone-tethered allenols. In this approach four points of di-
versity are introduced, one of which is the position of the allene moiety on the f3-

lactam ring.

Introduction

Pyrroles constitute an important compound class owing to
their wide profile of biological activity.'! Additionally, the
pyrrole nucleus is a useful building block for the synthesis of
heterocycles and natural products,”) and this heterocyclic
core is widely used in materials science and molecular rec-
ognition.”) Recently, organometallic transformations have
been pursued with renewed interest to achieve the elusive
addition reaction of the N—H bond across allenes.*! In addi-
tion to the key role that B-lactams have played in the fight
against pathogenic bacteria, the use of 2-azetidinones as
chiral building blocks in organic synthesis is now well estab-
lished.”! Although much effort has been made in these
fields, the direct preparation of the pyrrole ring from (-lac-
tams has not yet been reported. Furthermore, little attention
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has been given to the use of the allenamine building block
for the synthesis of pyrroles.”! Following our work on het-
erocyclic chemistry,”! we now present a full report on the
preparation of functionalized pyrroles from allene-B-lac-
tams.!*!

Results and Discussion

Precursors for pyrrole formation, a-allenols 2a-h and 5a-i,
were synthesized from 4-oxoazetidine-2-carbaldehydes 1a—f
(Scheme 1, Table1) and azetidine-2,3-diones 4a-e
(Scheme 2, Table 2) through indium-mediated Barbier-type
carbonyl-allenylation reactions in aqueous media by using
our previously described methodologies.”) a-Allenols 2 and
5 were protected as the corresponding methyl ethers 3 and 6
by treatment with dimethyl sulfate under phase-transfer
conditions.

With the a-allenol derivatives in hand, the next stage was
to carry out the B-lactam ring opening and the subsequent
key cyclization reactions. Treatment of allene-f-lactams 3a

R* H

Consejo Superior de Investigaciones Cientificas
CSIC Juan de la Cierva 3

28006 Madrid (Spain) 1
Fax: (434)91-564-4853
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Scheme 1. Indium-mediated Barbier-type carbonyl allenylation of alde-
hydes 1 followed by protection of a-allenols 2 are precursors for the syn-

thesis of allene-f-lactams 3. Reagents and conditions: a) In, THF, NH,Cl
(ag. sat.), RT; b) Me,SO,, NaOH, TBAIL, DCM-H,0, RT.

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.
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Scheme 2. Indium-mediated Barbier-type carbonyl allenylation of ke-
tones 4 followed by protection of a-allenols 5 are precursors for the syn-
thesis of allene-f-lactams 6. Reagents and conditions: a) In, THF, NH,Cl
(aq. sat.), RT; b) Me,SO,, NaOH, TBAI, DCM-H,0, RT.

Table 1. Preparation of 2-azetidinone-tethered allenes 3.1!

and 3b with sodium methoxide at room temperature afford-
ed p-allenamines 7a and 7b in excellent yields. Most of the
previously reported metal-mediated cyclizations of aminoal-
lenes were not suitable for the cyclization of functionalized
B-allenamines 7, which results in a complex mixture of un-
identified products.”! After extensive screening, AgNO,*!
in the presence of K,CO; was found to be effective at pro-
moting aminocyclization in MeCN at room temperature, to

give pyrroles 8a and 8b, which

Aldehyde Allenol Yield [%]®

Protected allenol

have a stereogenic center in the

Yield [%]" " gide chain (Scheme 3)."] Com-
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(+)-1f

gy Ve pounds 8 can be considered as

Me

f

hybrid scaffolds with a combi-
nation of the biologically and
synthetically relevant pyrrole
and o-hydroxy acid cores.!"”
However, despite the tendency
towards the development of
enantiomerically pure drugs, to
the best of our knowledge the
preparation of optically active
substituted  (pyrrol-2-yl)acetic
acid esters has never been re-
ported."!  Although complete
conversion was observed by
TLC and "H NMR spectroscop-
ic analysis of the crude reaction
mixtures, some decomposition
was observed on sensitive pyr-
roles 8 during purification by
flash chromatography, which
may be responsible for the
moderate isolated yields.

One possible pathway for the
synthesis of pyrroles 8 may ini-
tially involve the formation of
m-complex 9 through coordina-
80 tion of silver nitrate to the 1,2-
diene moiety of [-allenamines
7.2l Next, regioselective cycli-
zation to form species 10 fol-
lowed by demetallation and
proton transfer afforded inter-
mediates 11. Pyrrolines 11 were
assumed to be unstable and

78

78

84

77

88

60

[a] PMP =4-MeOCH,. [b] Yield of pure, isolated product with correct analytical and spectral data.

Abstract in Spanish: Se ha llevado a cabo una sintesis directa
de pirroles polisustituidos a partir de (a-alcoxialenil)-f3-lacta-
mas por tratamiento con metoxido sodico en metanol, sin ne-
cesidad de utilizar metales de transicion como catalizadores.
Esta reaccion puede explicarse a través de un proceso
domino sin precedentes que implica, en primer lugar, la aper-
tura del anillo de 2-azetidinona, seguido de aminociclacion
con el grupo alénico y aromatizacion del anillo formado.
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could easily eliminate a meth-
oxy group to yield pyrroles 8
(Scheme 4).

According to the strategy outlined above, 2-azetidinone-
tethered phenyl allenes 3c-h were treated with sodium
methoxide at room temperature. To our delight, phenyl al-
lenes 3¢-h did not give the expected [-allenamines, but in-
stead afforded the corresponding 1,2,3,5-tetrasubstituted
pyrroles 12 (Scheme 5). In all cases no other regioisomers
were observed. To obtain a reasonable yield of the corre-
sponding pyrrole derivative, the conversion of the allenol
precursor into its methyl ether is required. For example,

Chem. Eur. J. 2008, 14, 637 -643
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Table 2. Preparation of 2-azetidinone-tethered allenes 6.
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[a] Yield of pure, isolated product with correct analytical and spectral data.

when the reaction was performed on unprotected a-allenol
(+)-2¢, the sequence provided the desired product (—)-12a,

but in low yield (10%).

From a mechanistic point of view, our domino sequence
could be explained through a bond-cleavage process on the
four-membered lactam followed by allene cyclization with
concomitant aromatization. The selective N1—C2 bond
cleavage of the f-lactam nucleus in 2-azetidinone-tethered
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allenes 3 gave nonisolable al-
lenic-B-amino esters 13, which
yielded pyrroles 12 after a total-
ly regioselective cyclization
onto the central carbon atom of
the neighboring allene under
the reaction conditions, fol-
lowed by aromatization of pyr-
rolines 14 (Scheme 6). Pyrrole
formation must be driven by
forming a more stable five-
membered ring, thereby reliev-
ing the strain associated with
the four-membered ring.

Another possible pathway
that involves a 5-endo process
and leads to an intermediate
stabilized benzylic anion may
also be considered (see the
Supporting Information).

Direct cyclization occurred
during the treatment of phenyl
allenes 3c-h (Scheme 5), as op-
posed to the sequential reac-
tions performed with methyl al-
lenes 3a and 3b (Scheme 3).
The difference in reactivity be-
tween both types of allenic-f3-
lactams can be explained by the
electron-withdrawing capacities
of phenyl substituents
pared with the electron-donat-
ing methyl groups. The pres-
ence of a Ph substituent in the
allene stabilizes intermediate
14; these conditions favor cycli-
zation over open-chain prod-
ucts.

The influence of the position
of the allene moiety at the -
lactam ring for the one-pot syn-
thesis of the pyrrole nucleus
was investigated by stirring
methyl and phenyl quaternary
o-allenol derivatives 6 for 48 h
in a mixture of MeONa in
MeOH at room temperature.
After workup, the starting ma-
terials were recovered. Only

com-

after heating at reflux temperature, p-lactam a-allenic
ethers 6a-i reacted to form the corresponding heterocycles

(Scheme 7). New pentasubstituted pyrroles 15a-i were ob-

tained in fair yields by means of our one-pot procedure,!"
without the concomitant formation of any regioisomer
(Scheme 7). Hydroxymethyl functionalities or aryl moieties
at the 2-position are structural features that are often associ-
ated with pronounced physiological

activities of pyr-
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Scheme 3. Ring opening of p-lactams 3 followed by silver-catalyzed ami-
nocyclization reactions leads to the formation of f-allenamines 7 and pyr-
roles 8. Reagents and conditions: a) NaOMe, MeOH, RT, 8 h; b) 20
mol % AgNO;, K,CO;, MeCN, RT, 12 h.
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Scheme 7. One-pot synthesis of pyrroles 15 through domino -lactam
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Scheme 5. One-pot synthesis of pyrroles 12 through domino f-lactam

ring-opening allene cyclization. Reagents and conditions: a) MeONa,
MeOH, RT, 12a: 8 h; 12b: 24 h; 12¢: 96 h; 12d: 96 h; 12e: 24 h; 12f:
24 h.
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roles."*"* Interestingly, compounds 15a-d are 2-(hydroxyal-
kyl)pyrroles, whereas compounds 15e-i are 2-arylpyrroles.
More vigorous conditions were required for tertiary allenol
derivatives 6. Nevertheless, a completely regioselective cycli-
zation was still observed in these cases. The reactivity differ-
ence between substrates 3 and 6 is striking and indicates a
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strong influence of the steric properties of the substrate.
Similar behavior for methyl allenes 6a-d and phenyl allenes
6e-i occurred during these reactions, compared with the re-
actions performed with allenic f-lactams 3, probably be-
cause of the higher reaction temperature. The pathway for
the formation of products 15 is closely related to the pro-
posed pathway for the formation of pyrroles 12 (see the
Supporting Information).

No loss of enantiomeric purity of pyrroles 8, 12, and 15
was evident from the '"H NMR spectra of adducts (—)-8b,
(—)-12a, and (+)-15a, which were obtained with enantio-
meric excess (ee) values of >95%, in the presence of a
europium(III) chiral shift reagent. Typically, after the addi-
tion of the chiral shift reagent the signals for enantiopure
pyrroles moved downfield by approximately 6=0.3 ppm.
For racemates, after the addition of the chiral shift reagent,
the signals for both enantiomers in the 'H NMR spectra
could be differentiated by about =04 ppm. In the
"H NMR spectra of the racemates after the addition of the
chiral shift reagent, the protons of the enantiomers not pre-
pared in this work were upfield of the analogous protons of
our enantiopure pyrrole derivatives.

Conclusion

In conclusion, using a simple reagent we have successfully
accomplished an unprecedented domino lactam ring-open-
ing allene cyclization reaction for the construction of the
biologically relevant pyrrole frame, which offers clean and
synthetically competitive alternatives to existing methodolo-
gies.l!

Experimental Section

General methods: 'H and *C NMR spectra were recorded by using a
Bruker Avance-300, Varian VRX-300S, or Bruker AC-200 spectrometer.
NMR spectra were recorded in CDCI; unless otherwise stated. Chemical
shifts are given in ppm relative to TMS (‘H: 0.0 ppm), or CDCl, (C:
76.9 ppm). Low- and high-resolution mass spectra were recorded by
using an HP5989A spectrometer in electron impact (EI) or electrospray
modes (ES) unless otherwise stated. Specific rotation [a]y is given in
107'°cm?g™" at 20°C, and the concentration (c) is expressed in g per
100 mL. All commercially available compounds were used without fur-
ther purification.

General procedure for the preparation of f-allenamines 7: Sodium meth-
oxide (0.6 mmol) was added portionwise at 0°C to a solution of the ap-
propriate allenyl-p-lactam 3 (0.15 mmol) in methanol (3 mL). The reac-
tion was stirred at room temperature under an argon atmosphere for 8 h
and then water was added (0.5 mL). The methanol was removed under
reduced pressure, the aqueous layer was extracted with ethyl acetate (5x
3 mL), the organic layer was dried over MgSO,, and the solvent was re-
moved under reduced pressure to give B-allenamines 7. Spectroscopic
and analytical data for a representative form of compounds 7 follow."”!

B-Allenamine (—)-7a: From the starting material f-lactam (+)-3a
(75 mg, 0.25 mmol), compound (—)-7a was obtained as a colorless oil
(78 mg, 93%). [a]lp=-160 (c=03 in CHCl); 'HNMR (300 MHz,
CDCly, 25°C): 0=6.68 (d, J=9.0 Hz, 2H), 6.50 (d, J=9.0 Hz, 2H), 4.62—
458 (m, 2H), 424 (d, J=2.2Hz, 1H), 3.88 (dd, /=10.0, 2.9 Hz, 1H),
3.72 (d, J=10 Hz, 1H), 3.70 (s, 3H), 3.54 (s, 3H), 3.49 (s, 3H), 3.29 (s,
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3H), 1.49 ppm (t, J=3.2 Hz, 3H); "C NMR (75 MHz, CDCl,, 25°C): 6=
208.7, 172.3, 152.1, 141.4, 115.0, 114.4, 95.2, 82.6, 79.5, 73.7, 59.2, 58.8,
56.1, 55.6, 51.6, 12.8 ppm; IR (CHCl;): 7=1940, 1735 cm™; MS (ES): m/z
(%): 336 (100) [M+H]*, 335 (15) [M]*; elemental analysis calcd (%) for
CsH,sNOs: C 64.46, H 7.51, N 4.18; found: C 64.61, H 7.46, N 4.14.
General procedure for the silver-mediated cyclization of f-allenamines
7—preparation of pyrroles 8: Silver nitrate (68 mg, 0.40 mmol) and potas-
sium carbonate (550 mg, 3.98 mmol) were added to a stirred solution of
the corresponding (-allenamine 7 (2.0 mmol) in acetonitrile (10 mL) in
the absence of sunlight. The reaction was stirred at room temperature
until the starting material had disappeared (typically 12 h). Then, the re-
action mixture was filtered though a pad of Celite. Next, brine (2 mL)
was added to the filtrate and it was extracted with ethyl acetate (4x
SmL). The organic extract was washed with brine, dried over MgSO,,
and the solvent was removed under reduced pressure. Chromatography
of the residue on deactivated silica gel (eluent: ethyl acetate/hexane)
gave analytically pure pyrroles 8.

Pyrrole (—)-8a: From the starting material $-allenamine (—)-7a (48 mg,
0.14 mmol), pyrrole (—)-8a was obtained as a colorless oil after purifica-
tion of the residue by column chromatography (hexane/ethyl acetate 2:1)
(20mg, 47%). [alp=—14.1 (¢=03 in CHCl); 'HNMR (300 MHz,
CDCl;, 25°C): 6=7.20-7.18 (m, 2H), 6.98-6.94 (m, 2H), 6.12 (s, 1H),
448 (s, 1H), 3.86 (s, 3H), 3.69 (s, 3H), 3.20 (s, 3H), 2.04 (s, 3H),
1.92 ppm (s, 3H); IR (CHCl,): #=1740, 750 cm'; MS (ES): m/z (%): 304
(100) [M+H]*, 303 (7) [M]*; elemental analysis caled (%) for
C;H,;;NO,: C 67.31, H 6.98, N 4.62; found: C 67.44, H 6.93, N 4.66.

General procedure for the direct formation of pyrroles 12 or 15 from
phenyl allenes 3 or allenes 6: Sodium methoxide (0.6 mmol) was added
portionwise at 0°C to a solution of the appropriate allenyl-p-lactam 3 or
6 (0.15 mmol) in methanol (3 mL). The reaction was stirred at room tem-
perature or at reflux under an argon atmosphere until complete disap-
pearance of the starting material was observed by TLC and then water
was added (0.5 mL). The methanol was removed under reduced pressure,
the aqueous layer was extracted with ethyl acetate (5x3 mL), the organic
layer was dried over MgSO,, and the solvent was removed under reduced
pressure. Chromatography of the residue on deactivated silica gel
(eluent: ethyl acetate/hexane) gave analytically pure pyrroles 12 or 15.

Pyrrole (—)-12a: From the starting material allene-f-lactam (+)-3¢
(67 mg, 0.18 mmol), pyrrole (—)-12a was obtained as a colorless oil after
purification of the residue by column chromatography (eluent: hexane/
ethyl acetate 2:1; 52 mg, 77%). [a]p=—30.0 (c=0.4 in CHCl,); '"H NMR
(300 MHz, CDCl;, 25°C): 6 =7.44-7.20 (m, 6H), 7.04-7.00 (m, 3H), 6.45
(s, 1H), 4.52 (s, 1H), 3.88, 3.71 (2s, each 3H), 3.24 (s, 3H), 2.13 ppm (s,
3H); "CNMR (75 MHz, CDCl,, 25°C): 6=170.6, 159.4, 136.7, 130.1,
129.8, 128.3, 128.0, 127.9, 127.5, 125.3, 121.7, 114.2, 114.1, 109.2, 74.7,
56.7, 55.5, 52.2, 12.0 ppm; IR (CHCL): #=1742, 750 cm™"; MS (ES): m/z
(%): 366 (100) [M+H]*, 365 (5) [M]*; elemental analysis calcd (%) for
C,H;NO,: C 72.31, H 6.34, N 3.83; found C 72.17, H 6.30, N 3.85.
Pyrrole (—)-12f: From the starting material allene-f-lactam (—)-3h
(28 mg, 0.07 mmol), pyrrole (—)-12f was obtained as a colorless oil after
purification of the residue by column chromatography (eluent: hexane/
ethyl acetate 3:1; 16 mg, 57%). [a]p=-98.8 (c=1.2 in acetone);
'"H NMR (300 MHz, [DjJacetone, 25°C): 6=7.36-7.28 (m, 4H), 7.14-7.12
(m, 2H), 6.96-6.90 (m, 3H), 6.18 (s, 1H), 5.69 (d, J=1.5 Hz, 1H), 4.44,
428 (2dd, J=12.5, 2.0 Hz, each 1H), 3.81, 335 (2s, each 3H), 2.00 (s,
3H), 1.76 ppm (d, J=1.7Hz, 1H); "*CNMR (75 MHz, [Dg]acetone,
25°C): 6=170.3, 159.3, 137.1, 135.6, 130.8, 130.7, 130.6, 128.2, 127.7,
127.5, 125.5, 124.9, 120.4, 113.5, 113.1, 108.9, 90.7, 73.4, 54.8, 50.9, 12.7,
112 ppm; IR (CHCly): #=1750, 747 cm™'; MS (EI): m/z (%): 403 (4)
[M]*, 344 (100) [M—59]7; elemental analysis calcd (%) for C,sH,sNO,:
C 74.42, H 6.25, N 3.47; found C: 74.56, H 6.30, N 3.43.

Pyrrole (+)-15a: From the starting material allenyl-B-lactam (+)-6a
(50 mg, 0.14 mmol), compound (+)-17a was obtained as a colorless oil
after purification of the residue by column chromatography (eluent:
hexane/ethyl acetate 5:1; 30 mg, 60%). [a]p=+72.0 (¢c=0.6 in CHCl;);
'"HNMR (300 MHz, CDCl;, 25°C): 6=7.17, 7.06 (2d, J=9.5 Hz, each
1H), 6.93 (dd, J=7.5, 1.5 Hz, 2H), 5.81 (dd, /=89, 6.7 Hz, 1H), 4.02 (t,
J=7.0Hz, 1H), 3.85, 3.84 (2s, each 3H), 3.70 (dd, /=8.9, 7.5 Hz, 1H),
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2.19 (s, 3H), 1.80 (s, 3H), 1.26, 0.93 ppm (2s, each 3H); “C NMR
(75 MHz, CDCl;, 25°C): 6=166.4, 159.4, 131.6, 130.8, 129.3, 128.9, 115.9,
114.2, 113.9, 113.4, 108.6, 70.6, 68.3, 55.5, 50.8, 25.5, 25.0, 11.2, 10.2 ppm;
IR (CHCl,): #=1699 cm™'; MS (EI): m/z (%): 359 (19) [M]*, 152 (100)
[M—207]"; elemental analysis caled (%) for C,0H,sNOs: C 66.83, H 7.01,
N 3.90; found: C 66.97, H 7.05, N 3.86.

Pyrrole 15e: From the starting material allenyl-f-lactam (+)-6¢ (86 mg,
0.25 mmol), compound 17e was obtained as a colorless solid after purifi-
cation of the residue by column chromatograpy (eluent: dichlorometh-
ane; 48 mg, 54 %). M.p. 161-162°C; '"H NMR (300 MHz, CDCl,, 25°C):
0=6.99 (d, J=1.5Hz, 4H), 6.93, 6.77 (2d, J=9.0 Hz, each 2H), 3.78,
3.64 (25, each 3H), 2.30, 2.27 (25, each 3H), 1.98 ppm (s, 3H); "C NMR
(75 MHz, CDCl;, 25°C): 6=158.7, 136.7, 131.1, 130.8, 129.6, 129.5, 128.0,
127.3, 116.2, 113.8, 55.3, 50.4, 21.2, 11.1, 10.6 ppm; IR (CHCL): 7=
1690 cm™'; MS (ES): m/z (%): 350 (100) [M+H]*, 349 (24) [M]*; ele-
mental analysis calcd (%) for C,H,;3NO;: C 75.62, H 6.63, N 4.01; found:
C75.74, H 6.60, N 4.03.

Pyrrole 15i: From the starting material allenyl-B-lactam (+)-6i (72 mg,
0.18 mmol), compound 17i was obtained as a pale yellow oil after purifi-
cation of the residue by column chromatography (eluent: hexane/ethyl
acetate 5:1; 49 mg, 68%). '"H NMR (300 MHz, CDCl,, 25°C): 6=7.35-
7.31 (m, SH), 7.16, 6.92 (2d, /=9.0 Hz, each 2H), 6.02 (d, /J=3.1 Hz,
1H), 5.85 (dd, J=3.1, 1.0Hz, 1H), 3.85, 3.59 (2s, each 3H), 2.16,
1.98 ppm (2s, each 3H); *CNMR (75 MHz, CDCl;, 25°C): 6=165.8,
159.3, 151.7, 143.0, 135.5, 131.1, 130.1, 129.3, 127.7, 126.2, 122.8, 116.2,
114.0, 111.9, 106.6, 55.4, 51.0, 13.4, 11.4 ppm; IR (CHCL,): =1694 cm™';
MS (EI): m/z (%): 401 (100) [M]*; elemental analysis caled (%) for
C,sHy;3NO,: C 74.79, H 5.77, N 3.49; found: C 74.67, H 5.74, N 3.52.
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application as fungicides and bactericides, and as the active compo-
nents of nonsteroidal anti-inflammatory drugs that inhibit human cy-
clooxygenase-2, see: h) A. R. Katritzky, L. Zhang, J. Yao, O. V. De-
nisko, J. Org. Chem. 2000, 65, 8074, and references therein.
Preliminary studies concerning the oxidative N-deprotection of N-
PMP pyrroles resulted in a complex process. Further investigations
into ruthenium-catalyzed N-allyl cleavage are in progress in our lab-
oratories. All of these results will be reported in due course.
Full spectroscopic and analytical data for compounds not included
in the Experimental Section are described in the Supporting Infor-
mation. It contains compound characterization data, experimental
procedures for compounds 2a-h, (R)- and (S)-O-acetylmandelates
of compounds (+)-2g, 3a-h, 5a-h, 6a-h, (—)-7b, (—)-8b, 12b-e,
15b—d, and 15 f-h, mechanistic explanation for the direct formation
of pyrroles 12 from phenyl allenes 3 through endo-cyclization
(Scheme S8), and rationalization for the direct formation of pyrroles
15 from allenes 6 (Scheme S9).
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Modeling the Photochemistry of the Reference Phototoxic Drug
Lomefloxacin by Steady-State and Time-Resolved Experiments, and DFT

and Post-HF Calculations

Mauro Freccero,*'®! Elisa Fasani,?! Mariella Mella,’™ Ilse Manet,” Sandra Monti,*™™ and

Angelo Albini*®

Abstract: The irradiation in water of 1-

ethyl-6,8-difluoro-7(3-methylpiperazi-

no)3-quinolone-2-carboxylic acid (lo-
mefloxacin), a bactericidal agent whose
use is limited by its serious phototoxici-
ty (and photomutagenicity in the
mouse), leads to formation of the aryl
cation in position eight that inserts into
the 1-ethyl chain. Trapping of the
cation was examined and it was found
that chloride and bromide straightfor-
wardly add in position eight, but with
iodide and with pyrrole the 1-(2-io-
doethyl) and the 1-[2-(2-pyrrolyl)ethyl]
derivatives are formed. Flash photoly-
sis reveals the triplet of lomefloxacin, a

40 ns) that generates the triplet cation
(Amax =480 nm, 7/120 ns). The last in-
termediate is quenched both by halides
and by pyrrole. DFT and post-HF
methods have shown that the triplet is
the lowest state of the cation (AGgr=
13.3 kcalmol ') and intersystem cross-
ing (ISC) to the singlet has no role be-
cause a less endothermic process
occurs, that is, intramolecular hydrogen
abstraction from the N-ethyl chain
(9.2 kcalmol ™) that finally leads to

Keywords: carbocations - cations -
density functional calculations -
fluoroquinolones - photochemistry

cyclization. The halides form weak
complexes with the triplet cation (k,
from 4.9x10® for CI” to 7.0x10°m's™"
for I"). With CI~ and Br™ ISC occurs in
the complex along with C;—X bond for-
mation. However, this latter process is
slow with bulky iodide and with neutral
pyrrole, and in these cases moderately
endothermic electron transfer (ca.
7 kcalmol™) yielding the 8-quinolinyl
radical Hydrogen exchange
leads to a new radical on the 1-ethyl
chain and to the observed products.
These findings suggest that the muta-
genic activity of the DNA-intercalated
drug involves attack of the photogener-

occurs.

short-lived species (A =370nm, 7=

Introduction

In situ activation of drugs is an emerging research area and
may open the way to new therapeutic applications, in partic-
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ated cation to the heterocyclic bases.

ular for highly active and usually cytotoxic compounds, for
which restricting the action to specific targets is of primary
importance, as in the case of DNA-targeting antitumor
drugs."*®" Among the possible activation methods, photo-
chemistry is distinguished by its ability to generate highly re-
active intermediates under peculiarly mild conditions, pro-
vided that transmission of light to the desired target can be
achieved and a suitable photoactivable moiety is present.
Until now, photoinduced DNA alkylation has been obtained
for a limited number of compounds, in most cases pertaining
either to the group of psoralens!' or to that of quinone me-
thides.'"**! Thus, it would be useful to devise further classes
of molecules that can be photoactivated and damage selec-
tively a cell component, in particular DNA. Inspiration for
this search may be obtained by reviewing literature cases of
the phototumorigenic effect of xenobiotics, in particular of
drugs, because in this case the mechanism of action, and
thus, the location in the cell, is known. Understanding how
the noxious effect is caused may suggest a way for using
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that compound or some derivative for the selective attack
on a tumor.

A case in point is that of the fluoroquinolone lomefloxa-
cin (1), an inhibitor of bacterial gyrase*? effective against a
variety of infections, but presently less often used because
of negative side effects, including significant phototoxicity.
In fact, this drug is known to cause single-strand DNA
cleavage and tumorigenesis in animals.**! Indeed, the activi-
ty of 1 is so remarkable that this molecule has been pro-
posed as a standard of photomutagenic action.[*! This distin-
guishes 1, a 6,8-difluoro derivative, from most fluoroquino-
lones (bearing a single fluorine in position six) that do not
exhibit such activity, although being somewhat phototoxic.
The reason of this enhanced activity is unclear at present, al-
though it has been ascertained that this is not due to a
higher skin concentration after administration of the drug.”

Interestingly, the mechanism underlying the photomuta-
genic effect of 1 seems to be peculiar. In fact, reactive
oxygen species (ROS) have most often been suggested to be
the active species in drug-photoinduced DNA damage

[Eq. (D]:

drug + hv — 'drug — *drug + O, — 'O, or O, (1)

However, in vitro experiments showed that oxygen activa-
tion yielding either 'O, or O, is modest in the case of 1,
but more efficient with other fluoroquinolones./*"! Further-
more, photobiological studies showed that with this drug not
only formation of 8-oxoguanine, the typical mark of oxida-
tive damage,* but also cyclobutane pyrimidine dimeriza-
tion occurred® and the latter phenomenon was correlated
with UVA-induced tumorigenesis. The occurrence of pyrimi-
dine dimerization suggests a different mechanism, that is,
the initiating step is energy transfer from the drug in the
triplet state”! to the pyrimidine chromophore [Eq. (2)] and
that this causes the damage:

drug + hv — 'drug — *drug + DNA base —

3 . 2)
DNA base — dimers

Evidence has been reported that this mechanism is in-
volved in the phototoxic effect of monofluoroquinolones,
in agreement with the fact that such molecules exhibit a
long-lived triplet (zp~1 ps), as indicated by flash photolysis
studies in water.”) However, once again lomefloxacin be-
haves differently, as only a weak absorption is observed in
the place of the intense transient triplet signal of the mono-
fluoro derivatives” suggesting that triplet °1 is short lived
and the photophysical pathway of [Eq. (2)] is less likely. A
final possibility is that irradiation causes a chemical reaction
of the excited drug itself (or of a photoproduct of it) with
DNA ,/*! possibly establishing a covalent bond [Eq. (3]:

drug + hv — '“drug + DNA — products
or *drug — products (3)
products + DNA — products

654 —— www.chemeurj.org
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On the basis of the foregoing, it appears that searching
for a mechanism of the photomutagenic and genotoxic
effect by lomefloxacin has a more general interest than as-
sessing a limitation in the therapeutic use of this molecule.
An unusual mechanism may be involved, based on a photo-
reaction of the drug with a biomolecule [Eq. (3)], which
may be the model for a new class of photoactivated drugs.
However, it is difficult to guess from literature reports
which bimolecular reaction may be involved, because irradi-
ation of 1 in water!® (as well as in plasma)'® causes an ef-
ficient (& =0.55) unimolecular reaction to give pyrroloqui-
nolone 3. Evidence that this process involves heterolysis of
the C¢—F bond to form carbocation 2% that inserts into the
B position of the N-ethyl group (see Scheme 1) was presen-
ted.l'®! Furthermore, a transient attributed to this cation has
been detected by flash photolysis (see below).'! Thus, a
highly reactive intermediate, such as aryl cation 2+, is
generated by photolysis, but is consumed intramolecularly,
with no interference even by solvent water (no 8-hydroxy-
quinolone 3 is formed).!"!

3 CO,H CO,H
hv, H20 \
« N

Scheme 1. Photoreaction of 1 in water.

Results

Photochemical studies: In view of the above, an in-depth
study of the photochemistry of lomefloxacin appeared
worthwhile. As shown in the following, intriguing results
were obtained and elaborated computational work was re-
quired for the rationalization. In previous work, we had
identified an intermolecular reaction via cation 2%, that is,
CI/F exchange at position eight leading to compound 4a by
irradiation of 1 in the presence of NaCl (Scheme 2)."") The
efficiency of chloride trapping was determined by measuring
the ratio of the cyclization yields in the presence vs in the
absence of Cl™. According to Scheme 2, the ratio of the cy-
clized product 3 in the presence vs in the absence of the
anion was expected to depend linearly on the CI™ concentra-
tion, [3]/[3]°=1 + (ko/k) [C17]. This was indeed observed
with CI~ (under constant ionic strength, obtained by adding
a suitable amount of NaClO,, see Experimental Section)
and the rate-constants ratio for chloride addition versus in-
tramolecular insertion could be calculated, kc/k;=60M""

Chem. Eur. J. 2008, 14, 653 -663
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Photochemistry of Lomefloxacin

o
F CoOH F CO,H
N o |
5 . N N
HNT) X H HN H  CH,CH,l
4a: X =Cl 5
b: X =Br
c.X=1

Scheme 2. Photoreaction of 1 with halides.

We now further tested the irradiation in the presence of
halides, and found that with bromide the analogous bromo-
quinolone 4b was formed (70% vs 3% 3 with 0.05m NaBr
at 35% conversion of 1; further irradiation caused a signifi-
cant reductive debromination of 4b, a secondary photoreac-
tion as proven by separate irradiation of pure 4b). Trapping
was more efficient than with chloride (kg/k;=520M""). As
for fluoride, an effect was obtained only when a large
amount was added and involved a slowing of the photocon-
version of 1 to 3, reasonably because fluoride intercepted
the cation to give back the starting compound. By treating
the data as above, the rate ratio was measured as kp/k;=
Sml

When iodide was considered, a faster reaction was ob-
served (k/k;=915m7"), but the striking fact was that the
product structure was different. The main product did result
from overall F/I exchange, but position eight was reduced
and the iodine atom was located on the N-ethyl chain in the
[ position (structure 5), as indicated by spectroscopic analy-
sis (see Experimental Section). The expected 8-iodo deriva-
tive (4c¢) was only a minor
product (62% 5, 7% 4c, traces

FULL PAPER

o
F COH
|
. (\N N
11— 3+ mN H
oY
N 6 7 "NH

Scheme 3. Photoreaction of 1 with pyrrole.

different reaction paths were involved, with attack either at
Cs or at the side chain f position. We further checked that
quenching of the fluorescence of 1 was modest (Kgy=3M"!
for pyrrole).

Detection of transients: Laser flash photolysis experiments
at Ae.=2355nm have been carried out both by ourselves”!
and, more recently, by Cuquerella et al.''! We reported a
weak shortlived absorption (1,,,, ca. 500 nm), that the latter
authors evidenced to be quenched by chloride and bromide
(kq=4.1x10% kg =3.6x10°m's™"). However, an accurate
reexamination of the evolution of the spectra now revealed
that there were actually two short-lived transients. The dif-
ference spectrum taken at 25 ns from pulse end was charac-
terized by two main bands peaking at 370 and 480 nm (see
Figure 1). Time evolution occurred by biexponential kinet-
ics, the absorbance profiles clearly exhibiting a growing
phase followed by a decay at 480 nm and a monotonic de-
crease toward a constant value at 370 nm. Neither of the
two bands was appreciably quenched by O, or N,O.

A kinetic model with three species involved in two con-
secutive reactions with rate constants k; and k, proved to
suit perfectly the whole spectral range. The separated spec-
tra of these species (difference spectra with respect to the
ground state of 1) were reconstructed by means of the

of 3 with 0.05m Nal at 25% - A
conversion). 0.08 — g 4000 _

. . i —l— triplet
Recalling that phenyl cations L —O-=rcation
are known to react with  nu- 1 - g 2000 ~/—product

. . —H— ns
cleophiles,™ fluoroquinolone 1 W —o—40ns 2
was irradiated also in the pres- Sy ./O ® A 160ns
ence of pyrrole. Indeed, a new JN —A— 260 ns
. 1 o\ —C— 410ns
product was formed that incor- © 5
porated the heterocycle, char- < 004 O’O/ N =
acterized by reductive defluori- o o/:— /l\ <
nation in position eight and in- 1.4 .\g-c-o’ / \/A‘A\]
sertion of pyrrole into the 4 ™ A \
. . _ - A 2
ethyl side chain (product 6, 0.02 f&&/ ,A\A.AA P :\/!79\;00 200 300 400 Z:g
£ A o
Scheme 3). . . . | A aant A \Q » /ok s PPN
Thus, a diagnostic trapping 00 N \A*‘%&@%foﬁuf .
of cation 2% occurred in the 06 G LT o
. . 't T I T T T g T % T T v I ¥
presence of both halide anions 360 400 440 480 520 560 600 640 680
and of a neutral  nucleophile A/nm

such as pyrrole (not of a neu-
tral n nucleophile such as
water, though). However, two
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Figure 1. Transient absorption spectra upon excitation at 355 nm of an N,O saturated 1.4x 107> m solution of 1
in 1x107>m NaHCO; buffer of pH 6.9 at 25°C at various delays from pulse end. Insets: A) reconstructed abso-
lute spectra and B) kinetics at 370 nm (black) and 490 nm (grey).

—— 655

www.chemeurj.org



www.chemeurj.org



CHEMISTRY—

A. Albini, M. Freccero, S. Monti et al.

A EUROPEAN JOURNAL

SPECFIT/32 program, using
the time constants k;=(2.5+
03)x10’s™" and k,=(8.3+
0.2)x10°s™! and are shown in
inset A of Figure 1.

The above-mentioned
quenching by chloride and
bromide was confirmed, but
this involved only the 480 nm
band. The same applied to
iodide, as can be appreciated
in Figure2. Particularly in-
structive were experiments at
a low concentration of the
quencher. With iodide at 5x
10~*m it could be clearly dis-
tinguished that the 370-380 nm
band was not quenched,
whereas the 480-490 nm was
(see insets A and B). Further-
more, the 490 nm band in turn
evolved toward a much longer-
lived absorption evidenced at
345nm (compare the forma-
tion profile shown in inset C
with the decay in inset A).

Figure 3 shows the results
obtained in the presence of
pyrrole. With 5x107?m of
quencher, the formation of an
absorption in the region 450-
520 nm was barely observable,
whereas the 365 nm absorption
disappeared with practically
unchanged kinetics (see inset).
At 5x107M, pyrrole had little
effect on the observed transi-
ents.

The above experiment show
that the first-formed transient,
absorbing more strongly in the
near UV region (1,,, =365 nm,
72240 ns), was not quenched by
either halides or pyrrole and
was the precursor of the fur-
ther transient in the visible
region (A,.=480nm and life-

time ca. 120 ns), the one that was quenched. Besides con-
firming the quenching constants already reported for CI™
we further measured the constant for iodide (k;=

and Br-,
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Figure 2. Transient absorption spectra upon excitation at 355 nm of an N,O saturated 1.4x 10~>M solution of 1
in the presence of 0.5x107*m Nal in 1x10*m NaHCO, buffer of pH 6.9 at 25°C at various delays from pulse
end. Insets: kinetics at A) 380 nm, B) 490 nm, and C) 345 nm in the absence (black) and presence of Nal (grey
[NaI]=1x10">m for 490 nm).
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Figure 3. Transient absorption spectra upon excitation at 355 nm of an N,O saturated 1.4x10~>M solution of 1

in the presence of 0.05M pyrrole in 1x10*m NaHCO, buffer of pH 6.9 at 25°C at various delays from pulse
end. Insets: kinetics at 370 nm and 490 nm in the absence (black) and presence (grey) of 0.05Mm pyrrole.

Thus, for a k'y/k; ratio > ~4, it resulted that k,, [py] > ~1x
10%s71]

7.0x10°M's™!) and estimated a lower limit for that for pyr-

role (k,,>2x10°m"'s™"). [The rate constant for the trapping

Computational Studies

of the second intermediate by pyrrole was estimated as k,, >

2x10°m's™!, considering that this intermediate did not ap-
preciably accumulate at [Py] of 5x107m and thus, the
decay rate in the presence of a quencher (k’,) must be mark-
edly larger than its rate of formation (k,=

656 ——— www.chemeurj.org

Geometry and energy of the cation spin states: The forma-
tion of products 5 and 6 and the change in product distribu-
tion in going from bromide to iodide were quite puzzling.

2.5x107s7h. This fostered computational work, aimed to model the prop-

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 653 -663
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erties and the reactivity of the suggested intermediate cation
2% and to test whether the experimentally observed two
modes of trapping were reproduced. This was done in gas
and condensed phases by using DFT and post-HF methods.

T

* @fﬁ " LEJ
7 S5+ H§+
TS-'7"
o]
H abstraction

| — |

HN N H,N N
H H CH,

o

187"

Scheme 4. Calculated intramolecular paths from quinolinyl ion 7%.

A somewhat simplified model
structure that incorporated the
essential features of 2% was
used, namely, 7-amino-1-ethyl-

FULL PAPER

for triplet *7* and a puckered aromatic ring for singlet '7*
(Figure 4). Both methods predicted the triplet to be more
stable than the singlet, but the MP2 method seemed to over-
estimate the stability of the open-shell species. At the
U(R)B3LYP/6-314G(d,p) level of theory AE;_g=13.6 kcal
mol~! was predicted in the gas phase, with a minimal solva-
tion effect (13.3 kcalmol ' in water, see Table 1).

Monomolecular reactivity of singlet and triplet aminoquino-
linyl cations: Next, the potential energy surface (PES) of
the unimolecular reactions involving the singlet and triplet
aminoaryl cations '7* and *7* was explored to locate a
viable path for the observed intramolecular attack on the N-
ethyl chain. The stationary points (minima and transitions
states, TSs) were searched for both in the gas phase and in
aqueous solution (by using the PCM solvation model).

A path involving intramolecular insertion into the
carbon-hydrogen bond was characterized for the singlet
cation (see Scheme 4 and Table 1). This was an almost bar-
rierless process in water, with an early transition state
TS-'7* (AG*},,=0.6-1.1 kcalmol ', depending on solvent-
cavity definition, see Figure 5).'! From this TS the system
evolved along the reaction coordinate toward a much more

Table 1. Electronic energies (E, in Hartree), relative electronic energies (AE,,, in kcalmol '), thermal contri-
bution to free energy (6G), free energy in the gas phase relative to '7* (AG,,,), free energy in aqueous solu-
tion (G,y), free energy in aqueous solution relative to '7+ (AGy o), reaction free energy (AG™y,0) for quinolin-
yl cations 7% and some of their derivatives.

4-0x0-1,4-dihydro-quinolin-8-yl Stationary points —F AE,, oG AG,, -Gy AGy,o AG 0
cation (7%, see Scheme 4). 17+ 610.2013657% 0.0 1004 0.0 610.282163(! 0.0 -
DFT and MP2 calculations (606.386342015)!*! (0.0) (0.0) 610.2908641! 0.0
(606.476167)1<
were performed at (606.484550)><1
U(R)B3LYP/6-314+-G(d,p) and 37+ 610.22332674! —138 1002  —136 61030371001 —13.30l -
MP2/6-31+G(d,p) levels of (606.450723523)"  (—40.4) 610.31265904 13 5l
theory. Solvation effects on ge- (606-550972)[[:‘: —46-9[[:3
ometries and energies were TS.i7+ " 99,81 (g?g';ggig?{;c] _41'11 11
computed by means of the po- 610.28982714] 06 06
larizable continuum model  TS-7+ 610.20630261! -3.1 98.3 52 610.290895l ) _ggla<l 9.2
(PCM) using both UAO and 610294337041 430+
UAHF radii (see Supporting 8+ 610.3227159t -761 1061  —70.4 610.4170011 789 ~78.9
. . 9+ 610.24048451! —245 99.6 255 610.323023*1  —26.4 -13.1
Information for details). Of 61033006284 _25.4 119

the two spin states of the
cation, both DFT and post-HF
methods predicted in good
agreement a planar geometry

[a] U(R)B3LYP/6-31G-+(d,p). [b]

U(R)MP2/6-31G+(d.p). [c] UAO radii. [d] UAHF radii. [e] Adding a sphere

to the hydrogen that is going to be transferred. [f] TS-'7* not located at the RB3LYP/6-31G+(d,p) level of
theory in the gas phase. [g] In water solution at the RB3LYP/6-31G+(d,p) level.

d 9

Figure 4. Geometries of singlet and triplet aminoaryl cations '*7* in gas phase at the B3LYP/6-31+G(d,p)

level.

Chem. Eur. J. 2008, 14, 653 -663
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stable (AG™y,0=—78.9 kcal
mol ') intermediate, a benzeni-
um (Wheland) cation (8*), and
hence to pyrroloquinoline 11.
On the other hand, hydro-
gen abstraction was the viable
path from the most stable state
of the cation, triplet *7*, and
led to a triplet diradical cation,
9+, by passing through TS-*7*.
This required an activation
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1.415
(1.413)

1.273
(1.277)

1107 <9
( : AG'=+0.6

Figure 5. Calculated transition states TS-'7* and TS-*7*. Reaction activation free energies (in kcalmol ') and
distances (in A) are shown for both the gas phase and aqueous solution (in parentheses), at the B3 LYP/6-

31+G(d,p) level.

free energy of 9.2 kcalmol™! in water. In turn, cation 9%
could undergo intersystem crossing and cyclize to the above
isomer 8%. As seen above, cyclization to 11 (Scheme 4) was
indeed the experimentally observed process in the irradia-
tion of lomefloxacin in water and calculations revealed that
both the singlet and the triplet ions could be the intermedi-
ates in it, through a non-activated and activated path, re-
spectively (see below).

Bimolecular reactivity of singlet and triplet aminoquinolinyl
cations: As intuitively expected, singlet cation '7* collapsed
to the corresponding eight-halo derivative (see structure 10,
Scheme 4) when in the vicinity of a halide anion. In con-
trast, computation evidenced that approaching of a chloride,
bromide, or iodide anion to triplet cation *7* did not lead to
bond formation, but to electrostatic pairing with the anion
close to the 7-amino group, which bore most of the positive
charge (see Figure 6).

The complexes were marginally stabilized in water, the
net stabilization resulting from the opposite contributions of
ion pairing and of loss of the solvation of the halide anion,
respectively decreasing and increasing with the atomic

cr °
@

— —

2.305,/(2525) 2.5672.676)
2.745 (3.163) CF ™.
2.576 (2.683)

2.724 (2.886)

Figure 6. Side and upper views of the complexes *7-X at the B3LYP/6-31+G(d,p) level with CEP-31G basis
set for Br™ and I", in the gas phase and in aqueous solution (in parenthesis). LAN2DZ basis set for Br™ gives

very similar geometries.
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weight of the halide (see
Table 2). This was an impor-
tant point because triplet
cation *7* would have to un-
dergo intersystem crossing
(ISC) to '"7* before coupling
with the halide to give prod-
ucts 10, and the previous for-
mation of a complex might
provide this opportunity, fa-
vored by the heavy-atom effect
in the decreasing series I"—
Br~—CI" (see Discussion).

&9 TS

Table 2. Reaction free energy (AGompiex) for the complexation of triplet
cation 7* by CI", Br', and I" in the gas phase (AG mpiexgas) and in aque-
ous solution (AG ompiex-aq)-

(0]
H @ | oex =
NOE N "
H Byt H
7
Complex *7*-X" AG complex-gas AG complexaq AG X~
M+.Cl —112.11 —0.21 —74.6
37+ Br —119.30! —11.10! —68.6
—106.9% +0.6!¢!
M+ —102.7% —2.30l —60.7

[a] At the B3LYP/6-31+G(d,p) level of theory. [b] At B3LYP/6-31+G-
(d,p) with LAN2DZ basis set for Br™. [c] At B3LYP/6-31+G(d,p) with
CEP-31G basis set for Br~ and I".

As mentioned above, the experiments showed that prod-
ucts of type 10 were formed with ClI” and Br~, but of type
12 with iodide (see Scheme 5). This changed path must be
rationalized. Because it involved the side chain, just as cycli-

zation to 11, a possibility was

that 12 arose from the same in-

I~ termediate as  cyclization,
namely, from cation 8*. It may
be thought that this reacted in
two ways. Thus, in the conver-
sion of 8* to 11 water acted as
a base. Should it act as a nucle-
ophile, ring opening to give a
product of structure 12 would
indeed result. The viability of
these mechanisms was tested
computationally, by locating
the transition state from 8* to
11 in water [TS-8*-11(H,0)]
and toward 12 with either
water [TS-8*-12(H,O)] or I” as
the nucleophile [TS-8%-12(17)].
At the B3LYP level of theory,
using both 6-31G(d) and 6-
31+(d,p) basis sets, the ring-

2.954 (3.053) =

Chem. Eur. J. 2008, 14, 653 -663
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o o]
H,N* N
H \
- H,0"
8" HN' —> HN N
/H
O g 1
H TS-8* -11(H,0)

Scheme 5. Possible reactions of cation 8+ with bases/nucleophiles.

opening processes induced by water and iodide anion were
largely endothermic in aqueous solution, with an activation
free energy greater than 37 kcalmol™'. In contrast, the de-
protonation of the Wheland cation 8* to give 11 was a bar-
rierless process (Table 3).

Table 3. Activation free energy in the gas phase (AG™,, in kcalmol ™)
and in aqueous solution (AG™y,0), relative to the complexes 8+-H,0 and
8*-1", for the transition states involved in the deprotonation and ring-
opening reactions of benzenium cation 8*.

Stationary points AG* g AG 0
TS-8*+-11(H,0) 32,81 (32.2) Ll
TS-8+-12(H,0) 61.9% (61.8)"! 48.214
TS-8*+-12(1") 34,00 37.510

[a] B3LYP/6-31G(d) [b] B3LYP/6-31+G(d,p). [c] No TS was located in
water, deprotonation occurred with no barrier in the presence of an an-
cillary water molecule. [d] PCM-B3LYP/6-31+G(d,p). [e] B3LYP/6-
31G(d) and CEP basis set on I". [f] PCM-B3LYP/6-31G(d) and CEP
basis set on iodide anion.

Thus, this mechanism did not explain the reaction with
iodide (and the analogous process with pyrrole), which must
involve interaction of the nucleophile directly with ion 77,
and yet differ from simple coupling that would give product
11. An alternative we considered was that an electron-trans-
fer process was occurring, rather than an electrophile-nucle-
ophile combination. The thermochemistry of the monoelec-
tronic reduction of both spin states of the cation ('*7%) to
quinolinyl radical 7° by iodide anion and by pyrrole was
evaluated in aqueous solution. The free-energy change for
the vertical oxidation of pyrrole to its radical cation and the
vertical reduction of ions 7t were computed at B3LYP/6-
31G+(d,p) level of theory, and that for the reduction of
iodide radical to iodide anion at B3LYP/CEP-31G and
B3LYP/Lan2DZ by using the PCM solvation model. It was
gratifying to find that the computational results were close
to the experimental data where available. Thus, the calculat-
ed free-energy change for the I'/I” process and that obtained
from the measured redox potential through a thermochemi-
cal cycle [E(T+e—I") 4+1.33V vs normal hydrogen elec-
trode (NHE),'”" calculated by taking Ggu+=—6.28 kcal
mol™, G+ =—26223 kcalmol /"™ and AH(H,)=

Chem. Eur. J. 2008, 14, 653 -663
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104.1 kcalmol '] were very similar, and the same held for
pyrrole (experimental E, 1.31 V).[18l

The results are gathered in Table 4 and suggest that the
monoelectronic reduction of both cations *7* by iodide
anion was slightly endoergonic (5 to 7 kcalmol™, see foot-
notes of Table 4) and virtually identical data were obtained
for pyrrole.

Table 4. Computed (vertical) reduction potentials of triplet (*7*) and sin-
glet (*7%) quinolonyl cations, of cation 9F, iodine atom, and pyrrole radi-
cal cation in aqueous solution, compared to experimental values (for
iodine and pyrrole).

Redox reaction E [V] (vs NHE)

I'—I- +1.33,11 1,300
17+ T(v) +1.12¢
T (V) +1.02¢
pyrrole *(v) +e—pyrrole +1.311 1.351
9+ 13 +1.12¢

[a] Experimental value. [b] Computed at B3LYP/LAN2DZ with solva-
tion effects evaluated by the PCM solvation model using UAO radii, and
taking into account G, y+=—6.28 kcal mol™!, Gy u+=—262.23 kcal
mol ', AH{H,)=104.1 kcalmol . [c] Calculated from the computed acti-
vation free energy in water [at PCM-U(R)B3LYP/6-31G +(d,p) using
LAN2DZ for 1] for the reactions: '7*4+1"—7(v)4+1'4+4.9 kcalmol /;
Y41 —T(v)+TI'4+72kcalmol™';  pyrrole’*(v)+1" —pyrrole +I'—0.4
kcalmol™'; 9% 4+ 1" —13'+T +4.9 kcalmol '; taking into consideration the
experimental redox potential for the couple I/I" (1.33V, vs NHE) by
AG = —nF[AE(THT)—AE(I/T)].

Electron-transfer path: It appeared unlikely that electron
transfer was important for singlet 7%, for which a barrier-
less intramolecular process was available to give 8% (al-
though coupling with a paired anion to give 10 may com-
pete). However, in the case of the triplet cation, reduction
to radical 7° by iodide (or pyrrole) confronted a lower barri-
er than hydrogen abstraction (7.2 vs 9.2 kcalmol ™). The en-
suing chemistry of the radical was explored and this was
found to convert, after thermal relaxation, to the alkyl radi-
cal 13' (Scheme 6) by intramolecular hydrogen abstraction
from the ethyl side chain. The first-order saddle point TS-7°
connecting 7' to 13° lay only 3.8 kcalmol ™' above the reac-
tant in water, therefore, it did not represent the rate-deter-
mining step of this reaction (Figure 7).

o)
X =Cl, Br " | 10
ISC ’Tl NK
Hey?
X ey CH,
7'X

H.
. CH, / CH,
7 TS-7 '

o) o o) 0
+
O i ) ] — |
HN™ 77 NT O HNG TN H,N N H N N
N noo . H
13 12
I

Scheme 6. Electron-transfer path from cation *77.
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AG*=10.1 (+3.8)

Figure 7. Structure of transition state TS-7. Reaction activation free
energy (in kcalmol ') and distances (in A) are shown for both the gas
phase and aqueous solution (in parentheses), at the B3LYP/6-31+G(d,p)
level.

In turn, this alkyl radical could react with I” or co-formed
iodine atom (or, respectively, with pyrrole or its radical
cation) to generate the final products 12 (Scheme 6). Fur-
ther calculations showed that distonic diradical cation 9%
was also reduced to radical 13" at an accessible potential and
electron transfer from iodide and pyrrole was likewise
slightly endothermic (4.3 and 6.6 kcalmol ™', respectively),
thereby offering a further path to 12 (Table 5).

Table 5. Electronic energies (E, in Hartree), relative electronic energies (AE,,, in kcalmol ™), thermal contri-
bution to free energy (0G), relative (to 7') free energy in the gas phase (AG,,), free energy in aqueous solu-
tion (Gy,o), relative (to 7)), free energy in aqueous solution (AGy,o) for radicalic intermediates and transition

fact, comparing the lifetime of this state (1, 40 ns) with that
of the monofluoroquinolones (ca. 1 ps), suggests that frag-
mentation occurs with an efficiency of around 95 %, well in
accord with the high quantum yield of the photoreaction;
the short lifetime explains the lack of O, quenching. The re-
constructed spectra show that *1 has no absorption in the
visible region and is the precursor of a further transient with
Amax =480 nm (Figure 1). The latter is again unaffected by
O,, but is quenched by halides (rate increases to diffusion-
controlled with iodide) and by pyrrole. If this were the sin-
glet cation, one would expect that coupling with any anion,
with no spin barrier, would occur at the same rate. The ob-
served difference supports that the latter transient is triplet
cation *2% (see below), which is the expected state from the
cleavage of triplet 1.

The computational study on the simplified model 7+
showed that the two spin states of the cation are quite dif-
ferent in structure and chemistry. As far as the structure is
concerned, the difference mirrored that found with 4-amino-
phenyl cation, with the planar triplet lowest in energy and
the singlet (ca. 13 kcalmol™' above it) characterized by a
puckering out of plane of Cg. Again, as with phenyl cations,
the singlet is a localized cation with an empty o orbital at
Cs, whereas the triplet has one electron in the o orbital and
one unpaired electron in the
aromatic m system. This
endows the aromatic moiety
with radical-cation character,

tates. . .
states with strong donation from the
, , g

Stationary points —-E AE,, oG AG —Guyo AGyy amino group (see the simpli-

7 610.4958393! 0.0 101.2 0.0 610.5087691*"! 00 fied structures in Scheme 4).

TS-7 610.47631451! 12.3 99.0 10.1 610.499151(2"] 3.8 L .
Examination of the potential

13 610.51024%! -9.0 99.9 -10.3 610.527240"] —12.9 P

[a] U(R)B3LYP/6-31G +(d,p). [b] UAO radii.

Discussion

Previous evidence indicated that the photochemistry of lo-
mefloxacin (1) in water involved release of fluoride selec-
tively from position eight and the process was unimolecular
with a reaction quantum yield @, of 0.55, much higher than
that exhibited by 6-monofluoroquinolones, not undergoing
unimolecular cleavage (e.g., 0.06 for norfloxacin). Because
the fluorescence quantum yields and lifetimes of 6,8-difluor-
oquinolones such as 1 and 6-monofluoroquinolone deriva-
tives are similar (e.g., @x=0.08 for 1 and 0.11 for norfloxa-
cin, with 7z=1 and 1.5 ns, respectively), photofragmentation
should not occur from the singlet excited state.

On the other hand, the large increase in reaction quantum
yield was accompanied by a dramatic change in the T-T ab-
sorption. Monofluoroquinolones exhibit an intense and rela-
tively long-lived triplet absorption (z=1 ps) with 4., in the
range 500-620 nm.”®”! In the case of 1, careful examination of
the time-resolved spectra evidences a short-lived (ca. 40 ns)
transient absorbing at around 370 nm (Figure 1), unaffected
by the additives tested, that fits well with the expectation of
a triplet undergoing a fast monomolecular fragmentation. In

660 —
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energy surface (PES) for the
reactions of the two states of
the cation evidenced a well-
differentiated chemistry. In the
case of singlet 7%, intramolecular insertion in the  C—H
bond is facile, with an early (and barely observable) transi-
tion state. The detailed mapping of this process highlighted
a close resemblance with insertion reactions via singlet car-
benes,'”) with simultaneous rotation of the ethyl group and
bond formation. The triplet quinolinyl cation, on the other
hand, has no non-activated path available. The most favora-
ble reaction channel, hydrogen abstraction to give distonic
diradical cation 9%, confronts a 9.2 kcalmol™! barrier. With
two unpaired electrons in two orthogonal orbitals, *7* re-
sembles a triplet carbene or a radical at Cs. Indeed, compar-
ison of the structures of cation *7* and radical 7, as well as
the almost identical transition states for hydrogen abstrac-
tion, TS-*7* and TS-7" (see Figures 5 and 7) demonstrates
that the triplet cation has a well-defined sp® radical charac-
ter at Cs.

To summarize, intermediate *7% is formed first, but has
only activated paths available, leading either to diradicalic
9" or to "7* through ISC, both paths finally reaching cy-
clized 11. The latter path, however, confronts a markedly
higher (by more than 5 kcalmol™) barrier and thus, it ap-

Chem. Eur. J. 2008, 14, 653 -663
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pears unlikely that the singlet is formed even as a secondary
intermediate and, if it were formed, the steeply descending
path leading to 8% and entropic factors would make trap-
ping difficult.

As for intermolecular processes, these do not involve the
excited states, as the quenching of both the fluorescence and
the T-T absorption is unimportant under the conditions
used. Indeed, experiments showed that both types of prod-
ucts, the 8-substituted quinolones 10 and products 12 bear-
ing the substituent at the fB-ethyl position, arise from a
single intermediate, the transient detected at 480 nm in flash
photolysis and identified as the triplet cation, as supported
by the correspondence of the rate-constants ratio from flash
photolysis (Cl7/Br/I" 1:11.2:14.0) with those from steady-
state experiments (F7/Cl7/Br /1" =0.08:1:8.7:15.3). No fur-
ther common intermediate is involved, as a thorough search
for a nucleophile-driven ring opening in cation 8* gave no
result, proving that this path leads only to cyclized 11.

The different quenching rates of the 480 nm transient sup-
ports, as mentioned, the triplet multiplicity. Furthermore,
the observed fast increase as the atomic weight of the halide
quencher increases confirms that heavy-atom-induced ISC
has a role. Thus, it seems reasonable to conclude that ISC
from *7* to 7% is insignificant in neat water because of the
high endothermicity. In the weakly stabilized *7+-X~ com-
plex (see Figure 6) the barrier is much lower, as ISC in the
cation occurs simultaneously with the highly exothermic
coupling with the anion to give the 8-halogeno derivatives
10 (Scheme 6). However, when passing from Cl~ and Br~ to
bulky I~ bond formation at position eight, flanked by
branched substituents at both sides, is expected to slow
down. The other path individuated by computation is elec-
tron transfer that is favored with a good oxidant, such as
iodide, which is in fact active at very low concentrations
(Figure 2). Likewise, a neutral nucleophile such as pyrrole is
not sufficiently reactive for attacking the hindered electro-
philic site in cation 7%, but being a good donor it reacts
through electron transfer to give a product of type 12, just
like iodide. Electron transfer is an activated process, but
with a smaller barrier than hydrogen abstraction, and occurs
according to the sequence *7F—7 —13 (with activation
energy of the first, and rate-determining, step, of 6-7 kcal
mol ™), or, less likely, after hydrogen abstraction (*7+—9*—
13", activation energy of the first step, 9.2 kcalmol ™). Final-
ly, the change in mechanism is characterized by the appear-
ance of a new transient that arises from *7* (see inset C in
Figure 2); this may correspond to radical 7".

Thus, the two different intermolecular reactions arise
from the triplet cation *7*, either through ISC in the com-
plex and ionic coupling or through electron transfer, respec-
tively, the choice between the two paths being determined
by the bulk and the oxidation potential of the quencher.

The rationalization of the photochemistry of fluoroquino-
lone 1 presented above suggests a mechanism for the ob-
served mutagenic effect that fits with the experimental re-
sults. Photolysis of lomefloxacin in solution generates the
highly reactive, but short-lived, cation *2*, the only fate of
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which is intramolecular insertion to give 3. However, fluoro-
quinolones are known to insert into the distorted DNA seg-
ment bound to the gyrase active site, either by intercalating
between the bases on both sides of the double helix or by
replacing cytosine and forming hydrogen bonds with a gua-
nine on the opposite strand.” Thus, when photoexcitation
involves a molecule of 1 intercalated with DNA, the likeli-
hood of an attack by 2 on a neighboring biomolecule is
high. The model reaction with pyrrole in solution suggests
that electrophilic attack on a DNA base could occur in that
case ([Eq.(4)], compare [Eq. (3)]). Another possibility, in
view of the accessible reduction potential of the quinolinyl
cation, is that electron, rather than energy, transfer occurs
[Eq. (5)] and causes pyrimidine dimerization.[*?!]

1+ hy —32* (4a)

2% 4+ DNA base — products (4b)

1+ hv—32° (5a)

32* 4+ DNA base — 2 + DNA base™ (5b)

DNA base™* — dimers (5¢)
Conclusion

Fluoroquinolones, and in particular 8-fluoro derivatives such
as lomefloxacin, are distinguished for their high photo-
(geno)toxic potential, which must be related to their charac-
teristic photoreaction: C—F bond heterolysis to give an aryl
cation. In this work, photoproduct studies and time-resolved
techniques were exploited for characterizing bimolecular re-
actions, and DFT and post-HF calculations were used for
the first time for the detailed rationalization of the chemis-
try of the cation, which has proven to be particularly in-
volved. The triplet quinolinyl cation 2% formed from *1
(both intermediates identified by flash photolysis) is a viable
precursor of all the observed processes. Theoretical model-
ing reproduced intramolecular cyclization of the cation, as
well as its trapping by nucleophiles (when charged or good
donors), giving two different products types, either with the
entering group at C; or, when electron transfer intervenes,
at the f position in the ethyl chain.

The chemical study suggests that the genotoxic effect of 1
involves either addition of the corresponding triplet aryl
cation onto a DNA base or electron-transfer-induced dime-
rization of the bases. More generally, the above discussion
suggests that chemical studies of phototoxic drugs may
concur to the understanding of their action on DNA, and
possibly help to devise new models for light-activated anti-
tumor drugs.

Experimental Section

Preparative photochemical reactions: A solution of lomefloxacin 1
(140 mg, 5x 10~*m) in bidistilled water (800 mL) containing the appropri-
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ate amount of additive was placed in an immersion-well apparatus,
stirred, and flushed with nitrogen for 30 min and then irradiated by
means of a 125-W high-pressure mercury lamp at 20 °C while maintaining
the nitrogen flux. Monitoring by HPLC (Hypersil ODS2, 250x4.6 mm,
5 pm, pH-3 phosphate buffer/MeCN 8:2 as eluant, flux 0.6 mLmin~', 1=
275 nm) showed that the starting material was consumed after 60 min.
The solution was stirred for 2 h with 2x400 mL 1% ethyl chloroformate
in chloroform. The organic layers were reunited, dried, concentrated and
when required treated with ethereal diazomethane. The solution was
evaporated and the residue subjected to chromatography on silica gel
eluting with chloroform/methanol mixtures of 98:2—95:5. The products
from the photolysis of lomefloxacin were thereby isolated as the respec-
tive urethanes (in some case also methyl esters by treatment with diazo-
methane). The structure assignment was based on elemental analyses and
spectroscopic characterization, in particular by "H, *CNMR (in CDCl,,
300 MHz with TMS as internal standard), and appropriate bidimensional
techniques. Key spectroscopic data of new compounds are reported
below.

F CoH.X

N N 14a: X=Me, Y=H, Z=Br

b Me H I
czH;,ooc:Nw) Z  CHY S
d Me 2furyl H

8-Bromo-1-ethyl-6-fluoro-7-[1-(3-methyl-4-ethylaminocarbonylpiperazi-
no)|-4-quinolone-3-carboxylic acid methyl ester (14a): 'H NMR
(300 MHz, CDClLy): 6=1.3 (t, /=7 Hz, 3H), 1.4 (d, J=7 Hz, 3H), 1.5 (t,
J=7Hz, 3H), 2.95, 3.45 (2xm, 2H), 3.15, 3.65 (2xm, 2H), 3.2, 4.0 (2x
m, 2H), 3.9 (s, 1H), 4.15 (q, /=7 Hz, 2H), 4.4 (m, 1H), 4.65 (m, 2H), 8.2
(d, J=12Hz, 1H), 875 ppm (s, 1H); ®C NMR (75 MHz, CDCL): 6=
14.6 (CH;), 15.8 (CH;), 15.9 (CH;), 38.9 (CH,), 47.4 (CH), 51.6 (CH,),
51.9 (CH,), 52.1 (CH,), 55.4 (CH,), 61.5 (CH,), 109.1 (C), 113.3 (d, Jos=
24 Hz, CH), 126.2 (C), 129.5 (C), 137.4 (C), 143.7 (C, d, J=15 Hz), 152.5
(CH), 155.5 (C), 157.0 (d, Jc-r=260 Hz, C), 166.1 (C), 172.2 ppm (C); el-
emental analysis caled (%) for C,;H,sBrFN;O5 (498.34): C 50.61, H 4.97,
N 9.86; found: C 50.4, H 5.0, N 9.5.
8-lodo-1-ethyl-6-fluoro-7-[1-(3-methyl-4-ethylaminocarbonylpiperazino) |-
4-quinolone-3-carboxylic acid methyl ester (14b): 'H NMR (300 MHz,
CDCLy): 6 (at 45°C)=1.3 (t, J=7Hz, 3H), 1.4 (t, J=7Hz, 3H), 1.5 (d,
J=7Hz, 3H), 2.9, 325 (2xm, 2H), 3.1, 405 (2xm, 2H), 3.2, 3.8 (2xm,
2H), 3.9 (s, 3H), 42 (q, J=7 Hz, 2H), 4.4 (m, 1H), 4.7 (m, 2H), 8.2 (d,
J=10Hz, 1H), 8.8 ppm (s, 1H); C NMR (75 MHz): 6=14.5 (CH,),
15.5 (CHj;), 16.8 (CH;), 39.1 (CH,), 47.3 (CH), 51.8 (2CH,), 52.1 (CHs),
55.1 (CH,), 61.3 (CH,), 91.8 (d, Jc =18 Hz, C), 115.2 (d, Jcr=24 Hz,
CH), 125.9 (C), 140.8 (C), 146.0 (d, Jor=16 Hz, CH), 152.2 (CH), 1554
(C), 156.4 (d, J_g=250 Hz, C), 165.6 (C), 172.3 ppm (C); elemental anal-
ysis caled (%) for C,H,sFIN;O5 (545.34): C 46.25, H 4.62, N 7.71; found:
C46.5, H48,N7.7.
1-(2-Iodoethyl)-6-fluoro-7-[1-(3-methyl-4-ethylaminocarbonylpiperazi-
no)]-4-quinolone-3-carboxylic acid methyl ester (14c): 'HNMR
(300 MHz, CDCl;): 6=1.3 (t, /=7 Hz, 3H), 1.4 (d, /=7 Hz, 3H), 3.0, 3.4
(2xm, 2H), 3.15, 3.6 (2xm, 2H), 3.5, 4.15 (2xm, 2H), 3.55 (t, J=7 Hz,
2H), 4.2 (m, 2H), 4.5 (m, 1H), 4.65 (t, J=7 Hz, 2H), 6.7 (d, Jy_r=4 Hz,
1H), 8.0 (d, Jy =10 Hz, 1H), 8.7 ppm (s, 1 H); °C NMR (75 MHz): 6 =
2.5 (CH,), 14.5 (CHj;), 15.5 (CHj;), 38.4 (CH,), 46.9 (CH), 49.45 (CH,),
54.4 (CH,), 55.9 (CH,), 61.6 (CH,), 103.1 (CH), 108.3 (C), 113.2 (d, J=
22 Hz, CH), 120.4 (d, Jo_r=15 Hz, C), 136.6 (C), 146.6 (d, Jcr=12 Hz,
C), 1476 (CH), 1533 (d, Jox=250Hz, C), 1551 (C), 166.6 (C),
167.0 ppm (C); elemental analysis calcd (%) for C,)H,3FIN;O5 (531.32):
C 4521, H 436, N 7.91; found: C 45.5, H 4.0, N 8.1.
1-[2-(2-Furanyl)-ethyl]-6-fluoro-7-[1-(3-methyl-4-ethylaminocarbonylpi-
perazino)]-4-quinolone-3-carboxylic acid methyl ester (14d): 'H NMR
(300 MHz, CDCly): 6=1.3 (t, J=7Hz, 3H), 1.4 (t, J=7 Hz, 3H), 2.9,
3.35 (2xm, 2H), 3.1, 3.55 (2xm, 2H), 3.35 (m, 2H), 3.4, 415 (2xm, 2H),
3.8 (s, 3H), 4.2 (m, 2H), 44 (m, 1H), 4.45 (m, 2H), 6.0 (brs, 1H), 6.15
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(brs, 1H), 6.5 (d, Jyr=7 Hz, 1H), 6.7 (brs, 1H), 7.75 (d, Jy; =13 Hz,
1H), 835 (s, 1H), 92 ppm (brs, 1H); ®C NMR (75 MHz): 6 =15.1
(CH,), 15.85 (CH,), 28.6 (CH,), 39.1 (CH,), 47.5 (CH), 49.8 (CH,), 51.9
(CH,), 54.9 (CH,), 55.8 (CH,), 61.9 (CH,), 105.1 (CH), 106.7 (CH), 108.8
(CH), 109.5 (C), 112.9 (d, Jo_p=22 Hz, CH), 118.6 (CH), 121.0 (C), 1232
(d, Jo =6 Hz, CH), 127.8 (C), 1372 (C), 1455 (d, Jor=10 Hz), 149.1
(CH), 153.0 (d, Jcr=250 Hz, C), 155.8 (C), 165.5 (C), 173.4 ppm (C); el-
emental analysis calcd (%) for C,sH,0FN,O;5 (484.52): C 61.97, H 6.03, N
11.56; found: C 62.1, H 6.0, N 11.9.

Small-scale irradiations: Small-scale photochemical irradiation for deter-
mining the relative rate of reactions with additives were carried out on
10-mL portions of aqueous solution of 1 in serum-capped quartz tubes.
These were irradiated in a merry-go-round apparatus by means of two
15-W phosphor-coated lamps (center of emission 313 nm). Deoxygena-
tion of the solution was obtained by flushing for 30 min with argon. The
experiments in the presence of halides were conducted with a total salt
concentration of 0.2M by adding the appropriate amount of NaClO,. The
substrate conversion and product yields were determined by HPLC (see
above) on the basis of appropriate calibration curves.

Computational methods: All calculations were carried out by using the
C.02 version of the Gaussian 03! program suite.

The geometric structures of the reactants and transition states were fully
optimized both in the gas phase and in aqueous solution by using the
hybrid density functional (U)B3LYP®! with the 6-31+G(d,p) basis set.
Optimization of both singlet and triplet aryl cations was also performed
at the MP2/6-31+G(d,p) level of theory in the gas phase. The use of dif-
fuse functions is mandatory for a reliable evaluation of energies in anion-
ic systems such as TS-8-Nu.

The basis-set functions specifically used for Br and I atoms have been
the effective core potentials (ECP) CEP/31GP and LANL2DZ™! with
comparable results. With these basis sets only valence electrons for Br
and I atoms are treated explicitly.

Thermal contributions (6G) to free energy (AG) were computed from
B3LYP/6-31+G(d,p) structures and harmonic frequencies by using the
harmonic oscillator approximation and the standard expressions for an
ideal gas in the canonical ensemble at 298.15 K and 1 atm.

The optimization of the stationary points in the solvent bulk were calcu-
lated by means of the self-consistent reaction field (SCRF) method using
the PCM (polarizable continuum model)!'” as implemented in the C.02
version of Gaussian 2003. The cavity is composed by interlocking spheres
centered on non-hydrogen atoms with radii obtained by the HF paramet-
rization by Barone known as the united atom topological model
(UAHF).” Such a model includes the non-electrostatic terms (cavita-
tion, dispersion and repulsion energy) in addition to the classical electro-
static contribution. We remind readers that the energies resulting from
PCM computations have the status of free energies, as they take implicit-
ly into account thermal and entropic contributions of the solvent. Howev-
er, because they do not include the thermal contributions (0G) of solute
molecular motions to the free energy (AG), gas-phase thermal contribu-
tion of solute molecular motions were added to evaluate the correspond-
ing free energy in water (AGsol). UAO parametrization of the cavity has
been also used and has yielded almost identical results in geometries and
very similar data on energies.

Nanosecond laser flash photolysis: The laser beam (a JK-lasers Nd/YAG
operated at 355 nm, pulse FWHM 20 ns) was focused on a 3 mm high
and 10 mm wide rectangular area of the cell and the first 2 mm in depth
were analyzed at a right angle geometry. The incident pulse energies
used were <17 mJcm™ (5 mJ per pulse). The minimum response time of
the detection system was of ca. 2 ns. The bandwidth used in the spectro-
kinetic measurements was typically 2 nm. The sample absorbance at
355 nm was typically 0.2 over 1 cm. Oxygen was removed by vigorously
bubbling the solutions with a constant flux of N,O. The solution, in a
flow cell of 1 cm path, was renewed after few laser shots. The tempera-
ture was 295+2 K. The detector system was perturbed from 390 nm to
480 nm by the intense emission of 1, generated by the laser excitation.
These problems were minimized by using neutral density filters at the en-
trance slit of the monochromator and pulsing the 150 W high pressure
Xe lamp at high currents (~200 mA for 1 ms) to increase the intensity of
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the analyzing light. In spite of this, transient spectra were not significant
before 10-30 ns from pulse end. Acquisition of absorption signals were
performed by a home made program using Asyst 3.1 (Software Technolo-
gies, Inc.).

Acknowledgements

We thank Dr. Francesco Manoli for technical support and MIUR for par-
tial support of this work.

[1] a) S.S. Wolkenberg, D.L. Boger, Chem. Rev. 2002, 102, 2477,
b) S. R. Rajski, R. M. Williams, Chem. Rev. 1998, 98, 2723; c¢) F. P.
Gasparro, B. Liao, P.J. Foley, X. M. Wang, J. M. McNiff, Environ.
Mol. Mutagen. 1998, 31, 105; d) M. Chatterjee, S. E. Rokita, J. Am.
Chem. Soc. 1994, 116, 1690; ¢) S. N. Richter, S. Maggi, S. Colloredo-
Mels, M. Palumbo, M. Freccero, J. Am. Chem. Soc. 2004, 126, 13973.

[2] L.J. Piddock, M. C. Hall, R. Wise, Antimicrob. Agents Chemother.
1990, 34, 1088.

[3] a) N.J. Traynor, M. D. Barratt, W. W. Lovell, J. Ferguson, N. K.
Gibbs, Toxicol. in Vitro 2000, 14, 275; b) N. J. Neumann, A. Blotz,
G. Wasinska-Kempka, M. Rosenbruch, P. Lehmann, H.J. Ahr,
H. W. Vohr, J. Photochem. Photobiol. B 2005, 4, 25.

[4] a) L. Marrot, J. P. Belaidi, C. Jones, P. Perez, L. Riou, A. Sarasin,
J. R. Meunier, J. Invest. Dermatol. 2003, 121, 596; b) L. Marrot, C.
Agapakis-Causse, Mutat. Res. 2000, 468, 1.

[5] a) G. Klecak, F. Urbach, H. Urwyler, J. Photochem. Photobiol. B

1997, 37, 174; b) T. Itoh, H. Miyauchi-Hashimoto A. Sugihara, K.

Tanaka, T. Horio, J. Invest. Dermatol. 2005, 125, 554.

a) L.J. Martinez, R. H. Sik, C. Chignell, Photochem. Photobiol.

1998, 67, 399; b) N. Wagai, K. Tawara, Arch. Toxicol. 1992, 66, 392;

¢) L. K. Verna, D. Chen, G. Schluter, G. M. Williams, Cell Biol. Toxi-

col. 1998, 14, 237, d) J. E. Rosen, A. K. Prahalad, G. Schluter, D.

Chen, G. M. Williams, Photochem. Photobiol. 1997, 65, 990; e) C. E.

Perrone, K. C. Takahashi, G. M. Williams, Toxicol. Sci. 2002, 69, 16.

a) N. J. Traynor, N. K. Gibbs, Photochem. Photobiol. 1999, 70, 957,

b) S. Sauvaigo, T. Douki, F. Odin, S. Caillat, J. L. Ravanat, J. Cadet,

Photochem. Photobiol. 2001, 73, 230.

[8] F. Bosca, V. Lhlaubet-Vallet, M. C. Cuquerella, J. V. Castell, M. A.
Miranda, J. Am. Chem. Soc. 2006, 128, 6318.

[9] S. Monti, S. Sortino, E. Fasani, A. Albini, Chem. Eur. J. 2001, 7,
2185.

[10] a) E. Fasani, F. F. Barberis Negra, M. Mella, S. Monti, A. Albini, J.
Org. Chem. 1999, 64, 5388; b) H. de Vries, G. Beijersbergen van He-
negouwen, J. Photochem. Photobiol. B 2000, 58, 6.

[11] M. C. Cuquerella, M. A. Miranda, F. Bosca, J. Phys. Chem. B 2006,
110, 6441.

[12] P.J. Stang in Divalent Carbocations (Eds.: Z. Rappoport, P. J. Stang)
Wiley, Chichester, 1997, p. 451.

[13] M. Fagnoni, A. Albini, Acc. Chem. Res. 2005, 38, 713.

[14] Examples of intramolecular insertion into a C—H bond have been
reported previously with a o-diazoniumdibenzylbenzamide salt (see

[6

—_

[7

—

FULL PAPER

ref. [14a]) and with o-propylchlorobenzene (ref. [14b]); a) T. Cohen,
J. Lipowits, J. Am. Chem. Soc. 1964, 86, 2515; b) K. Hori, T. Sonoda,
M. Harada, S. Yamazaki-Nishida, Tetrahedron 2000, 56, 1429.

[15] E. Fasani, M. A. Rampi, A. Albini, J. Chem. Soc. Perkin Trans. 2
1999, 1901.

[16] In fact, we located an early transition structure at the B3LYP/6-
314+G(d,p) level only in water, not in gas. At MP2/6-31G(d) a TS in
gas had an activation energy of 3.1 kcalmol™.

[17] a) Experimental redox potential E(I'+e—1") +1.33 V vs NHE, see:
H. A. Schwarz, B. H. J. Bielski, J. Phys. Chem. 1986, 90, 1445; b) V.
Barone, M. Cossi, J. Phys. Chem. A 1998, 102, 1995.

[18] H. D. Tabba, K. M. Smith, J. Org. Chem. 1984, 49, 1870.

[19] R.D. Bach, M. D. Su, E. Aldabbagh, J. L. Andres, H. B. Schlegel, J.
Am. Chem. Soc. 1993, 115, 10237.

[20] a)J. Heddle, A. Maxwell, Antimicrob. Agents Chemother. 2002,
1805; b) L. A. Mitscher, Chem. Rev. 2005, 105, 559; c) L. L. Shen, J.
Baranowski, G. Pernet, Biochemistry 1989, 28, 3879.

[21] Guanosine is more easily oxidized than pyrrole, E=1.29 V vs NHE,
and thymine less easily; at any rate, the process observed will
depend on the closest-lying bases in the preferred intercalation;
a) S. Steenken, S.V. Jovanovic, J. Am. Chem. Soc. 1997, 119, 617,
b) A. Joy, A. K. Ghosh, G. B. Schuster, J. Am. Chem. Soc. 2006, 128,
5346.

[22] Gaussian 03, Revision C.02, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomer-
y, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J.J. Dannenberg,
V. G. Zakrzewski, S. Dapprich, A.D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A.D. Rabuck, K. Raghavachari, J. B. Fores-
man, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D.J. Fox, T. Keith, M. A. Al-Laham, C.Y. Peng, A. Na-
nayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Pittsburgh
PA, 2003.

[23] a) A. D. Becke, J. Chem. Phys. 1993, 98, 1372; b) H. L. Schmider,
A.D. Becke, J. Chem. Phys. 1998, 108, 9624.

[24] a) W. Stevens, H. Basch, J. Krauss, J. Chem. Phys. 1984, 81, 6026;
b) T. R. Cundary, W. Stevens, J. Chem. Phys. 1993, 98, 5555.

[25] a) W. R. Wadt, P.J. Hay, J. Chem. Phys. 1985, 82, 270; b) P. J. Hay,
W. R. Wadt, J. Chem. Phys. 1985, 82, 284; c) W. R. Wadt, P. J. Hay, J.
Chem. Phys. 1985, 82, 299.

[26] For a more comprehensive treatment of solvation models, see: C.J.
Cramer, D. G. Truhlar, Chem. Rev. 1999, 99, 2161.

[27] V. Barone, M. Cossi, J. Tomasi, J. Chem. Phys. 1997, 107, 3210.

Received: July 17, 2007
Published online: October 17, 2007

Chem. Eur. J. 2008, 14, 653 -663

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org — 663



http://dx.doi.org/10.1021/cr010046q

http://dx.doi.org/10.1021/cr9800199

http://dx.doi.org/10.1002/(SICI)1098-2280(1998)31:2%3C105::AID-EM2%3E3.0.CO;2-L

http://dx.doi.org/10.1002/(SICI)1098-2280(1998)31:2%3C105::AID-EM2%3E3.0.CO;2-L

http://dx.doi.org/10.1021/ja00084a009

http://dx.doi.org/10.1021/ja00084a009

http://dx.doi.org/10.1021/ja047655a

http://dx.doi.org/10.1016/S0887-2333(00)00017-5

http://dx.doi.org/10.1046/j.1523-1747.2003.12422.x

http://dx.doi.org/10.1016/S1011-1344(96)07424-6

http://dx.doi.org/10.1016/S1011-1344(96)07424-6

http://dx.doi.org/10.1111/j.0022-202X.2005.23862.x

http://dx.doi.org/10.1007/BF02035128

http://dx.doi.org/10.1023/A:1007474912498

http://dx.doi.org/10.1023/A:1007474912498

http://dx.doi.org/10.1093/toxsci/69.1.16

http://dx.doi.org/10.1562/0031-8655(1999)070%3C0957:RCTPFL%3E2.3.CO;2

http://dx.doi.org/10.1562/0031-8655(2001)073%3C0230:AOFMPO%3E2.0.CO;2

http://dx.doi.org/10.1002/1521-3765(20010518)7:10%3C2185::AID-CHEM2185%3E3.0.CO;2-U

http://dx.doi.org/10.1002/1521-3765(20010518)7:10%3C2185::AID-CHEM2185%3E3.0.CO;2-U

http://dx.doi.org/10.1021/jo982456t

http://dx.doi.org/10.1021/jo982456t

http://dx.doi.org/10.1016/S1011-1344(00)00103-2

http://dx.doi.org/10.1021/jp060634d

http://dx.doi.org/10.1021/jp060634d

http://dx.doi.org/10.1021/ar0402356

http://dx.doi.org/10.1021/ja01066a042

http://dx.doi.org/10.1016/S0040-4020(00)00028-4

http://dx.doi.org/10.1039/a903389k

http://dx.doi.org/10.1039/a903389k

http://dx.doi.org/10.1021/j100398a045

http://dx.doi.org/10.1021/jp9716997

http://dx.doi.org/10.1021/jo00185a005

http://dx.doi.org/10.1021/ja00075a045

http://dx.doi.org/10.1021/ja00075a045

http://dx.doi.org/10.1021/cr030101q

http://dx.doi.org/10.1021/bi00435a038

http://dx.doi.org/10.1021/ja962255b

http://dx.doi.org/10.1021/ja058758b

http://dx.doi.org/10.1021/ja058758b

http://dx.doi.org/10.1063/1.464304

http://dx.doi.org/10.1063/1.476438

http://dx.doi.org/10.1063/1.447604

http://dx.doi.org/10.1021/cr960149m

http://dx.doi.org/10.1063/1.474671

www.chemeurj.org




CHEMISTRY—

A EUROPEAN JOURNAL

DOI: 10.1002/chem.200701147

Efficient and Convenient Heterogeneous Palladium-Catalyzed

Regioselective Deuteration at the Benzylic Position

Takanori Kurita, Kazuyuki Hattori, Saori Seki, Takuto Mizumoto, Fumiyo A oki,
Yuki Yamada, Kanoko Ikawa, Tomohiro Maegawa, Yasunari Monguchi, and

Hironao Sajiki*!!

Abstract: The Pd/C-catalyzed efficient
and regioselective hydrogen—deuterium
(H-D) exchange reaction on the ben-

corporation into the benzylic site of O-
benzyl protective groups without hy-
drogenolysis. These H-D exchange re-

actions provide a post synthetic and
D,-gas-free deuterium-labeling method
on a wide variety of benzylic sites

zylic site proceeded in D,O in the pres-
ence of a small amount of H, gas. The
use of the Pd/C-ethylenediamine com-
plex [Pd/C(en)] as a catalyst instead of
Pd/C led to the efficient deuterium in-

ous catalysis -

Introduction

Deuterium exchange reactions, that is to say, the displace-
ment of carbon-hydrogen bonds by carbon-deuterium
bonds are getting significant attention because isotopically
labeled compounds have recently been recognized to have
increasing importance with the development of mass spec-
trometry, and 'H and *H NMR spectroscopy.l) In particular,
deuterium-labeled compounds are widely used as research
tools in drug metabolism, the structural elucidation of bio-
logical macromolecules, reaction mechanisms and Kkinetics,
the quantitative analyses of environmental pollutants and
residual pesticides, and so forth.[? Multi-deuterated com-
pounds are often utilized as standard substances or tracers
of mass analyses. Furthermore, regioselectively labeled com-
pounds at particular sites are quite useful for the studies of
reaction mechanisms and higher-order structural analyses.
The multi- or regioselective labeling methods with a high
deuterium efficiency are particularly important techniques
for the preparation of useful deuterium-labeled reagents. A
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using D,O as the deuterium source and
heterogeneous Pd/C or Pd/C(en) as a
reusable heterogeneous palladium cata-
lyst under mild and neutral conditions.

variety of catalytic hydrogen—deuterium (H-D) exchange re-
actions have been reported to date; for example, acid-,P
base-,***l or transition-metal-catalyzed ;>
enhanced;F4e8%13] super- or subcritical ;#>dehitledeldl apq
enzymatic!™ exchange reactions, while most of the reactions
were not involved in the chemo- and/or regioselectivities.
Furthermore, such selective reactions were limited only to
the H-D exchange either on the aromatic moieties”>**
cefhimn] or on the methyl, methylene, and methine group-
sbedh2e15e qctivated by neighboring electron-withdrawing
groups, such as the carbonyl group. A few methods for the
selective deuteration of the benzylic site have been report-
ed; for example, [Dg]dimethyl sulfoxide-NaH,"*! Na,PtCl,—
D,0-AcOD,"! Pd/C-AcOD-D,,'® Pd/C-D,,l*! [Co(CO)s]-
D, or Raney Co (or Cu)-Al alloys-Na,CO,-D,0.”!
These methods, however, require high temperature, high
pressure, acidic or basic additives, special acid-resistance
pressure vessels, non-commercially available catalysts, and/
or the use of expensive ($218.50/25 L, Aldrich) D, gas, and
some reactions resulted in low deuterium efficiencies or re-
gioselectivity due to the difficult control of the reaction con-
ditions. Therefore, the development of a simple, totally cata-
Iytic, D,-gas-free, selective, and neutral H-D exchange reac-
tion of the benzylic site under mild reaction conditions is
strongly desired.

We have recently developed chemoselective hydrogena-
tion methods using heterogeneous palladium catalysts. Pro-
pylbenzene was stirred at room temperature with a catalytic
amount of 10% Pd/C in CD;OD under a H, atmosphere

microwave-
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(balloon) and the reaction process was followed by '"H NMR
spectroscopy. Surprisingly, the gradual and continuous de-
crease in the signal intensity of the benzylic proton of pro-
pylbenzene was observed, indicating the reaction of the
Pd/C-catalyzed regioselective displacement of the hydrogen
atom on the benzylic carbon by the deuterium atom
[Eq. (1)]. Based on this finding, we have successfully devel-
oped a D,-gas-free and regioselective H-D exchange reac-
tion at the benzylic position of organic compounds catalyzed
by heterogeneous Pd/C in D,O as a deuterium source in the
presence of a small amount of H, gas at room tempera-
ture.’” Deuterated compounds at the benzylic position
should be useful for the study of the reaction mechanism
based on the kinetic isotope effect as well as analyses of
higher-order interactions between bioactive peptides. We
also developed multi-deuterium labeling methods on aro-
matic rings and/or alkyl side chains under higher tempera-
ture conditions (110-180°C) by using a Pd/C (and/or Pt/C)-
D,0-H, system.*

D
10% Pd/C, H, (balloon) D>l\/

N
Ph CD,0D Ph

The O-benzyl protective group is one of the most useful
protecting groups of alcohol and phenol derivatives, such as
biomolecular sugars, amino acids steroids, and nucleosides.
The O-benzyl groups are readily introduced by using benzyl
bromide or chloride as an alkylating agent, and stable in
either acidic or basic media, but easily removed by a simple
catalytic hydrogenation with Pd/C.?Y However, it sometimes
causes the difficult characterization of the structure of prod-
ucts by "H NMR spectroscopy due to the overlapping by the
benzylic peaks.’ To overcome this problem, simplification
of the 'H NMR spectrum by the selective deuteration of the
benzylic protons of the O-benzyl protective groups would
be desired. Currently, deuterated benzyl bromide or chloride
is used for the preparation of deuterium-labeled benzyl
ethers; however, such reagents are very expensive® and the
deuterated compounds have to be re-synthesized from the
beginning of the synthetic scheme just for 'H NMR studies.
The development of the benzylic-site-selective and post-syn-
thetic deuterium-labeling method of O-benzyl groups is also
advisable as an alternative technique. Our benzylic-site-
selective deuterium-labeling method™ was not applicable to
a substrate bearing some reducible functionalities including
the O-benzyl protective group due to the competing Pd/C-
catalyzed hydrogenolysis. We recently developed the Pd/C-
ethylenediamine complex [Pd/C(en)] catalyst, which is appli-
cable to the chemoselective hydrogenation of a variety of
reducible functionalities, that is, coexisting O-benzyl and
N-Cbz protective groups, benzyl alcohols, and epoxides.””
The use of Pd/C(en) as a catalyst instead of Pd/C was ex-
pected to develop the chemoselective H-D exchange reac-
tion at the benzylic site of the O-benzyl protective groups
without hydrogenolysis. In this paper, we describe the de-
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tailed results of the chemoselective H-D exchange reaction
at the benzylic site using the Pd/C-D,0-H, system and its
application to the deuteration of O-benzyl protective groups
without deprotection using Pd/C(en).

Results and Discussion

Pd/C-catalyzed benzylic-site-selective H-D exchange reac-
tion: We initially optimized the reaction conditions of the
Pd/C-catalyzed H-D exchange at the benzylic position of di-
phenylmethane (1) under ordinary hydrogen pressure at
room temperature for 24 h (Table 1). The benzylic site-selec-

Table 1. H-D exchange reaction under various conditions.™

calgalg(/st I(lwt %), adZdiEi)ve D D
A~ , (balloon, ca.
PR Ph Solvent (0.5 mL), RT, 24 h PhXPh
1 (D1
Entry  Catalyst Additive Solvent D content
(Wt%) [%]"
1 10% Pd/C (10) — CD;OD 74
2 10% Pd/C (10) — AcOD 37
3 10% Pd/C (10) — D,0 66
(1* run)
4 10% Pd/C (10) — D,0 77
(2™ run)t
5 10% Pd/C (10) — D,0 81
(3" run)¥
6 10% Pd/C (10) DCI* D,0 74
7 10% Pd/C (10) AcOD!! D,0 70
8 10% Pd/C (10) Na,CO;¢! D,0 51
9 10% Pd/C (10) nBu,N(HSO,)"™  D,0 49
10 10% Pd/C (10) NN D,0 66
11 10% Pd/C (10) Triton” X-1000! D,0 43
12 10% Pd/C (30) — D,0 84
13 5% Pd/C (10) — D,0 59
14 5% Pd/ALO; (10) — D,O 10

[a] 1.0 mmol of diphenylmethane (1) was used as a substrate. [b] The D
content was determined by '"H NMR spectroscopy. [c] The 66 % deuterat-
ed diphenylmethane (the product of entry 3) was used as the starting ma-
terial. [d] The 77 % deuterated diphenylmethane (the product of entry 4)
was used as the starting material. [e] 0.50 equiv of DCI (20 wt % solution
in D,0) was added. [f] 0.50 equiv of AcOD was added. [g] 1.2 equiv of
Na,CO; was added. [h] 0.20m of nBu,N(HSO,) was added as a phase-
transfer catalyst. [i] 0.20M of SDS (sodium dodecyl sulfate) was added as
an ionic surfactant. [j] 0.10m of Triton” X-100 (polyoxyethylene(10) isooc-
tylphenyl ether) was added as a nonionic surfactant.

tive deuterated product ([D]1) was obtained in a 74 % deu-
terium efficiency when CD;OD (0.5 mL) was used as the
solvent (entry 1). The use of AcOD instead of CD;OD led
to the significantly decreased deuterium efficiency (entry 2).
D,O is a comparable deuterium source with CD;0D, since
the reaction performed in D,O afforded [D]1 with a 66%
deuterium content (D content; entry 3). From the view-
points of cost, safety (non flammable solvent), environmen-
tal burden, and general versatility, we decided to use D,0O as
the solvent and deuterium source for the H-D exchange re-
action. When the 66 %-deuterated product obtained by the
first deuteration shown in entry 3 was used as the substrate
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for the second H-D exchange reaction, the deuterium effi-
ciency only slightly increased to 77 % (entry 4) and even the
third run also gave only an 81%-deuterated product
(entry 5). The addition of neither DCI nor AcOD had a sig-
nificant effect on the deuterium incorporation (entries 6 and
7) and the use of Na,COj; as an additive caused a drastic de-
crease in the deuterium efficiency (entry 8). We also exam-
ined the effects of nBu,N(HSO,) (phase transfer catalyst),
sodium dodecyl sulfate (SDS, ionic surfactant) or Triton X-
100 (nonionic surfactant), since the present H-D exchange
reaction presumably occurred in a three-phase system in
D,0O (aqueous phase), diphenylmethane (1, organic phase),
and Pd/C (solid phase), as these additives could not increase
the deuterium efficiency contrary to our expectation (en-
tries 9-11). Furthermore, the increased amount of 10%
Pd/C (30 wt% of the weight of substrate 1) improved the
deuterium efficiency to 84 % (entry 12), but the use of 5%
Pd/C (10 wt% of the weight of 1) significantly reduced the
efficiency (entry 13). Another heterogeneous palladium cat-
alyst, Pd/Al,O;, was ineffective for this reaction (entry 14).
The Pd/C-catalyzed H-D exchange reaction selectively pro-
ceeded at the benzylic site at room temperature; however,
the maximum D content of the desired deuterated product
([D]1) was unfortunately 84 % (Table 1, entry 12). Such deu-
terium efficiency degree is presumably caused by the simul-
taneous reverse reaction from the generated C—D bond to
the C—H bond, since the reaction was carried out in a large
volume of H, gas in a balloon [Eq. (2)].

H H 10% Pd/C, H Il D D D
0% Pd/C, H, (balloon), D,O )@ +H,0 (DHO) @)
Ph™ "Ph Ph Ph

Hence, the effect of the H,-gas volume toward the reac-
tion was studied in detail (Table 2). H, gas is essential for
the H-D exchange reaction (entry 1). The reaction under
excess H, gas (balloon, ca. 2L, 82 mmol) gave the desired
[D]1 with a 66% D content after 24 h (entry 2), and the
elongation of the reaction time (72 h) did not significantly
increase the deuterium efficiency (entry 3). On the other
hand, the use of catalytic amounts (0.7 equiv, ca. 0.70 mmol
of H, (17 mL) vs. 1.00 mmol of 1) of H, gas in a hydrogen-
charged sealed test tube gave better results. The deuterium

Table 2. Assessment of Pd/C-H,-catalyzed H-D exchange reaction of di-
phenylmethane (1) in D,0."!

Entry H, t [h] D content [%]"!
1 nonel®! 24 0
2 balloon (ca. 2 L) 24 66
3 balloon (ca. 2 L) 72 73
4 17 mL 24 60
5 17 mL 48 84
6 17 mL 72 95
7 17 mL 120 96

[a] Unless otherwise noted, 1.0 mmol of diphenylmethane (1) was used
and the reactions were carried out under a H, atmosphere (17 mL) using
10% Pd/C (10 wt% of the weight of 1) in D,O (0.50 mL) at room tem-
perature. [b] The D content was determined by '"H NMR. [c] The reaction
was performed under atmospheric air.
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efficiency increased with time up to 95% (72 h) at room
temperature (entry 6). No further significant improvement
was observed even after 120 h (entry 7).

Scope and limitation of Pd/C-catalyzed H-D exchange reac-
tion at room temperature: Table 3 summarizes the results of
the H-D exchange reaction at the benzylic positions of vari-
ous substrates. For the simple alkyl benzenes, the corre-
sponding deuterated compounds were obtained with a
nearly quantitative D content (entries 1-3). On the other
hand, the use of 4-ethylbenzoic acid (4) and methyl 4-ethyl-
benzoate (5), which possess the electron-withdrawing car-
boxylic acid or corresponding methyl ester, produced a
lower deuterium efficiency (entries 4 and 5),%! while the
drawback was overcome by the use of the corresponding
sodium salt (6), and a nearly quantitative D content was
achieved (entry 6). The deuteration of sodium 5-phenylpen-
tanoate (7) also smoothly proceeded (entry 7). A very poor
deuterium incorporation was observed using substrates bear-
ing an amino group since the amino group should be a
strong catalyst poison of Pd/C (entries 8, 10 and 12-14, 0-
39% D contents).”™ The lower D content on the benzylic
position adjacent to the amino group of 5,6,7,8-tetrahydro-1-
naphthylamine (15) was observed (13% at C1 position)
when compared to the other benzylic position located at a
position distant from the amino group (59 % at C2 position)
(entry 15). The H-D exchange efficiencies of the amine de-
rivatives were significantly enhanced in the cases of the hy-
drochlorides, of which the lone pair on the nitrogen atom
that causes the catalyst poisonous was occupied (entries 9
and 11). Furthermore, nearly no deuterium incorporation
was observed when 2-phenylethyl alcohol (16) and the cor-
responding methyl ether (17) were employed as substrates
(entries 16 and 17) although 3-phenyl-1-propanol (18) and
8-phenyl-1-octanol (19) possessing a longer side chain was
efficiently deuterated ([D]18 and [D]19 with 92 and 94% D
content, respectively, entries 18 and 19). The deuteration of
2-benzylphenol (20), the hydroxyl group and the benzylic
position located in the spatial vicinity, also gave a low D
content (29 %, entry 20). The deuterium incorporation on
the branched benzylic position (methine; 21 and 22) also
proceeded without any problems (entries 21 and 22). These
reactions were very clean and no column chromatographic
separation was required to obtain the spectrally pure deuter-
ated products. It is worth noting that the reaction is totally
regioselective and virtually no competitive deuteration on
the other positions including the aromatic ring was observed
(confirmed by ?’H NMR spectroscopy).

Application of heating conditions for the benzylic position
selective H-D exchange reaction: The benzylic site-selective
H-D exchange reaction required a long reaction time (72 h)
at room temperature to accomplish the quantitative deuteri-
um incorporation; indeed carboxylic acid (4), ester (5),
amine (8, 10 and 12-15), alcohol (16 and 20) and ether (17)
derivatives were not completely applicable as substrates. We
then optimized the reaction temperature of the deuteration

Chem. Eur. J. 2008, 14, 664—673
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Table 3. Pd/C-H,-catalyzed deuterium exchange reaction of benzylic site in D,O at room temperature.”!

Entry Substrate D content [% ] Yield [%]"! Entry Substrate D content [% ]! Yield [% ]
AN H
1 Ph” “Ph 1 95 88 12 pr SN 12 0 841l
NN [d] ( [d]
2 Ph 297 73 13 N B trace 96
NH,
3 ©/\ 3 9 4014 14 Ph 14 3 98
MeO
@A e Cl: 13
4 Ho.c 4 2 97 15 Ep 97
[d] ~~-OH [dl
5 5 74 74 16 Phi 16 8 97
MeO,C
6 /©/\ 6 98 100 17 PO 17 4 88l
NaO,C
7 P ™ coNa 79 97 18 P ~"TOH 18 %2 98
8 pr > NH: 8 0 79141 198 P o 19 o4 94
OH
9 pr > NHHCI 9 57 99

10 P M NH, 10 39 88
11 P O ONHHO 11 T8 99

20 ©/\Ph 20 29 96

21 Ph@ 21 98

22 22 93 201

Ph

[a] Unless otherwise noted, 1.0 mmol of the substrate was used, and all the reactions were carried out under a H, atmosphere (17 mL) using 10% Pd/C
(10 wt% of the weight of the substrate) in D,0O (0.50 mL) at room temperature for 72 h. [b] The D content was determined by "H NMR spectroscopy.
[c] Isolated yield. [d] The low isolated yield of the deuterated is due to its low boiling point and volatile nature. [e] 1.0 mL of D,O was used.

using 4-phenyl butyric acid (23) as the substrate (Table 4).
Although the deuterium efficiency at the benzylic site at 10
and 30°C were sluggish due to the coexisting carboxylic acid
functionality (entries 1 and 2), it was dramatically improved
to a 90% D content at 45°C and 95% at 50°C for 24 h (en-

Table 4. Temperature effect on the H-D exchange reaction of 4-phenyl
butyric acid®
10% Pd/C (10 wt %)

tries 3 and 4). Further deuteration at the aromatic ring and
non-benzylic position(s) of the alkyl side chain (C2 and/or
C3) significantly proceeded at higher temperatures (70, 90,
and 110°C, entries 5-7). Thus, we chose 50°C as the most
suitable reaction temperature and subsequently investigated
the time-course of the H-D exchange progress. The benzylic
site (Cl) was already 63% deuterated after only 2h
(Table 5, entry 1) and the D content continuously increased

C1 C3
Ph "CoH H, (17 mL) P ""co,H Table 5. Time-course of deuteration of 4-phenyl butyric acid.”
23 D0 (1 mL). 24 h 2 10% Pd/C (10 wt %) c1 o3
Hy (17 mL)
PN 2 NN
Entry T D content [% ]! Yield Ph 2 COH D,0 (1 mL), 50 °C Ph co COzH
[°C] Ph c1 2 C3 (%]t
1 10 0 P 0 0 08 Entry t D content [%]"! Yield
[e]
2 30 0 9 0 0 100 (h] Ph c1 c2 G [%]
3 45 0 90 0 0 100 1 2 0 63 0 0 82
4 50 0 95 ol 0 100 2 4 0 71 0 0 90
5 70 13 94 75 0 100 3 6 0 88 0 0 100
6 90 22 97 96 35 100 4 12 0 97 0 0 93
7 110 41 95 95 92 100 5 24 0 95 ol 0 100
[a] 0.50 mmol of 4-phenyl-1-butylic acid (23) was used, and the reactions [a] 0.50 mmol of 4-phenyl-1-butylic acid (23) was used, and the reactions

were carried out under a H, atmosphere (17 mL) using 10% Pd/C
(10 wt % of the weight of 23) in D,O (1.0 mL) for 24 h. [b] The D content
was determined by '"H NMR after the conversion of the carboxylic acid
into the corresponding methyl ester on the basis of the integration of the
methyl protons. [c] Isolated yield. [d] *H NMR indicated a trace of deut-
eration.
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were carried out under a H, atmosphere (17 mL) using 10% Pd/C
(10 wt % of the weight of 23) in D,O (1.0 mL) at 50°C. [b] The D content
was determined by 'H NMR after the conversion of the carboxylic acid
into the corresponding methyl ester on the basis of the integration of the
methyl protons. [c] Isolated yield. [d] ’H NMR spectroscopy indicated a
trace of deuteration.
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up to 12 h (97 %) without further deuteration of the aromat-
ic ring or the non-benzylic alkyl side chain (entry 4). A con-
tinuous reaction to 24 h did not indicate a significant in-
crease in the deuterium efficiency (entry 5). Thus, mild heat
at 50°C led to a significant enhancement of the H-D ex-
change efficiency, and the reaction time was substantially
shortened from 72 h to 12 h. Next, we investigated the deut-
eration of a variety of alkyl benzenes under the mild heating
conditions.

Scope and limitation of the benzylic site-selective H-D ex-
change reaction at 50°C: While the deuteration of diphenyl-
methane (1) required 72 h to accomplish the quantitative
deuteration at room temperature (Table 3, entry 1), the re-
action at 50°C proceeded with a 92% D content only after
8 h (Table 6, entry 1). For the 2-phenethylamine (8), 2-phe-

Table 6. Pd/C-H,—catalyzed deuterium exchange reaction of benzylic site
in D,O at 50°C.1"

Entry Substrate!” t D content Yield

[h] (%] (%]

1 1 8 92 93lel

2 8 72 73 g2l

3l 9 72 77 1001
4 10 48 91 89
5 14 72 92 97
6l 15 48 C1: 93 89

C2: 92

7 16 72 5 94le]

8 17 72 1 95lel
9 18 8 93 79
10t 19 24 95 100
11 20 24 95 99

12 21 8 98 89lel

[a] Unless otherwise noted, 1.0 mmol of the substrate was used, and all
the reactions were carried out under a H, atmosphere (17 mL) using
10% Pd/C (10 wt% of the weight of the substrate) in D,O (0.50 mL) at
50°C. [b] For structures see Table 3. [c] The D content was determined
by '"HNMR spectroscopy. [d] Isolated yield. [e] The low isolated yield of
the deuterated is due to the low boiling point and volatile nature.
[f] 20 wt % of the weight of substrate of 10% Pd/C and 1.0 mL of D,O
were used. [g] Slight hydrogenation of the benzene ring was observed by
2H NMR. [h] 0.50 mmol of 19 was used.

nethylamine hydrochloride (9), 4-phenylbutylamine (10), 2-
benzylaniline (14), and 5,6,7,8-tetrahydro-1-naphthylamine
(15), with low H-D exchange efficiencies at room tempera-
ture (Table 3, entries 8, 9, 10, 14, and 15), the deuterium effi-
ciencies were significantly enhanced at 50°C and the corre-
sponding labeled products were obtained with good to ex-
cellent D contents (entries 2-6). The primary alcohols 18
and 19 and phenol derivative 20 were effectively deuterated
(entries 9-11) although 2-phenylethyl alcohol (16) and 2-
phenylethyl methyl ether (17) were not reactive enough to
give the efficiently labeled products even under heating con-
ditions (entries 7 and 8). Cyclohexylbenzene (21) was
smoothly deuterated at the benzylic methine for 8h
(entry 12).

668 — www.chemeurj.org
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H-D exchange reaction on the methyl group of tolyl deriva-
tives: While the deuteration of the methyl group of the tolyl
derivatives (24-26) resulted in a low D content even after
72 h at room temperature (Table 7, entries 1, 4 and 6), the
deuterium efficiencies were also dramatically enhanced up
to 90% by raising the reaction temperature to 50°C (en-
tries 3, 5 and 7).

Table 7. Pd/C-H,—catalyzed deuterium exchange reaction of methyl moi-
eties of tolyl groups.!”!
10% Pd/C (10 wt %)

R N Me H,(17mL) . @/CDs
A D,0 (0.5 mL) F
Entry  Substrate T t D content Yield
[°C] [h]  [%]" [%]*

C1:33,C2:40 92
C1:88,C2:90 91

C1
2 o~ 50 72

3 2 50 120 C1:93,C2:91 94
24

4 Me RT 72 71 93

5 QTO — 50 7290 96
25 O

6 Ve RT 72 19 91

7 50 72 93 98

26

[a] Unless otherwise noted, 1.0 mmol of the substrate was used, and all
the reactions were carried out under a H, atmosphere (17 mL) using
10% Pd/C (10 wt% of the weight of the substrate) in D,O (0.50 mL).
[b] The D content was determined by 'H NMR spectroscopy. [c] Isolated
yield.

Benzylic site-selective deuteration of bioactive compounds:
Deuterium-labeled bioactive compounds at the benzylic
sites are utilized as a tracer in metabolic studies and have a
potential medical application to elongate the activity dura-
tion due to the delay of the oxidative metabolism at the
active benzylic site by the isotope effect of the deuterium
atoms.” Therefore, the H-D exchange reaction of bioactive
compounds, such as ibuprofen (27, analgesic reagent) and
estrone (28, natural estrogen), was also investigated
(Table 8). Although Castell et al. previously labeled ibupro-
fen using a combination of D,O and NaOH under reflux
conditions, the benzylic methine (C2 of 27) connected to the
carboxylic acid was only deuterated with about 50 % deute-
rium efficiency [the benzylic methylene (C1) of their prod-
uct was not deuterated].”! The deuteration of the ibuprofen
sodium salt with our Pd/C-D,0-H, system gave nearly a
quantitative deuterium efficiency at the C1 position at room
temperature for 72 h, but the benzylic methine (C2) was
only 17% deuterated (Table 8, entry 1). When the reaction
was performed at 50°C for 72 h, the deuterium efficiency at
the C2 position significantly increased (73 %) (entry 2), and
a sufficient D content at both the C1 (92%) and C2 (90%)
positions was obtained using increased amounts of the 10 %
Pd/C (20% of the weight of 27) (entry 3). Although the re-
action of estrone (28) was sluggish even at 50°C in D,O
(entry 5), the deuterium efficiency was particularly

Chem. Eur. J. 2008, 14, 664—673
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Table 8. Application to ibuprofen sodium salt and estrone.®)

Entry Substrate T t D content [% ™  Yield
[°C] [n] Cl 2 [%]H
1 RT 72 97 17 93
2 50 72 93 73 100
3 c2 50 72 92 90 99
C1 CO,Na
27
4 O RT 72 4 26 99
5 50 72 37 24 82
6l¢! C1 50 24 86 88 84
7kl 50 48 99 92 64
HO c2
28

[a] Unless otherwise noted, 1.0 mmol of the substrate was used, and all
the reactions were carried out under a H, atmosphere (17 mL) using
10% Pd/C (10 wt% of the weight of the substrate) in D,O (0.50 mL).
[b] The D content was determined by "H NMR spectroscopy. [c] Isolated
yield. [d] 20 wt % of the weight of 27 of 10% Pd/C was used. [e] 0.50 mL
of THF was added as a co-solvent.

enhanced by the addition of THF as a co-solvent to the
system, which contributed to increase the solubility of 28,
and afforded the highly deuterated [D]28 (C1: 99 % and C2:
92%) at 50°C for 48 h (entry 7).

Pd/C-ethylenediamine complex [Pd/C(en)]-catalyzed ben-
zylic site-selective H-D exchange reaction of O-benzyl pro-
tective group: We investigated the development of the ben-
zylic site-selective deuterium-labeling method of the O-
benzyl protective group without hydrogenolysis by using the
chemoselective hydrogenation catalyst, the Pd/C(en) com-
plex,”” instead of Pd/C. First, we compared the catalyst ac-
tivity of Pd/C(en) and Pd/C, both of which are obtained
from commercial sources, for the H-D exchange reaction of
1-benzyloxy-3-phenylpropane (29) (Table 9). The H-D ex-
change reaction smoothly proceeded at the benzylic site of
the O-benzyl protective group (C4) at 50°C using 5%
Pd/C(en) without the hydrogenolysis of the benzyl ether
(entry 2), while the use of Pd/C caused a significant depro-
tection of the O-benzyl protective group to afford the
benzyl ether ([D]29) in only 36% yield, but with high D
content (92%) at the C4 position together with the deuter-

ated and hydrogenolyzed 3-phenyl-1-pronanol ([D]30) in
60 % yield (91 % D content, entry 5). These results indicated
that Pd/C(en) possesses an equivalent catalyst activity for
the deuteration to Pd/C (entry 2 vs. 5). The further deutera-
tion at the aromatic rings and non-benzylic site proceeded
along with the hydrogenation of the O-benzyl protective
group at higher temperature (110°C), regardless of the Pd/C
and Pd/C(en) (entries 3 and 6). We next attempted the deut-
eration of the O-benzyl-protected sugars as a substrate
(Table 10). The deuterated O-benzyl-protected sugar [D]31

Table 10. Deuteration to O-benzyl-1,2:5,6-di-O-isopropylidene-a-p-gul-
cofranose (31).1
D
A 5o paicien) P o on
<0707 "ph T AR 501 07 PP DX H
O:Lm\ Ear Ow\ i 6] e}
50 °C o
X X -
o1 N~ 32

I

Entry t [h] D content Yield
L] [%]

1 24 82 73

2 48 96 48 (50)4

3 72 93 26

[a] 0.25 mmol of 3-O-benzyl-1,2:5,6-di-O-isopropylidene-a-p-gulcofura-
nose (31) was used, and the reactions were carried out under a H, atmos-
phere (17 mL) using 5% Pd/C(en) (20 wt% of the weight of 31) in D,0O
(1.0 mL) at 50°C. [b] The D content was determined by "H NMR. [c] Iso-
lated yield. [d] The isolated yield of the corresponding deprotected com-
pound (32) is indicated in parenthesis.

was obtained with an 82% D content in 73 % isolated yield
after stirring at 50°C for 24 h (entry 1). The deuterium effi-
ciency was elevated up to a 96% D content with a pro-
longed reaction time (48 h) although the corresponding de-
protected 1,2:5,6-di-O-isopropylidene-a-p-gulcofuranose
(32) was isolated in 50% yield together with the desired
[D]31 in 48 % yield (entry 2). Further elongation of the re-
action time to 72 h led to a decrease in the isolated yield of
[D]31 by the significant hydrogenolysis of the O-benzyl pro-
tective group (26 %, entry 3). To avoid the hydrogenolysis of
the benzyl ether, we next examined the use of a mixed sol-

Table 9. Comparison of catalyst activity of Pd/C(en) or Pd/C toward benzylic site-selective H-D exchange reaction.!”!

Catalyst

(20 wih of 29) c1 C3 c4 c5 C7
Ph” 07 Ph P 07 PRt e oM
D,0, H, Cc2 Cc6
29 [D]29 [D]30

Entry  Catalyst T t D content of [D]29'"! Yield [%] D content of [D]30"! Yield [%]

[°C] [h] P C1 c2 C3 C4 Pr of [D]29')  Ph} Cs C6 Cc7 of [D]30'!
1 5% Pd/C(en) RT 24 0 4 0 0 33 0 95 — — — — trace
2 50 6 0 60 0 0 95 0 90 — — — — trace
3 110 6 1 70 6 6 85 1 48 18 82 16 18 47
4 5% Pd/IC RT 24 0 23 0 0 79 0 73 0 52 0 0 24
5 50 6 0 84 0 0 92 0 36 0 91 0 0 60
6 110 6 8 10 7 7 21 8 13 4 8 2 4 74
[a] 0.5 mmol of 1-benzyl-3-phenylpropane (29) was used, and the reactions were carried out under a H, atmosphere (17 mL) using 5% Pd catalyst
(20 wt % of the weight of 29) in D,0O (1.0 mL). [b] The D content was determined by '"H NMR spectroscopy with p-anisic acid as the internal standard.

c] Isolated yield.
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vent, such as D,O-THF or D,0-1,4-dioxane. THF and 1,4-
dioxane were expected to decrease the catalyst activity
toward the hydrogenation due to the coordination effect by
the palladium metal. The mixed solvent pattern was investi-
gated with benzyl isoamyl ether (33) as the substrate
(Table 11). The yield of the desired highly deuterated com-
pounds [D]33 increased to 74 % from 47 % when using the
mixed solvent (D,O/THF=1:1) (compare entries 1 and 2).
The use of 1,4-dioxane instead of THF afforded similar re-
sults (entry 3). The isolated yield further increased to 88 %,
while keeping an efficient D content using a 7:3 mixture of
THF and D,O (entry 4). However, the D content significant-
ly dropped to 60% with a 9:1 mixture of THF and D,O
(entry 5). Table 12 summarizes the results of the Pd/C(en)-
catalyzed deuteration of various benzyl ethers in D,O or
D,O-THF (3:7). When 1-ben-

Table 11. Solvent effect toward H-D exchange reaction at the benzylic

site.[?
D
/\)\ D /\/]\
Ph" O Ph>1\0

5% Pd/C(en), H,
Solvent (1 mL)

50°C,12h
33 [DI33
Entry Solvent (mL) D content Yield
(%" (%]
1 D,O (1) 98 47
2 D,0 (0.5)/THF (0.5) 96 74
3 D,0 (0.5)/1,4-dioxane (0.5) 95 77
4 D,O (0.3)/THF (0.7) 93 88
5 D,O (0.1)/THF (0.9) 60 93

[a] 0.5 mmol of benzyl isoamyl ether (33) was used, and the reactions
were carried out under a H, atmosphere (17 mL) using 5% Pd/C(en)
(20 wt% of the weight of 33) in mixed solvents (1.0 mL) at 50°C for
12 h. [b] The D content was determined by '"H NMR. [c] Isolated yield.

Table 12. Pd/C(en)-catalyzed benzylic site-selective deuteration of O-benzyl derivatives in D,0 or D,O-

zyloxy-1,2,3,4-tetrahydronaph- THE®

thalene (34) possessing three Entry  Substrate Solvent t [h] D content  Yield

benzylic sites was employed in (%] [%]¢

D,0, the benzylic position of D Cl: 98

the O-benzyl protective group 1@ gkgh D,0 24 C2:71 59

(C1) was deuterated with an ©2p C3:76

excellent D content, while 21 [D134 D,0/THF 2 Cl: 92 67

both the benzylic methine (C2) calp gé 32

and cyclic methylene (C3) X Do o bo o o s

were not well deuterated (71 0 j;\ 2

and 76% D content, respec- 4 >Lo)k” O\ﬁgh [Dps ~ D-O/THE 168 86 %

tively, entry1). On the other D

hand, the use of D,O-THF 5 D0 24 12 80

(3:7) improved the deuteration 6 D:OITHE s os 7

efficiency at the C2 position to D [D]36

90% (entry2). The benzylic D

position of the N-Boc-O- Ph™ O b

benzyl-L-serine methyl ester ; AP D,O/THF ‘;g ;g Zf) el
o 0= 07 Ph (19)

(35) was quantitatively deuter- ><O o

ated in D,O with a 75 % isolat- ' o [DJ31

ed yield (entry 3) and the deut- O\\v

eration in the mixed .solvent 9 0P D0 13 03 66

gave an enhanced isolated g_ o D,O/THF 24 91 31

yield (96%), while keeping a 749& (D]37

good deuterium efficiency that 0l

took 168 h (entry 4). Although \‘V

the deuterium efficiency of 3p- Dp

benzyloxycholestane (36) was <0 O)<©\

very low in D,0O (12%, 11 O]\diz\ o Me [D]38  D,O 48 87 84

entry 5), it was dramatically o2

enhanced to 93% using the \%_

mixed solvent probably due to N )D<D

the increased substrate solubil- <0779 O "Ph

ity (entry 6). The reaction in 121 O:wiZ\O [D]39  D,O 293 73

the mixed solvent for 48 h pro-
vided [D]31 with a relatively

low D content (74 %) (entry 1,
compare with Table 10,
entry 2), and the higher D con-
tent (90%) of [D]31 was ob-

tained by the elongation of the  and 2.0 mL of D,O were used.

670 —
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[a] Unless otherwise noted, 0.25 mmol of the substrate was used, and all the reactions were carried out under
a H, atmosphere (17 mL) using 5% Pd/C(en) (20 wt% of the weight of the substrate) in D,O (1.0 mL) or
mixed solvents of D,0O (0.30 mL) and THF (0.70 mL) at 50°C. [b] The D content was determined by '"H NMR
spectroscopy. [c] Isolated yield. [d] 0.5 mmol of the substrate was used. [e] The isolated yield of the corre-
sponding deprotected compound (32) is indicated in parenthesis. [f] 100 % of the weight of 39 of 5% Pd/C(en)
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reaction time to 72 h, while a small amount (19%) of the
deprotected (debenzylated) sugar was produced (entry 8).
Furthermore, the deuteration of 6-O-benzyl-1,2:3,4-di-O-iso-
propylidene-a-p-galactopyranse (37) also gave a better iso-
lated yield without the depression of the deuterium efficien-
cy in the mixed solvent (entries 9 and 10). The present H-D
exchange reaction has been successfully employed for the
deuteration of the PMB (p-methoxybenzyl)® and BOM
(benzyloxymethyl)®! protected sugars (38 and 39) in D,O
without significant hydrogenolysis of the benzyl moiety (en-
tries 11 and 12). A part of the '"H NMR spectra of 31 and
[D]31 is shown in Figure 1. While the peak derived from a
proton of the 2-position of 31 overlapped with the benzylic
protons (Figure 1a, 31), the deuteration cleanly deleted the
cumbersome benzylic proton peaks, and the clear doublet
peak of the 2-position was observed. Therefore, the deutera-
tion method is applicable for simplification of complex
NMR spectra (Figure 1, [D]31).

a) 31 b) [D]31
b~ oo =] (g e} o —
[ox] © O PR Yol 0 w0
(=} © © w e} Neliie]
< < < < <
T T N7
H-2 H-D exchange reaction
| —>
,/\ (.1 i
I L sl

FULL PAPER

5% Pd/C(en) (20 wt % of 40) 89% oH
D,0, H, D
50°C,72h
OH
Q/W [DJ40 (Isolated yield 77%)
91% p
40 5% Pd/C (20 wt % of 40) D
D,0, H,
50°C, 24 h

[D]41 (Isolated yield 70%)

Scheme 1. Benzylic site-selective deuteration of 1-phenyl-1-pentanol (40).
Conditions: [D]40: 40 (0.5 mmol), 5% Pd/C(en) (16.4mg), D,O
(3.0mL), H, (75mL), 50°C, 72h; [D]41: 40 (1.0 mmol), 5% Pd/C
(32.9 mg), D,O (3.0 mL), H, (160 mL), 50°C, 24 h.

matic carbonyl group completely took place in the case of

Pd/C, leading to the quantitative formation of the corre-

sponding deoxy-product, 1-ethyl-4-hexylbenzene ([D]44),
with excellent D contents
(93 %, average of both benzyl-
ic positions, Scheme 2).

-2 Conclusion

We have reported a simple,
mild, and regioselective H-D

g g 8

PhCH,0- &/ ppm PhCD,0-
Figure 1. a) '"H NMR spectra of 31 and b) [D]31 (Table 10, entry 2).

Preparation of deuterium-labeled benzyl alcohols on the
benzylic position: As a further application of the present
method, the benzylic site-selective deuteration of benzyl al-
cohols by using two different approaches was developed. As
the first method, we directly deuterated a benzyl alcohol, 1-
phenyl-1-pentanol (40), by the direct H-D exchange reaction
(Scheme 1). The use of Pd/C(en)? as a catalyst provided
the desired and deuterated benzyl alcohol ([D]40) with an
89% D content at the benzylic position without the accom-
panying hydrogenolysis of the benzylic hydroxyl group,
while the hydrogenolysis of the benzyl alcohol 40 easily oc-
curred using the Pd/C with the selective H-D exchange reac-
tion to give the deuterated 1-phenylpentane ([D]41) in a
91% D content (Scheme 1).
Similarly, the Pd/C(en)-cata-
lyzed chemoselective hydroge-
nation and regioselective H-D
exchange reaction of p-hexyl-
acetophenone (42) (an aromat-
ic ketone) would give the cor-
responding deuterated benzyl
alcohol ([D]43) with high D
contents at both benzylic posi-
tions (Scheme 2). In contrast,
the hydrogenolysis of the aro-

Weaas

o 42
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exchange reaction at the ben-
zylic sites using the heteroge-
neous Pd/C as a catalyst with-
out expensive D, gas. The
present method can afford the
corresponding deuterium-labeled compounds with an excel-
lent deuterium efficiency. The use of 10% Pd/C in the pres-
ence of a small amount of hydrogen gas could achieve an ef-
ficient H-D exchange with the less expensive D,O as the
deuterium source at room temperature for 72 h. Further-
more, this reaction is dramatically accelerated under mild
heating (50°C) conditions, resulting in shortening the reac-
tion time and expanding the applicability of the substrates.
The H-D exchange reaction could also be used for the deut-
eration of benzyl ethers, which were generally unstable
under Pd/C-catalyzed hydrogenation conditions, with a high
deuterium efficiency using Pd/C(en) instead of Pd/C. Fur-
thermore, the use of THF and D,0O mixed (7:3) solvent suc-

4.6
PhCD,0- &/ ppm

LD 93%
5% PdiC(en) (20 wt % of 42)
D,0, H,
*Me
50°C, 24 h b
92% OH  [D]43 (Isolated yield 89%)
p.p 9%
5% PA/C (20 wt % of 42)
D,0. H, “Me
5 D
50°C,24h 930, D [DJ44 (Isolated yield 96%)

Scheme 2. Reductive deuteration of p-hexylacetophenone (42). Conditions: [D]43: 42 (0.5 mmol), 5% Pd/
C(en) (20.4 mg), D,O (3.0mL), H, (125 mL), 50°C, 24 h; [D]44: 42 (0.5 mmol), 5% Pd/C (20.4 mg), D,O
(3.0 mL), H, (125 mL), 50°C, 24 h. * The methyl group was slightly deuterated (by ’H NMR analysis).
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cessfully suppressed the hydrogenolysis of the corresponding
benzyl ether. The present method would also be very useful
for the simplification of complex '"H NMR spectra. The gen-
eral utility of this methodology as a chemoselective deutera-
tion procedure will make this simple technique an attractive
addition to the wide range of deuteration procedures.

Experimental Section

General: The 10% Pd/C was purchased from Sigma—Aldrich Co. (prod-
uct number; 20569-9, 50 g, Lot. 0581713C) and the 5% Pd/C(en) was ob-
tained from Wako Pure Chemical Industries, Ltd. (product number; 169-
21443, 5 g, Lot. 12021716). D,O (>99.9% D atom) was obtained from
Cambridge Isotope Laboratories or Spectra Gases. All other reagents
were purchased from commercial sources and used without further purifi-
cation. Analytical thin-layer chromatography (TLC) was carried out on
pre-coated silica gel 60 F,s, plates (Merck, Art 5715) and visualized with
UV light and/or stain (10% phosphomolybdic acid in EtOH). Flash
column chromatography was accomplished with silica gel 60 (Merck;
230-400 mesh) or silica gel 60N (Kanto Chemical Co.; 63-210 pm, spheri-
cal, neutral). The 'H, H, and "CNMR spectra were recorded by a
JEOL AL 400 spectrometer or a JEOL EX 400 spectrometer. The chem-
ical shifts (0) are expressed in ppm and are internally referenced to tri-
methylsilane or residual solvents (3.30 ppm/CH;OH and 3.58 ppm/THF
for ’H NMR spectroscopy). Elemental analyses were performed on a
YANACO CHN CORDER MT-5 instrument. The EI and FAB mass
spectra were taken by a JEOL JMS-SX102A instrument at the Mass
Spectrometry Laboratory of the Gifu Pharmaceutical University. Heating
reactions were carried out using a personal organic synthesizer, Chemi-
Station&trade; (Tokyo Rikakikai Co.) or Chemist Plaza (Shibata Science
Technology). Unless otherwise noted, the deuterium content (D content)
was determined by "H NMR spectroscopy on the basis of the integration
of the aromatic protons.

Typical procedure for benzylic site-selective H-D exchange reaction
using Pd/C-D,0-H, system: A suspension of the substrate (1.00 mmol)
and 10% Pd/C (10 wt % of the substrate) in D,O (0.5 mL) was stirred at
room temperature or 50°C in a sealed test tube filled with hydrogen gas.
After the appropriate time, the mixture was diluted with diethyl ether
(10 mL), and then filtered using a membrane filter (Millipore Millex -
LH, 0.45 um) to remove the catalyst. The filtrate was partitioned between
diethyl ether and aqueous layers. The aqueous layer was extracted with
diethyl ether (2x 15 mL). The combined organic layers were washed with
brine (30 mL), dried over MgSO,, filtered, and concentrated in vacuo to
give the corresponding deuterated substrate at the benzylic site.

Typical procedure for benzylic site-selective H-D exchange reaction of
O-benzyl protective group using Pd/C(en)-D,0-H, system: A suspension
of substrate possessing the O-benzyl protective group (0.250 mmol) and
5% Pd/C(en) (20 wt% of the substrate) in D,O (1 mL) was stirred at
50°C in a sealed test tube filled with hydrogen gas. After the appropriate
time, the mixture was cooled to room temperature, diluted with ethyl
acetate (10 mL), and then filtered using a membrane filter (Millipore
Millex”-LH, 0.45 um) to remove the catalyst. The filtrate was partitioned
between ethyl acetate and aqueous layers. The aqueous layer was then
extracted with ethyl acetate (2x15mL). The combined organic layers
were washed with brine (30 mL), dried over MgSO,, filtered, and concen-
trated in vacuo. The residue was purified by flash silica gel column chro-
matography (hexane/ethyl acetate) to give the corresponding deuterated
substrate on the benzylic site.
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Charge-Transfer Interactions, and Photophysical Studies
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Abstract: Pacman-type face-to-face
zinc—porphyrin—fullerene dyads have
been newly synthesized and studied.
Owing to the close proximity of the
donor and acceptor entities, strong m—mn
intramolecular interactions between
the porphyrin and fullerene entities re-
sulted in modulating the spectral and
electrochemical properties of the

transfer interactions were observed in
the near-IR region. Time-resolved tran-
sient absorption studies revealed effi-
cient photoinduced electron transfer
from the singlet excited porphyrin to
the fullerene entity. The rate constants

Keywords: charge transfer - elec-
tron transfer - fullerenes - photosyn-

for photoinduced electron transfer are
analyzed in terms of the Marcus theory
of electron transfer, which afforded a
large electron coupling matrix element
(V=140cm™') for the face-to-face
dyads. As a consequence of the large
charge-recombination driving force in
the Marcus inverted region, a relatively
long lifetime of the charge-separated

dyads. New absorption and emission
bands that correspond to the charge-

Introduction

Molecular and supramolecular donor—acceptor dyads capa-
ble of undergoing light-induced energy and electron transfer
have been widely studied as mimics of natural photosynthet-
ic reaction centers and as photochemical molecular devi-
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state has been achieved.

ces.'"™? The composition, interchromophore distance and
orientation, and electronic coupling are important factors in
modulating the electron-transfer efficiency and the lifetime
of the charge-separated state.’"?! To achieve efficient intra-
molecular electron-transfer processes, both covalent chemis-
try and biomimetic self-assembly methodologies, such as the
formation of m stacks, hydrogen bonds, and van der Waals
contacts, have been successfully utilized to connect the
donor-acceptor entities.>'? In the majority of these studies,
porphyrins or phthalocyanines have been used as photosen-
sitizers and a variety of electron acceptors have been em-
ployed. Among the different electron acceptors employed,
fullerene Cg has become the ultimate electron acceptor
owing to favorable reduction potentials and small reorgani-
zation energies in electron-transfer reactions.*'?) As a con-
sequence, C4 promotes photoinduced charge separation
(CS), but retards the charge-recombination (CR) process,
which results in the formation of much desired long-lived
charge-separated states.*'? Several comprehensive reviews
of the literature of donor—fullerene dyads, which includes
larger hybrids (triads, tetrads, pentads, etc.), that incorporate
a wide variety of electron donors and linkers have been
published.**!

To get more insight into the influence of molecular topol-
ogy on electron transfer, a few porphyrin—fullerene dyads in
which the m systems are structurally forced into a face-to-

Chem. Eur. J. 2008, 14, 674—681





face arrangement have been elegantly designed and studied.
Two types of dyads, namely, porphyrin—fullerene cyclophane
dyads (Scheme 1a), which were synthesized independently

a)

c)

Porphyrin Porphyrin

cyclophane

parachute

pacman

Scheme 1. Examples of closely held porphyrin—fullerene dyads.

by the groups of Diederich and Hirsch,® and porphyrin—
fullerene parachute dyads synthesized by Schuster and co-
workers (Scheme 1b), are well known.

For the synthesis of these dyads, tethers with terminal
malonate moieties were attached at the meta positions of
the 5,15-phenyl rings of a tetraphenylporphyrin precursor.
In addition, supramolecular systems that employ multiple
modes of binding to attain defined distances and orienta-
tions have also been reported." ! Additionally, a few dyads
with porphyrin and fullerene entities positioned face-to-face,
but with relatively more structural flexibility are also
known.!"

In the present study, we wish to report a series of
Pacman-type face-to-face porphyrin—fullerene dyads of the
type shown in Scheme 1c. In these dyads, the porphyrin and
fullerene entities are held closely together by either flexible
or rigid spacers (Scheme 2). It may be mentioned here that
the Pacman-type approach employed has been one of the
successful approaches used to obtain closely held porphy-
rin—porphyrin dimers in the literature.'*™! Owing to the
nature of the spacer, the present porphyrin—fullerene dyads
are expected to be structurally more rigid compared with
the dyads shown in Scheme 1a and b.

Results and Discussion

Synthesis of the Pacman porphyrin—fullerene dyads was ac-
complished first by synthesizing a porphyrin with an alde-
hyde-functionalized spacer at the meso position."s! Subse-
quently, the aldehyde group was treated with Cg, and sarco-
sine by using the standard Prato method for fulleropyrroli-
dine synthesis.”” The structural integrity of the newly syn-
thesized dyads was established by UV-visible and NMR
spectroscopies, mass spectrometry, and electrochemical
methods.

Ground-state charge-transfer interactions: The optical ab-
sorption spectrum of dyad 1 and the reference compounds,
recorded separately for the Soret and visible regions, are
shown in Figure 1. The zinc—porphyrin (ZnP) with a meso-

Chem. Eur. J. 2008, 14, 674-681
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FULL PAPER

Scheme 2. Examples of Pacman-type porphyrin—fullerene dyads with
rigid or flexible spacers.

a) 1.0q b) 0.10
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Figure 1. UV-visible spectrum of dyad 1 (—), Pacman porphyrin refer-
ence (-----), and zinc—octaethylporphyrin (s++++) in o-dichlorobenzene.
The concentration was held at 2.7 mM. The broad absorption of 1 in the
600-800 nm region is attributed to the charge-transfer interactions.

substituted spacer group (compounds 1-3 in the absence of
a fullerene unit) and a zinc-octaethylporphyrin (ZnOEP)
were used as reference compounds. The dyads have a band
at around 4=330 nm that corresponds to the fulleropyrroli-
dine entity. The Soret band of the dyads was red-shifted by
8 to 15 nm compared with the reference compounds. Such a
trend was also observed for the positions of the visible
bands. Interestingly, in the near-IR portion of the spectrum,
which includes the region from 600 to 800 nm, a broad ab-
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sorption was observed for these dyads. Based on the results
of earlier reports, this band was attributed to the charge-
transfer interactions between the two 7 entities.**

Further computational studies were performed at the
B3LYP/3-21G(*) level®! to visualize the geometry and elec-
tronic structure of the dyads. For these computational stud-
ies the molecules were optimized on a Born—-Oppenheimer
potential-energy surface and a global minimum was ob-
tained for each of these dyads. The structures of two such
dyads, 1 and 2, are shown in Figure 2, in which a face-to-

Figure 2. B3LYP/3-21G(*) optimized structures of 1 (a) and 2 (b). The
frontier HOMO (c) and LUMO of 2 (d) are also shown.

face orientation of the porphyrin and fullerene entities was
clearly observed. The distance between zinc and the closest
carbon of the fullerene spheroid were around 2.2 to 2.3 A,
which indicates that the donor and acceptor entities were
within distances suitable for van der Waals interactions. It is
important to note that in the case of the flexibly linked dyad
(1) this distance was as close as that of dyads with rigid
spacers. This could be attributed to the spontaneous attrac-
tion between the porphyrin and fullerene entities that was
further structurally supported by the small spacer unit.?
The frontier HOMOs and LUMOs generated at the
B3LYP/3-21G(*) level were
also suggestive of charge-trans-
fer-type interactions in the

Earlier, such partial delocalization of the frontier orbitals
was attributed to the ground-state charge-transfer-type inter-
actions between the donor and acceptor entities.""*%! As
the majority of the HOMO was on the porphyrin and the
majority of the LUMO was on the fullerene, a ZnP"*-Cgy"~
charge-separated state could be visualized during photoin-
duced electron transfer in these dyads. The HOMO-LUMO
gap calculated in the gas phase was found to range from
1.68 to 1.79 eV for these dyads, which were comparable to
the HOMO-LUMO gaps reported in the literature for relat-
ed ZnP—fullerene dyads.?!

Electrochemical studies conducted by using cyclic voltam-
metry techniques were performed to evaluate the redox po-
tentials of the newly synthesized dyads. These measurements
were important because the ZnP unit in the present series
of dyads had different substituents compared with the zinc—
tetraphenylporphyrin (ZnTPP) macrocycle that is tradition-
ally used. Figure3 shows cyclic voltammograms for 3,
whereas the redox potentials for all of the dyads studied,
along with the values for reference compounds, are given in
Table 1. The ZnP unit exhibited the expected two one-elec-

Cao®™™
ZnpP¥~

T T T v T J T J T g T v 1
0.5 0.0 =05 -1.0 -1.5 =2.0 2.5

Potential / V (vs. Fc/Fc")

Figure 3. Cyclic voltammogram of 3 in PhCN with 0.1m (nBu),NClO,.
Scan rate=0.1 Vs™'. The concentration of the dyad was ~0.1 mm.

Table 1. Electrochemical redox potentials (E, V vs. Fc/Fct), and free-energy changes for photoinduced elec-
tron transfer (AGgpp) and charge separation (AGcs) for the dyads in benzonitrile.[!

ground state of the dyads. As

Compound Zn—CP [A] ZnP*2+ ZnPY%* Ci' Ce ™ Cg2 ™ ZnP" —AGyp! [eV] —AGu! [eV]

predicted, a large majority of
the HOMO was located on the ! 2.20 0.46
. 2 224 0.50
porphyrin 7 system, whereas 5 291 047
the majority of the LUMO was 1, _ 0.47
located on the fullerene sphe- 2. - 0.45
roid for all of the dyads studied. 3w - 048
. ZnOEP - 0.51

However, a small fraction of

015  —-123 —160 —2.154 1.38 0.72
018  —123 —168 —2.21 141 0.69
017  —-120 -158 —2.111 137 0.73
0.17 - - —2.091 - -
0.16 - - —2.111 - -
0.17 - - —2.081 - -
0.18 - - —2.141 - -

the HOMO was located on the
fullerene entity and a small
fraction of the LUMO was lo-
cated on the porphyrin entity.

676 ——— www.chemeurj.org
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[a] see Scheme 1 for structures; reference compounds are porphyrins with the meso spacer unit. [b] Distance
between zinc and closest Cy carbon. [c] Overlap of the first reduction of porphyrin and the third reduction of
fullerene (two one-electron processes). [d] Corresponds to the first reduction of porphyrin. [e] AGgp=e
(E;x—Erq), in which the Coulombic interaction in a polar solvent (PhCN) is neglected. [f] —AGs=
AE, »—AGgp in which AE, , is the energy of the lowest ZnP excited state.
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tron oxidations and two one-electron reductions while up to
three one-electron reductions that corresponded to the re-
duction of fulleropyrrolidine were also observed within the
potential window of the solvent. The oxidation of the ZnP
unit in these dyads was found to be easier by over 100 mV
compared with ZnTPP. However, they were 20 to 30 mV
more difficult to oxidize compared with the ZnP reference
that contained the meso spacer group. The first cathodic
process corresponding to the reduction of the fullerene
entity was located at approximately —1.20 V versus Fc/Fc*,
and was cathodically shifted by 20 to 30 mV compared with
pristine fulleropyrrolidine. The small anodic shift of the ZnP
oxidation and the small cathodic shift of the fulleropyrroli-
dine reduction compared with their reference compounds
are indicative of charge-transfer-type interactions between
them. That is, the charge-transfer interactions make ZnP ox-
idation and fullerene reduction slightly more difficult.

The experimentally measured HOMO-LUMO gap (the
potential difference between the first oxidation of ZnP and
the first reduction of fullerene) was found to range from
1.37 to 1.46 V. These values are comparable to ZnP—fuller-
ene dyads in the literature, but slightly lower than that esti-
mated by molecular orbital calculations in the gas phase.
The free-energy changes of CS (AGs) were calculated ac-
cording to the Rehm and Weller method®! by employing
the first oxidation potential of ZnP, the first reduction po-
tential of Cy,, the singlet excitation energy of ZnP, and the
estimated Coulomb energy. The AGs values for generating
ZnP*-Cg~ radical ion pairs, were found to range from
—0.69 to —0.73 eV (Table 1), which indicated that the occur-
rence of photoinduced CS from singlet excited ZnP to the
Cy entity was an exergonic process.

The above studies clearly suggest the existence of charge-
transfer-type interactions between electron-rich ZnP and
electron-deficient fullerene in the face-to-face dyads. It is
important to note that such interactions resulted in modulat-
ing the optical and electrochemical properties. Further stud-
ies that involve steady-state and time-resolved emission
techniques were performed to probe excited-state electron
transfer in these dyads.

Steady-state emission studies: Figure 4 shows the fluores-
cence spectrum of 1 along with the reference compounds.
The dyads had two emission bands at around A=575 and
626 nm that correspond to the ZnP entity, however, with
much diminished intensities compared to the intensities of
the reference compounds (over 90% quenching compared
with the ZnOEP reference compound). These results indi-
cate the occurrence of excited-state events in the dyads. At-
tempts were also made to locate the charge-transfer emis-
sion bands of the dyads. The inset of Figure 4 shows that a
weak band at around 1=825nm was observed when the
dyads were excited at 680 nm, which corresponds to the
charge-transfer absorption band. The emission band was
better defined in polar solvents, such as DMF or benzoni-
trile, than in less polar solvents, such as o-dichlorobenzene.
Excitation of the charge-transfer band did not result in the

Chem. Eur. J. 2008, 14, 674-681
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Figure 4. Fluorescence spectrum of 1 (—), Pacman porphyrin reference
(-----), and ZnOEP (-+++) in o-dichlorobenzene. The porphyrin concen-
trations were held at 2.7 mm and the samples were excited at the most in-
tense visible band. The inset shows the charge-transfer emission in the
near-IR region in DMF (i), benzonitrile (ii), acetonitrile (iii), and o-di-
chlorobenzene (iv). 4., =680 nm corresponds to the charge-transfer ab-
sorption band.

formation of new bands that correspond to exciplex forma-
tion, perhaps owing to its low & values.

Transient absorption measurements: Time-resolved transient
absorption spectra of 1-3 were observed by femtosecond
laser flash photolysis in deaerated PhCN, as shown in
Figure 5. The absorption band observed at A=1000 nm in
each case is a clear attribute of the monofunctionalized full-
erene radical anion.*?) The accompanying absorption band
at 675 nm agrees with that of the ZnP x radical cation.[*?!
Thus, the transient absorption spectra shown in Figure 5 in-
dicate the formation of the radical ion pair state (ZnP't—
Cy ) for 1, 2, and 3 in PhCN.

The CS rate constants (kcgs, Table 2) for the formation of
the radical ion pairs were determined from the rise in the
absorbance at 1000 nm due to C4~ to be 2.4x102s™! for 1
(Figure 6a), 9.5x10" s for 2 (Figure 6¢c), and 1.5x107s™!
for 3 (Figure 6¢e). These rates were found to be one or two
orders of magnitude higher than those reported for a
number of porphyrin—fullerene dyads in the literature.['>"
From the CS rates, the quantum yields of the charge-sepa-
rated state are estimated to be almost 100 %.

The decay rate constants (kcg) of the radical ion pairs are
determined from the decay in absorbance at 1000 nm as
6.5x10"s™" for 1 (Figure 6b), 5.0x 10" s™" for 2 (Figure 6d),
and 5.2x10'°s™! for 3 (Figure 6f). Back electron transfer in
the radical ion pair occurs to produce the ground state
rather than the triplet excited state of Cg because the
charge-separated state energy is lower than the triplet
energy of Cq in PhCN. In fact, no Cg, triplet was observed
in the nanosecond laser flash photolysis measurements of
the dyads in PhCN.
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Figure 5. Transient absorption spectra of 1 (a), 2 (b), and 3 (c) recorded 5, 20, and 1000 ps after femtosecond

laser pulse irradiation at 410 nm in PhCN at 298 K.

Table 2. Values for kg, the lifetime for CS, kg, and the lifetime of radi-
cal ion pair (zg;p) of the dyads in benzonitrile and toluene.

Compound  Solvent kg™ [s7'] 7o [ps]  kcr™ [T Tree™ [ps]

1 PhCN 2.4x10" 0.42 6.5x10" 15
Toluene 6.8x10% 14 19x 10" 520

2 PhCN 9.5x10" 1.1 5.0x10" 20
Toluene  3.5x10Y 29 2.6x10° 380

3 PhCN 1.5x10%? 0.67 5.2x10" 19
Toluene 5.2x10% 19 2.3x10° 430

[a] From the rise rate at 1000 nm. [b] From the decay rate at 1000 nm.

To quantify the driving-force dependence on the electron-
transfer rate constants (kgr), Equation (1) was used, in
which V is the electronic coupling matrix element, kj is the
Boltzmann constant, £ is the Planck constant, and 7 is the
absolute temperature.!

47’

kET = — V2 eXp |:_

ks T

(AG'er + 1)
kg T ] @

Figure 7 shows the driving-force dependence of logkgr (kcs
and kcg) for the CS and CR of 1, 2, and 3 in PhCN at
298 K. The solid line is drawn as the best fit line by using
the values of 1=0.94¢eV and V=140cm™. The large V
value is consistent with adiabatic electron transfer with a
close distance between the ZnP and the Cy, moieties in 1, 2,
and 3. As the driving force of CR is larger than the A value
(0.94eV), the CR process lies in the Marcus inverted
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3 are evaluated to be 2.20, 2.24,
and 221 A, respectively, from
the optimized structures. In
general, the smaller the R,
value the smaller the solvent re-
organization energy will be, as
expected from the Marcus
theory of electron transfer.”!
Thus, the relatively large 4
value may result from the sig-
nificant interaction between
closely positioned ZnP'* and
Cg~ in the charge-separated
states. The large A value is also
consistent with the existence of
charge-transfer-type interac-
tions between electron-rich
ZnP and electron-deficient fullerene in the face-to-face
dyads (see above).

The charge-separated state of the dyads was also observed
in toluene, which is much less polar than PhCN;, as shown in
Figure 8a for 2.””! The rate constant for the formation of the
charge-separated state was determined from the rise in the
absorbance at 1000 nm due to Cg'~ (Figure 8b), which is
much smaller than the corresponding values recorded in
PhCN (Table 2). The kg value, which was determined from
the decay in the absorbance at 1000 nm (Figure 8c), was
found to be an order of magnitude smaller than the corre-
sponding values in PhCN (Table 2; see the Supporting Infor-
mation for the data for 1 and 3). The smaller kg value may
result from the smaller driving force of CS in toluene than
that in PhCN because the CS process is in the Marcus
normal region in Figure 7. On the other hand, the larger CR
driving force in toluene may result in the smaller CR rate
constant in the Marcus inverted region (Figure 7). It was
confirmed that no Cg, triplet was observed in the nanosec-
ond laser flash photolysis measurements of 2 in toluene.
This observation indicates that back electron transfer to the
ground state is faster than that to the triplet excited state of
Cq in toluene.

The formation of relatively long-lived charge-separated
states in nonpolar solvent is an important feature of the
present series of Pacman porphyrin—fullerene dyads. Al-
though literature examples of porphyrin—fullerene dyads
that do not have strong charge-transfer interactions yielded
charge-separated states in polar solvents,®>® in a nonpolar

Chem. Eur. J. 2008, 14, 674 -681
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Figure 6. Time profiles of absorbance at 1000 nm for 1 at 0-15 (a) and 0-150 ps (b), 2 at 0-15 (c) and 0-150 ps
(d), and 3 at 0-15 (e) and 0-150 ps (f) time intervals. The gray curves represent the best fit to the two-expo-

nential rise and decay.
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Figure 7. Driving force (—AGygp or —AGs) dependence on the intramo-
lecular ET rate constants (kcs or kcr) for the dyads investigated in PhCN.
The curve represents the best fit to Equation (1) to give 1=0.94 ¢V and
V=140 cm™".

solvent only the population of the triplet state was ob-
served.””) Owing to the close proximity and the resulting
strong charge-transfer-type interactions between the donor
and acceptor entities in the Pacman porphyrin-fullerene

Chem. Eur. J. 2008, 14, 674-681
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chemical studies indicated the
existence of charge-transfer in-
teractions between electron-
rich ZnP and electron-deficient
fullerene in these dyads. The
face-to-face geometry of the
dyads resulted in the observation of efficient photoinduced
electron transfer from the singlet excited state of the ZnP
moiety to the Cy moiety with a large electron coupling
matrix element (V=140 cm™') to produce the charge-sepa-
rated state.”™ A relatively long lifetime of the charge-sepa-
rated state has been achieved in toluene because of the
large CR driving force in the Marcus inverted region. This is
in sharp contrast to a number of porphyrin—fullerene dyads
reported in the literature (with the exception of the para-
chute-type porphyrin—fullerene dyad mentioned abovel'*"]),
in which population of the triplet state, instead of CS, has
been the common excited-state deactivation mechanism in
nonpolar solvents.?’!

Experimental Section

Chemicals: All solvents and reagents were used as received. Tetra-n-bu-
tylammonium perchlorate was obtained from Fluka Chemicals. The syn-
theses of ZnOEP and ZnP with a meso spacer unit were carried out ac-
cording to literature procedures."!

Synthesis of 13,17-diethyl-2,3,7,8,12,18-hexamethyl-5-[8-(fulleropyrroli-
dine) diphenyl ether] (1): A solution of Cg, (20 mg, 0.027 mmol), N-meth-
ylglycine (4.9 mg, 0.055 mmol), and diphenyl ether bridged porphyrin al-

—— 679
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4.15 (m, 4H), 3.66 (s, 3H), 3.39 (s,

3H), 2.56 (s, 3H), 2.50 (s, 3H), 2.40 (s,
l 3H), 2.29 (s, 3H), 1.87 (t, J=7.5Hz,

6H), 1.80ppm (s, 3H); UV/Vis
(PhCN):  4,,,,=329.1, 412.1, 536.9,
5721 nm; MS (MALDI-TOF): m/z:
1454.7 [M]*.
Methods and instrumentation:
'"HNMR spectra were recorded for
solutions in CDCl; by using a Varian
400 MHz NMR spectrometer with tet-
ramethylsilane as the internal stan-
dard. The UV/Vis spectral measure-
ments were carried out by using a Shi-
madzu Model 1600 UV/Vis spectro-
photometer. The fluorescence emis-
sion was monitored by using a Varian
Eclipse spectrometer. Cyclic voltam-
mograms were recorded by using an
EG&G Model 263 A potentiostat with
a three electrode system. A platinum
button electrode was used as the
working electrode. A platinum wire

O 1
0 50

L 1 1 1
100 150 200 250 300

Time / ps

Figure 8. a) Transient absorption spectra of 2 taken at 5, 200, and 1000 ps after femtosecond laser pulse irradia-

0 ! | L 1 i |
0 500 10001500 2000 2500 3000

served as the counter electrode and
Ag/AgCl was used as the reference
electrode. An Fc/Fct redox couple
was used as an internal standard. All

Time / ps

tion at 410 nm in toluene at 298 K. Time profiles of absorbance at 1000 nm for 2 at 0-300 (b) and 0-3000 ps

(c) time intervals. The gray curves represent the best fit to the two-exponential rise and decay.

dehyde (59.2 mg, 0.055 mmol) in toluene (100 mL) was heated at reflux
for 6 h before the solvent was evaporated. The crude product was puri-
fied by column chromatography (silica gel, hexane/toluene 45:55) to give
the product (22 mg, 55%). 'H NMR (300 MHz, CDCL;): 6=9.98 (s, 1 H),
9.90 (s, 1H), 9.81 (s, 1H), 8.14 (dd, /=7.8 Hz, 1H), 7.77 (t, J=7.8 Hz,
2H), 7.52-7.58 (m, 1H), 7.31-7.33 (m, 2H), 7.20-7.30 (m, 2H), 4.75 (s,
1H), 4.21 (dd, J=9.01 Hz, 2H), 4.00-4.10 (m, 4H), 3.65 (s, 3H), 3.50 (s,
3H), 3.48 (s, 3H), 3.43 (s, 3H), 2.82 (s, 3H), 2.75 (s, 3H), 2.68 (s, 3H),
1.95 (t, J=7.5Hz, 3H), 1.77 ppm (t, J=7.5Hz, 3H); UV/Vis (PhCN):
Amax=330.0, 416.6, 538.8, 571.6 nm; MS (MALDI-TOF): m/z: 1457.8
[M]*.

Synthesis of 13,17-diethyl-2,3,7,8,12,18-hexamethyl-5-[8-(fulleropyrroli-
dine)-9,9-dimethyl-9 H-xanthene] (2): A solution of Cg (40 mg,
0.083 mmol), N-methylglycine (10 mg, 0.11 mmol), and pyran bridged
porphyrin aldehyde (40 mg, 0.055 mmol) in toluene (100 mL) was heated
at reflux for 6 h before the solvent was evaporated. The crude product
was purified by column chromatography (silica gel, hexane/toluene
55:45) to give the product (11.0mg, 28.1%). 'HNMR (300 MHz,
CDCl;): 6=10.25 (s, 1H), 9.90 (s, 1H), 9.81 (s, 1H), 8.14 (d, J=7.8 Hz,
1H), 7.88 (d, J=7.8 Hz, 1H), 7.68-7.70 (m, 2H), 7.50 (d, /=7.8 Hz, 1H),
7.35 (d, J=7.7Hz, 1H), 530 (s, 1H), 4.20-4.30 (m, 4H), 4.19 (dd, /=
9.0 Hz, 2H), 3.70 (s, 3H), 3.57 (s, 3H), 3.49 (s, 3H), 3.28 (s, 3H), 2.48 (s,
3H), 2.23 (s, 3H), 2.07 (s, 3H), 1.80 ppm (t, J=7.5Hz, 6H); UV/Vis
(PhCN): A,,,=326.1, 415.5, 538.5, 573.1 nm; MS (MALDI-TOF): m/z:
1497.5 [M]*.

Synthesis of 13,17-diethyl-2,3,7,8,12,18-hexamethyl-5-[8-(fulleropyrrolidi-
ne)dibenzofuran] (3): A solution of Cy (75 mg, 0.105 mmol), N-methyl-
glycine (12.5 mg, 0.140 mmol), and furan bridged porphyrin aldehyde
(52.5 mg, 0.072 mmol) in toluene (100 mL) was heated at reflux for 6 h
before the solvent was removed in vacuo. The residue was purified by
column chromatography (Silica gel, hexane/toluene 40:60) to give the
product (27 mg, 25.4%). '"H NMR (300 MHz, CDCl;): 6=10.18 (s, 1H),
9.98 (s, 1H), 9.92 (s, 1H), 8.35 (d, /=74 Hz, 1H), 811 (d, /=7.8 Hz,
1H), 8.06 (d, /=7.5Hz, 1H), 7.93 (d, J=7.4 Hz, 1H), 7.74 (t, J=7.3 Hz,
1H), 7.51 (t, J=7.4 Hz, 1H), 4.84 (s, 1H), 4.19 (dd, J=9.4 Hz, 2H), 4.08—
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of the solutions were purged prior to
electrochemical and spectral measure-
ments by using argon gas. The compu-
tational calculations were performed
by DFT B3LYP/3-21G(*) methods™!
with the GAUSSIAN 038 software package on high-speed computers.
To generate the frontier orbitals, the GaussView!™ program was used.

Time-resolved transient absorption measurements: Femtosecond laser
flash photolysis was conducted by using a Clark-MXR 2010 laser system
and an optical detection system provided by Ultrafast Systems (Helios).
The source for the pump and probe pulses were derived from the funda-
mental output of a Clark laser system (775 nm, 1 mJ per pulse, fwhm=
150 fs) at a repetition rate of 1 kHz. A second harmonic generator intro-
duced in the path of the laser beam provided laser pulses at 1=410 nm
for excitation. The second harmonic was generated by using 95% of the
fundamental output of the laser, whereas 5% of the deflected output was
used for the generation of white light. Prior to generating the probe con-
tinuum, the laser pulse was fed to a delay line that provided an experi-
mental time window of 1.6 ns with a maximum step resolution of 7 fs.
The pump beam was attenuated at 5 uJ per pulse with a spot size 2 mm
in diameter at the sample cell where it was merged with the white probe
pulse in a close angle (<10°). The probe beam, after passing through the
2mm sample cell, was focused on a 200 um fiber optic cable that was
connected to a CCD spectrograph (Ocean Optics, S2000-UV/Vis for the
visible region and Horiba, CP-140 for the NIR region) for recording the
time-resolved spectra (4 =420-800 and 800-1200 nm). Typically, 5000 ex-
citation pulses were averaged to obtain the transient spectrum at a set
delay time. The kinetic traces at appropriate wavelengths were assembled
from the time-resolved spectral data.

Measurements of nanosecond transient absorption spectra were per-
formed according to the following procedure: A deaerated solution that
contained the dyad was excited by a Panther OPO pumped by an
Nd:YAG laser (Continuum, SLII-10, 4-6 ns fwhm) at A1=430 nm. The
photodynamics were monitored by continuous exposure to a xenon lamp
(150 W) as a probe light and a photomultiplier tube (Hamamatsu 2949)
as a detector. Transient spectra were recorded by using fresh solutions in
each laser excitation. The solution was deoxygenated by purging with
argon for 15 min prior to measurements being recorded.

Chem. Eur. J. 2008, 14, 674 -681
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Acetonitrile-Facilitated Reductive Dimerization of TCNE to
Octacyanobutanediide, [C,(CN);]*", by Iron(II) Chloride

Konstantin I. Pokhodnya,”™ Michael Bonner,"”! Antonio G. DiPasquale,

Arnold L. Rheingold,” and Joel S. Miller**!

Abstract: The redox properties of
MCI, (M =Mn, Fe, Co) acetonitrile sol-
vates were electrochemically and spec-
troscopically characterized. The three
voltammogram waves at 0.86, 0.48, and
0.21 V versus SCE for FeCl, dissolved
in MeCN are assigned as one-electron
reduction potentials for [Fe"Cl,-
(NCMe),_,J* ™ (1<x<3), respectively,
and only [Fe"Cl(NCMe)]~ {and
[Fe"'CL)* (E7,=0.04V vs. SCE), if
present} has a potential sufficient for
TCNE reduction. The presence in solu-
tion of [Fe"(NCMe),]** was also spec-
troscopically confirmed. The reduction

acetonitrile adducts were inadequate to
reduce TCNE. FeCl, reacts with TCNE
in MeCN to form [Fe"{C,(CN)g}-
(NCMe),] (4), which is composed of
layers of octahedral Fe" ions equatori-
ally bonded to the four terminal N
atoms of the p,-[C4(CN)g]*~ ion, with
trans-MeCN groups and with 15-mem-
bered rings. Formation of 4 requires
the simultaneous presence of [TCNE]™~
and [Fe"(NCMe)gJ** in solution, which

Keywords: acetonitrile - cyanocar-
bon - electrochemistry - iron
magnetic properties

[b]

is in contrast to when [(NEt,),][Fe"Cl,]
was used to reduce TCNE. A reaction
scheme is proposed. Paramagnetic
[Fe"{C,(CN)g}(NCMe),] exhibits sub-
stantial  antiferromagnetic  coupling
(0=-13.3 K), and orders as an antifer-
romagnet below 7.8 K. The irreversibil-
ity of zero-field and field-cooled mag-
netization suggests that the material
exists below T, in two magnetic states
relatively close in energy, that is, the
purely antiferromagnetic ground state
and a slightly canted antiferromagnetic
metastable state.

potentials of M"Cl, (M=Mn, Co)

Introduction

Magnetic materials are indispensable in a modern society,
and the search for advanced magnets remains in the focus of
the contemporary materials science.!! Molecule-based mag-
nets are a relatively new class of magnetic materials in
which inorganic or/and organic ions or molecules bearing
unpaired electron-spin density strongly interact magnetically
through bonds or/and space.! [M'(TCNE),] (M=V, Mn,
Fe, Co, Ni; TCNE =tetracyanoethylene; x~2) organic-
based magnets have magnetic ordering temperatures (7.)
that range from 44 (M=Co, Ni)®¥! up to ~400K for M=
V.41 In addition, [V(TCNE),] is a magnetic semiconductor
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with a room temperature conductivity of ~107*Scm™, and

spin-polarized electrons in valence and conducting bands
that suggest spin-dependent transport applications.®”)
[M"(TCNE),] (M=Fe, Mn, Co, Ni) magnets can be pre-
pared from the reaction of the anhydrous M" iodide, used in
the form of the MeCN solvate, and TCNE in CH,CL.P!
Compounds of [M(NCMe)y][M1,] (M=Fe, Mn) composition
were isolated from the corresponding solvate;®! however, in
solution solvates exist in equilibrium between MeCN and I™
ligands coordinated to the M** ion. It was assumed that I~
was oxidized to 1, (E},=0.26 V! vs. SCE) {or I;~ (E},=
0.06 VP)} and TCNE (E$,=0.26V) was reduced.®' In
contrast to amorphous [V(TCNE),], [Mn(TCNE),], and [Fe-
(TCNE),] magnets synthesized by the iodide route exhibit
isomorphous powder X-ray diffraction patterns suggesting
some crystallinity, and the structure of [Fe(TCNE),] was re-
cently solved and shown to be [Fe(TCNE){C,(CN)g},,].I"!
Due to the greater potential needed to oxidize CI” (E7,=
0.34 V112l with respect to I” in MeCN, reduction of TCNE
with MCl, (M =Fe, Mn, Co, Ni) should not occur. Nonethe-
less, as reported herein, TCNE reacts with [FeClL(NCMe),]
(1) in MeCN to reduce TCNE to form a layered network

Chem. Eur. J. 2008, 14, 714-720





structure similar to previously reported [Fe™{C,(CN)g}-
(NCMe),]-z MeCN,"¥ and reacts in CH,Cl, to form magneti-
cally ordered [Fe"(TCNE)(NCMe),|[Fe"'Cl,] (T.=
90 K).[¥

To understand the reaction in MeCN requires a detailed
understanding of the redox properties of the MCl, (M =Mn,
Fe, Co) acetonitrile solvates, and herein the electrochemical
and spectroscopic characterization of MCl, as their acetoni-
trile solvates, and reaction of TCNE and compound 1 to
form [Fe"{C,(CN)¢}(NCMe),] and its magnetic properties
are reported.

Results and Discussion

As noted in the introduction, the reaction of TCNE with
[FeCl,(NCMe),] (1) in a CH,CIl, slurry forms magnetically
ordered [Fe(TCNE)(NCMe),][FeCl,] (7.=90 K).!¥l Albeit
exciting due to the discovery of a new family of organic-
based magnets, it was unexpected, and due to the greater
coordinating ability of MeCN and poor solubility of 1 in
CH,Cl,, we sought to study this chemistry in MeCN. In par-
ticular, identification of the reducing agent was sought.
Chain-structured [MCl,(NCMe),] (M =Mn, Fe) was isolated
by slow diffusion of Et,O into a concentrated solution of
MC], in acetonitrile.' In contrast, the Co"Cl, solvate crys-
tallizes as [Co™ (NCMe)4][Co"CL(NCMe)],,"' in accord with
an earlier electronic absorption spectroscopic study suggest-
ing that a dilute solution CoCl, in MeCN exists as an equi-
librium of neutral [Co"CL(NCMe),] and ionic [Co"Cl,-
(NCMe)]~ and [Co"(NCMe)s** species.'”? The solution
chemistry and electrochemistry of MCl, (M =Mn, Fe, Co) as
well as the reaction of their solvates with TCNE is studied.
The reaction of compound 1 with TCNE leads to the forma-
tion of [Fe"{C,(CN)s}(NCMe),]'MeCN (4) and not [Fe-
(TCNE)(NCMe),|[FeCl,]. Furthermore, there was no reac-
tion with the Co— and Mn-MeCN solvates. The genesis of
this was elucidated from a study of the electronic and elec-
trochemical properties of MeCN solvates of MCl, (M =Mn,
Fe, Co).

Compound 4 exhibits two vy absorptions at 2308 and
2281 cm™!, characteristic to coordinated MeCN, and two
more intense peaks at 2213 and 2153 cm™!, characteristic to
coordinated [TCNE]", as previously reported for a different
polymorph of compound 4.8 The peaks at 1408 and
1367 cm™' most probably can be assigned as deformation
0-CH; modes in MeCN, while peaks at 1029, 930, and
795 cm ™! also most probably are less characteristic modes of
this ligand.l”] In contrast, peaks at 1310, 1202, and 558 cm™!
are attributed to the [C,(CN)g]*™ ion.

The single-crystal structural analysis of 4 reveals the com-
position as [Fe{C,(CN)g}(NCMe),]-MeCN in accord with the
IR spectra. A polymorph of it has been reported,”” but the
symmetry and the unit-cell parameters of 4 are different.
Nonetheless, the structural motif for both polymorphs is
similar. Both polymorphs are composed of two-dimensional
coordination polymeric layers of hexacoordinate Fe' ions

Chem. Eur. J. 2008, 14, 714-720
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equatorially bonded to the four terminal p,-[C,(CN)g]*™ ni-
trile groups derived from the o-dimerization of two
[TCNE]™ radicals ions. This forms 15-membered rings. The
two apical octahedral positions are occupied by MeCN mol-
ecules. In contrast to the earlier reported structure, as well
as its Mn analogue,™ in which all ,-[C,(CN)]*~ dianions
were equivalent, there are two nonequivalent p,-[C,(CN)g]*~
units (I and II, Figure 1 top) for 4, and I is disordered about
the midpoint of the C5—C5" bond. As a result, this new poly-
morph has a less symmetrical monoclinic unit cell and
almost doubled unit-cell volume. Key bond length and bond
angle information is provided in Table 1.

The two independent p,-[C,(CN);]*~ ions present in 4 con-
tain long central C—C bonds, 1.656(12) and 1.598(10) A for I
and II, respectively, that join two TCNE units; both carbon
atoms involved are sp® hybridized. The average Fe—N dis-

Figure 1. Top: Atom labeling ORTEP plot of the asymmetric unit in
compound 4 with atoms depicted as 50 % probability ellipsoids. Bottom:
crystal packing diagram within one two-dimensional layer (see text).
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Table 1. Selected bond lengths [A] and angles [°] for 4.

Fel-N1 2.186(4) C3-C4 1382(4) N2-Fel-N2  180.0
Fel-N2  2.082(3) C4-C5 1.610(7)  N2-Fel-N5 89.93(10)
Fel-N5 2.148(3) C5-C7 1.508(8)  N2-Fel-N5 90.08(10)
N1-C2  1.106(6) C5-C6 1.513(9)  N2-Fel-N5 90.07(10)
N2-C3  1.131(4) C5-C5'  1.656(12) C6-C5-C4 120.4(4)
N3-C6  1.085(8) C8-C9 1393(4)  C7-C5-C4 120.5(4)
N4-C7  1.124@8) C9-Cl0  1523(6) C5-C5-C4  102.4(5)
N5-C8  1.147(4) CI0-Cl1 1474(5) C11-C10-C9  111.6(3)
N6-CI11  1.132(6) CI0-C10' 1.598(10) C9-C10-C10 114.2(5)

tance to the p,-[C,(CN)g]*" ligand is 2.115 A, while the
2.186(4) A Fe—N distance to the MeCN ligand is 0.071 A
longer. The other polymorph, albeit disordered, has a long
central C—C bond of 1.627(14) A, and Fe—N distances to
MeCN of 2.273(6) A, and to p,-[C{(CN)s]>~ of 2.218(7) A.
While the C—C bond is comparable in both structures, the
Fe—N distances to both ligands are ~0.1 A shorter in the
new polymorph. It should be noted that structurally similar
[Mn{C,(CN)s}(NCMe),]-CH,CI, has an average long central
C—C bond of 1.569 A, and Mn—N distances to MeCN of
2.235 A, and to p,-[C4,(CN)]>~ of 2.218 A

Adjacent two-dimensional planes are eclipsed (Figure 1,
bottom), and the interlayer Fe--Fe separation is 8.059 A,
while the shortest intralayer Fe--Fe distance is 8.126 A Tt
should be noted that all Fe ions within the plane are inter-
connected through a five-atom NC-C-CN fragment of the
[C,(CN)s]*~ ligands, suggesting a superexchange coupling
pathway. In contrast, large interlayer separation implies only
weak dipole—-dipole interlayer coupling; therefore, a strong
anisotropy of magnetic properties is anticipated.

The 2-300 K temperature-dependent magnetic susceptibil-
ity, x(T) of 4 at 1kOe applied field is reported as y7(7T),
Figure 2. The 300 K value of T is 3.91 emuK mol ™!, which is
close to that expected for high-spin octahedral Fe" with
weak spin-orbit coupling (3.85 emuKmol™).”) The 5 (7)

(4]
o

-y
o
nwa jow X[}

%T! emuK mol™'
w
o

N
o
-

=
o

0.5 ‘ ‘ ' ‘ 0
0 50 100 150 200 250 300

T/IK

Figure 2. Observed x7(T) (x) and x '(T) (e) for compound 4 in 1kOe
applied field. Solid lines are fits to Curie-Weiss law with g=2.235, 6=
—133K, and TIP=1.5x10*emumol™ (TIP=temperature independent
paramagnetism).
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values can be fit to the Curie-Weiss expression, yoc (T—6)"!,
with a negative 6 of —13.3 K implying substantial antiferro-
magnetic coupling.

The low-temperature behavior of y(7) at low field is
more complex (Figure 3) and deviates from Curie—Weiss be-

200,

-
o
o

M femuQe mol™’
=
(=]
o

4 6 8 10 12
TIK
Figure 3. Temperature dependences of zero-field-cooled (xzzc) [5 (o,
250 Oe (x)], field-cooled (ygc) [5 (@), 250 Oe (+)], and remanent (y,)(2)
magnetizations for compound 4 at different applied fields. y,zc at 5 Oe
(o) was multiplied by 20.

havior. The zero-field cooled magnetization, M,z(T), at
5 Oe rises slowly upon cooling and below 8.5 K increases
abruptly with a sharp maximum at 7.8 K, and then on fur-
ther cooling almost vanishes below 6 K, suggesting an anti-
ferromagnetic ground state. The magnetic transition reveals
itself as a more resolved sharp peak at the same tempera-
tures in the in-phase y'(7) component of the ac susceptibili-
ty (10 to 1000 Hz frequency range). The peak position is fre-
quency independent implying good sample crystallinity. The
out-of-phase component of the ac susceptibility (x"(7)) is
very small (close to the magnetic property measurement
system (MPMS) sensitivity limit) in the vicinity of transition,
and vanishes at lower temperatures, which is also in accord
with an antiferromagnetic ground state. As expected, the
field dependence of magnetization, M(H), at 2 K (Figure 4)
is linear with the field, but above ~25 kOe it starts to devi-
ate from linearity indicating the onset of the field-induced
transition, most probably, metamagnetic-like in origin.
Interestingly, cooling to 2 K in a small (5 Oe) field (field-
cooled magnetization; Myc(T)) reveals that Mp(T) is very
different from Myeo(T) for 4. Its value at 2K is
121 emuOemol ™! and it decreases slightly upon warming
before sharply dropping above 6 K; above 9 K the Myc(T)
and M po(T) values coincide. The remanent magnetization
(M(T)) measured in a zero external field on warming after
the sample was cooled to 2 K in a 250 Oe field exhibits a
similar behavior. The presence of a substantial remanence
at low temperatures is in accord with an observed magnetic
hysteresis (H.,=2kOe) at 2K. It should be noted that
Myeo(T) at 2 K increases much faster with increasing field

Chem. Eur. J. 2008, 14, 714-720
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Figure 4. Magnetization field dependence M(H) (e) of compound 4 at
2 K and that calculated from the Brillouin function for S=2 and g=2.3
(—). Dotted line is a visual guide.

than M,(T) suggesting that both should collapse in the vi-
cinity of critical field for the field-induced magnetic transi-
tion.

Thus, we assume that within the p,-[C,(CN)s]*" layer, the
Fe' ions are ferromagnetically coupled through five-atom
NC-C-CN superexchange pathways, and the magnetization
is perpendicular to the layer. In contrast, the interaction be-
tween spins in the adjacent layers is relatively weak and an-
tiferromagnetic in origin resulting in the antiferromagnetic
ground state similar to that observed in FeCl, and other
classical metamagnets.”!’ However, application of the mag-
netic field results in an irreversible transition of 4 to a meta-
stable state, most probably a slightly canted antiferromagnet
in which magnetization vectors of the adjacent layers (di-
rected perpendicular to the layer) are slightly non-colinear,
and the fraction of this state increases with the field at the
expense of the antiferromagnetic phase. Since the two pairs
of molecules in the 4 unit cell are related by the inversion
center, canting should not occur. Therefore, it is assumed to
be related to structural anisotropy and defects, MeCN
ligand losses, and so forth. The detailed study of this effect
is in progress.

Electronic spectra of FeCl, solvates: To gain insight into the
mechanism of TCNE reduction by FeCl,, the nature of
iron(II) chloride species existing in equilibrium in MeCN
needs to be identified. The electronic spectrum of [FeCl,-
(NCMe),] (1) dissolved in MeCN was studied between 4000
and 33000 cm ™!, and compared with that for [NEt,],[Fe"Cl,]
(Figure 5). The spectrum of 1 exhibits a broad absorption at
~5400 cm™' in accord with its tetrahedral geometry. The
shift to higher frequency of this d—-d transition from that at
~4050 cm™! for the tetrahedral [Fe"Cl,]*" ion is consistent
with [Fe"Cl;(NCMe)]~ being present in MeCN, as MeCN is
a strong-field ligand with respect to C1~.*) In the series of
tetrahedral complexes of [Fe"'Cl,)*", [Fe"(L*CH;)CL], and
[Fe"Q,Cl,] (L=1,4-diazabicyclo[2.2.2]octane; Q = quinucli-

Chem. Eur. J. 2008, 14, 714—-720
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Figure 5. a) Absorption spectrum of 1; b)scaled spectrum of 1 in the
region 9000 to 16000 cm™' (-); c)absorption spectrum of [NEt,],-
[Fe"Cl,] in MeCN; and d) absorption spectrum of the TCNE 4 [NEt,],-
[Fe"'Cl,] reaction products in MeCN (—), see text.

dine), a similar regular blue shift (4050—4900—7150 cm ™)
of the d—d transition was observed due to successive substi-
tution of Cl by a nitrogen-donor ligand.?* Therefore, the
~5400 cm™' absorption was assigned to the d—d transition
for tetrahedral [Fe'Cl;(NCMe)]". The low absorption value
at 4050 cm™! implies a vanishing concentration of the
[Fe"Cl,]*" ion in the solution of 1 in MeCN in accord with
CV data (see below). Unfortunately, a strong MeCN over-
tone absorption in the near-IR region (deep narrow peaks)
is observed, and it is difficult to compensate for this even
using a 1 mm path length (the thickness decrease is limited
by the solubility of 1) making attempts to find absorptions
that can be assigned to the [Fe"ClL,(NCMe),_.J*™ (x=1, 2)
tetrahedral species challenging. Interestingly, a weak should-
er characteristic of the °T,,—°E, transition in [Fe'-
(MeCN)¢J** is clearly visible at ~11000 cm™'™! suggesting
that this specie is also present.

Due to the low solubility of [MnClL(NCMe),] (2) in
MeCN and the strong MeCN overtone absorption, the near-
IR solution spectrum was difficult to interpret, while in
Nujol the tetrahedral d—d transition was not seen because of
the octahedral Mn" environment.'”! In contrast, the near-IR
spectrum of 3 exhibits absorptions at 5000 and 7400 cm ™' as-
signed to a d-d transitions in the [CoCl;(MeCN)]™ ion in
accord with those (4900 and 7800 cm™') observed for [Co"-
(L*H)Cl,] .24

Electrochemical properties: To elucidate the redox proper-
ties of the M"CL,-MeCN (M =Fe, Mn, Co) adducts, the
cyclic voltammograms (CV) of solutions of these adducts in
acetonitrile were measured; the results are summarized in
Table 2. The CV of 1 consists of at least three partially re-
solved quasi-reversible waves at 0.86, 0.48, and 021V
versus SCE, Figure 6. The last wave potential is 0.17 V
higher than that for the Fe"/Fe" couple for both [Fe™Cl,]~
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Table 2. Electrochemical data for [NEt,],[Fe"Cl,], [NEt][Fe"'ClL,], 1, 2,
and 3 [vs. SCE] in MeCN.!

Compound E,, E, AE, E
Vi VI V] [Vl

[NEt,],[Fe"Cl,] —-0.03 012 0.15 0.04

[NEt,][Fe"Cl,] -0.04 010 0.14 0.03

[Fe"'CL,(NCMe),] (1) [Fe"Cl;(NCMe)]~  0.13 028  0.15M 0.21
[Fe""CL,(NCMe),] (1) [Fe"CL,(NCMe),]  0.40 055 0.15" 048
[Fe"CL(NCMe),] (1) [Fe"CI(NCMe);]*  0.78 093 0150 086

[Mn"CL(NCMe),] (2) 1.83 067 058 1.25

096 016 1.00  —046
[Co"(NCMe)|[Co"CL(NCMe),MeCN  —0.71 025 096  —0.23
TCNE 023 031 008 0.26

[a] With 0.1m [NBu,][BF,]. [b] Since the wave was only partially re-
solved, AE, was assumed to be 0.15 V similar to that for [FeCl,]*".

4107 T T T

2107

-2107°F

41078

1.5 1 0.5 0 -0.5 -1
EIV (vs. SCE)

Figure 6. CV (solid line) of 1 in MeCN containing 0.1m [NBu][BF,];
sweep rate 50 mVs'. CV of [NEt,],[Fe"Cl,] (dotted line) is shown for
comparison.

and [Fe''Cl,]>~ ions;?! therefore, the presence of [Fe'Cl,]*~
can be ruled out. MeCN stabilizes lower oxidation states
due to a back donation {for example, the redox potential of
the Fe"/Fe" couple is +1.86V (vs. SCE) for [Fe'-
(NCMe)gJ**}.”" Therefore, as discussed above, 1 in MeCN
exists as an equilibrium of differently charged (as well as
neutral) tetrahedral [Fe"ClL(NCMe), > (1 <x<3) species
and the reduction potential for these species increases with
decreasing x. Thus, the three observed CV waves are as-
signed as Fe/Fe" one-electron reduction potentials for
[Fe"CL(NCMe),_.J*™ (1 <x<3), respectively. The lack of a
reduction wave at 0.04 V implies a negligible (if any) con-
centration of [FeCl,]*” when 1 is dissolved in MeCN, al-
though, [Fe"'(NCMe)4]** is present, as observed in the elec-
tronic absorption spectrum (Figure 5). The gradual increase
of the reduction potential of [Fe"Cl,(NCMe),_.J>™ species
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with decreasing x is consistent with step-like substitution of
CI with MeCN.

The CV of 2 displays an irreversible oxidation wave at
~125V and a quasi-reversible reduction wave at
~—0.46 V. The first wave was assigned to the oxidation of
the Mn" to Mn", since the same process in [Mn"Cl,]*~ ion
has a slightly lower potential of 1.1 V.?*3 The second wave,
most probably, is a one-electron Mn" to Mn' reduction. The
two-electron reduction process of Co™ to Co” is observed in
the CV of (3) at —0.23V, which is in accord with a hand-
book value.®™ The Co"/Co" redox couple potential is
beyond the studied range. Thus, comparing the half-wave
potentials of the studied MCl,—acetonitrile (M =Mn, Fe,
Co) adducts with that for TCNE/[TCNE]~ (0.26 V, Table 2)
only [Fe"Cl;(NCMe)]" (and [Fe"Cl,)*", if present) could
reduce TCNE to [TCNE]".

Reaction with TCNE: When TCNE was added to a color-
less solution of [NEt,],[Fe"Cl,] in MeCN, the solution imme-
diately turned orange, suggesting the presence of [TCNE]".
This was confirmed from the electronic spectrum, which has
a broad electronic transition at ~23400 cm ' with a number
of sharp vibronic features characteristic of [TCNE]"
(Figure 5).%! In addition, two strong lines at 32250 and
27600 cm™! that are characteristic of [Fe"'Cl,]~ ion® are ob-
served. Since both [TCNE]~ and [Fe™Cl,]” transitions have
similar molar extinction, the close absorption values of
these peaks suggests a comparable concentration of these
species in the studied solution, implying a quantitative
TCNE —[TCNE]~ transformation in accord with half-wave
potential values. It should be noted that both compounds
remain in solution for at least a week, and no precipitate
was formed. Hence, the reaction given in Equation (1)
occurs with a 0.23 V favorable redox potential.

[Fe"Cl,]*” + TCNE — [Fe"'Cl,]” + [TCNE] "~ S

In contrast, when TCNE was added to a colorless solution
of 1 in MeCN it immediately turned yellow, and then
became dark orange within few minutes; eventually a pale
green precipitate formed. The CN bond stretching modes
(2308, 2281, 2213, and 2153 cm™') in the IR spectrum of the
precipitate and its powder XRD pattern are consistent with
the formation of compound 4 reported above.

The solution chemistry of [Fe"CL,(NCMe),] (1) was inves-
tigated to identify why [Fe™{C,(CN)s}(NCMe),] (4) forms,
but only the one-electron transfer redox reaction occurs
when [Fe!'Cl,]*~ is used to reduce TCNE. Compound 1 dis-
solves in MeCN and exhibits a weak shoulder characteristic
for the °T,,—’E, transition in [Fe"(MeCN)s** at
~11000 cm™" in its UV/Vis spectrum (Figure 5)." Compar-
ing its molar extinction coefficient (¢=9.4M ™' cm™") with the
observed value (~1m~'cm™), only =11% of Fe" exists in
solution in this octahedral form. Thus, in MeCN, compound
1 forms [Fe"(NCMe)¢]** and [Fe''CL;(NCMe)]~ [Eq. (2)].
The reduction potential of [Fe""Cl;(NCMe)]~ (0.21 V) is suf-
ficient to reduce TCNE [Eq.(3)] and [Fe"(NCMe)¢]**
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reacts with [TCNE]~ precipitating network-structured com-
pound 4 [Eq. (4)]. Finally, the formed Fe™Cl, [Eq. (3)] in a
polar aprotic solvent like MeCN forms [Fe™Cl,]~ and
[Fe''CL,(NCMe),]*, [Eq. (5)].F? Therefore, the presence of
[Fe"(NCMe)gJ** in a solution of 1 in MeCN is crucial for
the formation of the [Fe{C,(CN)g}] network structure, as it
does not form when [Fe"(NCMe)s** is not present,
[Eq. (1)]. To verify this hypothesis, [Fe(NCMe):J** was
added to [TCNE]™ in MeCN and it led to an immediate
precipitate of compound 4, consistent with this reaction
sequence.

3 [Fe"'Cl,(NCMe),]+2 MeCN
— 2 [Fel'Cl;(NCMe)]~ + [Fe!'(NCMe)q**
(2)

2 [Fe""Cl;(NCMe)]” +2 TCNE

3
— 2Fe"Cl, + 2 [TCNE] - ®)

[Fe" (NCMe),J**+2 [TCNE]-
— [Fe"{C,(CN)s}(NCMe),] (s) + 4 MeCN
(4)

2Fe"Cl; + nMeCN — [Fe"Cl,]™ + [Fe™CL(NCMe),]*  (5)

Experimental Section

All manipulations were performed under an inert nitrogen atmosphere
(<1ppm O, and <1ppm H,O) using standard Vacuum Atmospheres
DriLab glove boxes. All solvents were sparged with nitrogen and passed
over two columns of activated alumina prior to use to remove traces of
oxygen and water.” [FeCL,(NCMe),] (1), [MnCl,(NCMe),] (2) and [Co-
(NCMe)g][CoCl;(NCMe)], (3) were synthesized as previously de-
scribed.!™ The CryoLoop and Paratone-N oil were obtained from Hamp-
ton Research.

[Fe"{C,(CN)s}(NCMe),]-MeCN (4): A solution of compound 1 (99.8 mg;
0.48 mmol) in MeCN (=5 mL) was added dropwise to a stirred solution
of TCNE (40.8 mg; 0.32 mmol) in MeCN (&3 mL). The reaction imme-
diately turned orange and a light-colored precipitate slowly formed. The
mixture was stirred for 12 h and vacuum filtered to isolate the solid. The
light green solid (yield ~64%) was washed with minimal amount of
MeCN and stored in a vial slightly wet to keep the product solvated. The
compound looses solvent rapidly at ambient conditions; this results in
broadening of powder XRD as well as IR absorption peaks suggesting
poor crystallinity. IR (KBr): #=2308 m, 2281 (m), 2213 (s), 2153 (s), 1408
(m), 1368 (m), 1310 (m), 1201 (m), 930 (m), 795 (m), 558 cm™' (m).
Single crystals of 4 were grown by slow diffusion or by means of placing
the reagents in an H-tube with a MeCN/CH,Cl, mixture as a solvent.
Dark green plates of 0.5x0.5x0.1 mm in size were collected after ~30
days.

X-ray analysis of compound 4: A 0.5x0.3x0.1 mm dark green plate was
mounted on a CryoLoop with Paratone oil. Data collection was done at
room temperature due to irreversible phase changes at low temperatures.
The crystal-to-detector distance was 60 mm and exposure time was 10s
per frame with a scan width of 0.3°. The data were integrated with the
Bruker SAINT software program and corrected for absorption by the
Bruker SADABS software program. Solution by direct methods (SIR-
2004)B* produced a complete heavy-atom phasing model consistent with
the proposed structure. All non-hydrogen atoms were refined anisotropi-
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cally by full-matrix least-squares methods (SHELXL-97).%*) All hydrogen
atoms were placed using a riding model and their positions constrained
relative to their parent atom by using the appropriate HFIX command in
SHELXL-97.%) A summary of data collection parameters for 4 is given
in Table 3. In addition to the two molecules of MeCN coordinated to Fe,

Table 3. Crystallographic data for [Fe'{C,(CN)g}(NCMe),]-MeCN (4).

crystal system monoclinic V4 4
formula FeC4N, Hy T [K] 295(2)
space group C2m V [A7 2138.6(5)
a[A] 16.253(2) Peatea [gem ] 1.356

b [A] 16.3331(2) R1W 0.0609
c[A] 8.0598(11) wR20! 0.1869

B ] 91.514(2) Stel 1.104

[a] RL=3||F,| = | F|[)/2| Fy|. [b] wR2=[S(w(Fo—Fo)*)S(Fo)’]'™. [c] =
[B(w(F=F)(n=p)]™.

the asymmetric unit contains one molecule of MeCN per Fe atom. The
solvent was highly disordered and could only be properly rendered using
SQUEEZE, which treats the solvent as a diffuse contribution, but does
not provide individual atom sites. However, the solvent’s contributions
are included in the computations of intensive properties.

CCDC-632333 (4) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data
request/cif.

Physical properties: Electronic absorption spectra were recorded on HP-
8452a spectrometer in the UV/Vis range and on a Cary 17 spectropho-
tometer equipped with OLIS data acquisition system in the near-IR
range. In the latter case 1 mm path length quartz cuvettes were used to
avoid excessive solvent absorption. Far and mid infrared spectra (50 to
4000 +1 cm™"') were obtained on a Bruker Tensor 37 FT spectrophotome-
ter as either KBr pellets or Nujol mulls.

Electrochemical cyclic voltammetry were performed on an Epsilon EC
V120 potentiostat/galvanostat with [NBu,][BF,] (0.1M) as supporting
electrolyte, and Pt and Pt-wire as working and counter electrodes, respec-
tively. All potentials were measured versus the Ag*/Ag reference elec-
trode, with 0.01m AgNO; in MeCN, which was separated from both
working and counter electrodes by a Vycor tip. The ferrocenium/ferro-
cene couple was used as the internal standard, and all potential are re-
ported with respect to SCE. Scan rates vary from 25 to 100 mVs ™' in the
range of —1.5to +1.0 V.

The 2-300 K magnetic susceptibility was determined on a Quantum
Design MPMS-5XL 5 T SQUID as previously described.” In addition
to correcting for the diamagnetic contribution from the sample holder,
and core diamagnetic correction of —187 x 10~® emumol ' for compound
4 was used.
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Abstract: The reaction of P(CH,OH),
with methyl anthranilate NH,CsH,-2-
CO,Me produced the ligand precursor
P(CH,NHCH,-2-CO,Me); (1). The re-
action of 1 with [Y{N(SiMe;),};] pro-
duced hexadentate yttrium complex
[Y{P(CH,NC(H,-2-CO,Me);}] (2), in
which the metal centre is coordinated
by three amido donors and the three
carbonyl oxygen atoms of the ester

contribution to this spin coupling con-
stant. The EPR spectrum of the analo-
gous paramagnetic Gd complex
[Gd{P(CH,NC¢H,-2-CO,Me);}] (3) can
be modelled by using a B,, crystal field
parameter of +0.19 cm~'. Heterodinu-
clear complexes were prepared by the
reactions of 1 and 3 with [5,10,15,20-
tetrakis(4-methoxyphenyl)porphinato]-
cobalt(II), by binding of the phosphine

lone pair to the d’ cobalt centre. The
solid-state EPR spectrum of the heter-
odinuclear yttrium complex 4 exhibits
large superhyperfine coupling to the
phosphorus nucleus, indicative of an
S='/, complex in which the unpaired
electron resides in the cobalt d_. orbital
directed at the phosphine donor. The
magnetic susceptibility of the heterodi-
nuclear Gd-Co complex 5 demon-

groups. The *P{'H} NMR spectrum
features 1JYP: 15 Hz, and DFT calcula-
tions demonstrate that through-space
interaction between the minor lobe of
the phosphine lone pair and the yttri-
um centre allows a large Fermi contact

Keywords:
pounds -

Introduction

Essential to the design of molecule-based magnets,? in-
cluding single-molecule magnets, is the ordering of spins via
exchange coupling.”! Progress in this area demands synthetic
approaches to the design of intricate architectures, which
can include macromolecular polynuclear complexes, 1D
wires and 2D or 3D networks.”>* Typically, the same bond-
ing interactions that assemble these complexes and networks

[a] R. Raturi, Prof. B. R. McGarvey, Prof. S. A. Johnson

Department of Chemistry & Biochemistry

University of Windsor

401 Sunset Ave, Windsor ON, N9B 3P4 (Canada)

Fax: (+1)519-973-7098

E-mail: sjohnson@uwindsor.ca

J. Lefebvre, Prof. D. B. Leznoff

Department of Chemistry, Simon Fraser University

8888 University Drive, Burnaby BC, V5A 1S6 (Canada)

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

[b

—

Chem. Eur. J. 2008, 14, 721-730

heterometallic
lanthanides
properties - N,O ligands - through-
space interactions

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

strates that through-space antiferro-
magnetic coupling occurs between un-
paired electrons on the gadolinium and
cobalt centres.

com-
- magnetic

are also responsible for transmission of exchange coupling,
frequently by a superexchange pathway. Single atoms bridg-
ing metal centres often perform this role, but larger mt-conju-
gated bridging ligands are also capable of propagating ex-
change coupling, and the cyano donor in particular has re-
cently revolutionised the design of magnetic network struc-
tures® and single-molecule magnets.”’ An increase in the
variety of ligands that could facilitate a building-block ap-
proach” to magnetic materials would be a boon to this
field, and in particular building blocks with at least axial
symmetry would aid in the modelling of magnetically aniso-
tropic systems.

We have shown how formally trianionic tripodal triamido-
phosphine ligands such as P(CH,NPh); can be used to gen-
erate both polynuclear® and heterobimetallic complexes,”
as depicted in Figure 1. If exchange coupling occurs between
the metal centres labelled M and M’ in paramagnetic heter-
obimetallic analogues, these P(CH,NPh);M moieties could
act as valuable building blocks. Due to the ubiquity of phos-
phine donors in coordination chemistry, it should prove
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Figure 1. Through-space and through-bond interactions in tripodal com-
plexes of P(CH,NPh); with metal centres M and M’ via the minor and
major lobes, respectively, of the lone-pair orbital on phosphorus.

facile to utilize these complexes in the assembly of magnetic
polynuclear complexes and modify them to generate extend-
ed networks. The four o bonds separating M and M’ would
seem to preclude any significant exchange coupling via this
pathway, but the minor lobe of the phosphine lone pair ex-
tends towards metal centre M, which in theory could pro-
vide a unique combination of through-bond and through-
space pathways for exchange coupling. The study of d—f het-
erodinuclear complexes of lanthanides and transition
metals">® is of current interest due to reports that the
large magnetic anisotropies of the heavier lanthanides™ can
be utilised in the design of single-molecule magnets.'>!
Herein we show how this through-space interaction can be
utilised with paramagnetic metal centres to facilitate ex-
change coupling between M and M/, even in the difficult
case where M is a lanthanide bearing core-like f electrons.

Results and Discussion

Synthesis of the ligand precursor: To achieve the goal of
stable well-defined lanthanide building blocks, we sought to
modify the tripodal triamido donors we had previously uti-
lised to incorporate additional donors, due to the propensity
of the trivalent lanthanides to assume high coordination
numbers. The target ligand precursor P(CH,NHCH,-2-
CO,Me); (1) was synthesised by reaction of P(CH,OH);
with methyl anthranilate H,NCsH,-2-CO,Me in toluene
[Eq. (1)]. The water produced in this reaction was removed
by azeotropic distillation with a
Dean-Stark apparatus."® Solu-
tions of 1 oxidize rapidly in air,
and thus the solid product was
stored in an inert-atmosphere
glove box. 1
X-ray quality crystals of 1
were obtained by slow evapora-
tion of a benzene/hexamethyl-

COQME 3 H.0
P(CH,0H); + 3 @E ——%5 P[CH,NHCgH,-2-CO,Mel; (1)

NH, 1
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disiloxane solution. An ORTEP depiction of the solid-state
molecular structure is shown in Figure 2. The structure fea-
tures intramolecular hydrogen bonding between the carbon-

Figure 2. Solid-state structure of 1 as determined by X-ray crystallogra-
phy. Hydrogen atoms are omitted for clarity, except those associated with
N1, N2 and N3. Hydrogen-bonding interactions are shown as dashed
lines. Selected bond angles [°]: C(1)-P(1)-C(2) 102.6213, C(1)-P(1)-C(3)
98.4414, C(1)-P(1)-C(3) 97.25(13).

yl and amino groups. The positions of the three amino hy-
drogen atoms were refined by using isotropic thermal pa-
rameters. The sum of C-P-C angles is 298.31(2)°, which is
typical for phosphine donors.

Synthesis of a mononuclear yttrium complex: The similar
ionic radius of Y™ to those of heavier lanthanides such as
Gd"™ prompted us to start our studies by preparing an yttri-
um complex of 1 as a diamagnetic model complex. Reaction
of 1 with [Y{N(SiMe;),};] in toluene at room temperature
[Eq. (2)] resulted in precipitation of rhombohedron-shaped
yellow crystals of [Y{P(CH,NCsH,-2-CO,Me);}] (2). The ar-
omatic region of the 'HNMR spectrum of 2 features four
multiplets, which were assigned by a combination of 2D
COSY and 2D NOESY spectroscopy. Analysis of the reac-
tion mixture by 'H and *'P{'H} NMR spectroscopy revealed
that no side products were formed, other than the by-prod-
uct HN(SiMe;),.

toluene
-3 HN(SiMe3)2

2(Ln=Y), 3 (Ln = Gd)

The solid-state molecular structure of 2 was determined
by X-ray crystallography, and an ORTEP depiction is shown
in Figure 3. Despite the collection of X-ray diffraction data
on several crystals of 2 that appeared suitable for solid-state
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Figure 3. Solid-state molecular structure of 2 as determined by X-ray
crystallography. Hydrogen atoms are omitted for clarity.

structure determination, twinning complicated solution of
the structure. All atoms in the model structure were treated
isotropically, and some restraints had to be used, which lim-
ited the accuracy of bond lengths and angles. Complex 2 has
crystallographic C; symmetry, and features a six-coordinate
Y centre chelated by the ligand amido donors and the car-
bonyl oxygen atoms of the ester groups. The phosphine lone
pair is directed away from the metal centre and thus is avail-
able for donation to a second metal.

Through-space *'P-*’Y coupling: The *'P{'H} chemical shift
of 1 is 6=-33.6 ppm, whereas for 2 the *'P signal is ob-
served at 6 =—57.0 ppm. This shift to higher field is unusual,
because the increase in C-P-C angles upon coordination of a
large metal centre such as Y should cause the opposite
effect;"” we have previously ascribed this unusual shift in
related complexes to interactions of the minor lobe of the
lone pair with the adjacent metal centre.”!

Also notable in the *'P{'"H} NMR of complex 2 is the ob-
servation of a 15 Hz coupling between yttrium (¥Y, I="/)
and phosphorus. This */py value is large considering that
Ypy values are typically in the range of 50-80 Hz,"® and
%Jpy values are typically 4-6 Hz, though values as large as
11 Hz have been reported in conjugated systems.'” The
largely ionic nature of bonding to Y suggests that */py cou-
pling constants should be smaller, due to smaller Fermi con-
tact terms, but we could find no 3Jp,Y values in the literature
for comparison. This suggests that coupling between Y and
P could be mediated by a through-space interaction. The X-
ray data suggest an approximate Y--P distance of 3.36 A,
and the proximity of the P and Y atoms could allow a for-
mally bonding interaction to occur between the minor lobe
of the phosphorus lone pair and the metal centre.

Ab initio calculation with the DFT B3YLP method and
DGDZVP basis sets was used to test this theory. This calcu-
lation predicts a Jpy value of —11.2 Hz whose absolute value
is close to the 15 Hz observed experimentally, and the Fermi
contact term of —10.2 Hz predominates. The sign of this
value is consistent with direct interaction between nuclei
mediated by a pair of electrons and the opposite signs of the
magnetogyric ratios for *'P and ¥Y. The paramagnetic spin-
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orbit, dipolar and diamagnetic spin—orbit contributions to
the coupling constant are all calculated to be much smaller
than the Fermi contact term, with values of —0.8, —0.14 and
—0.026 Hz, respectively. An analysis of the molecular orbi-
tals predicted® from this calculation determined that only
HOMO-3 has any significant overlap of density between P
and Y, as required for a Fermi contact term. This orbital,
which is primarily associated with the lone pair on phospho-
rus, is depicted in Figure 4. The minor lobe of the lone pair

Figure 4. Depiction of the HOMO-3 orbital associated with the phos-
phorus lone pair, obtained from a DFT calculation, shown as the
0.01 ¢ A® isosurface.

orbital clearly extends back towards the Y centre, and this
allows for a through-space interaction.

Synthesis of a mononuclear gadolinium complex: The reac-
tion of ligand precursor 1 with Gd[N(SiMe;),]; produced the
paramagnetic complex [Gd{P(CH,NCH,-2-CO,Me);}] (3),
as shown in Equation (2). Similar to the synthesis of 2,
yellow rhombohedron-shaped crystals precipitated from tol-
uene. The crystal structures of 2 and 3 are isomorphous, and
only small metric differences in the unit-cell parameters,
due to the slightly larger size of Gd™, were observed for this
complex. As with complex 2, this C;-symmetric complex
crystallised in a trigonal space group, difficulties associated
with twinning complicated solution of this structure and con-
nectivity could not be accurately determined.

The X-band EPR spectrum of a powdered sample of com-
plex 3 was obtained at 77 K (Figure 5). The spectrum dis-
plays resonances from nearly zero field to 12500 G. The
spectrum can be adequately modelled by using only a B,
value of +£0.194 cm™ (2080 G) and a g value of 1.994.%1 As
would be expected for Gd"™, the By, B, By, B and B
crystal-field parameters were found to be much smaller than
the B,, term, and attempts to fit these parameters did not
produce a significantly better model of the experimental
data; in fact more significant improvements in fit were ob-
tained by modelling the line widths anisotropically. The
zero-field splitting in 3 is almost an order of magnitude
larger than has been reported for a related anionic bis-
phthalocyaninato gadolinium complex,” whose Dy, Tb®!
and Ho®! analogues have been shown to behave as mono-
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Figure 5. X-band EPR spectrum of a powdered sample of 3 at 77 K
(lower trace) and a simulated spectrum (upper trace) with S=7/2, B,,=
+0.194 cm™ (£2080 G). g=1.994 and anisotropic line widths (|| =240,
1 =360 G).

nuclear single-molecule magnets due to the large ligand-in-
duced zero-field splittings of their ground states. The ap-
proximate energy difference between the lowest and highest
sublevels at zero field for complex 3 is 2.328 cm '; however,
the relative sign of B,, cannot be determined from these
EPR data, and thus it is not clear whether the S=+41/2 or
S'=+7/2 substates are lowest in energy.

Magnetic susceptibility of 3: The molar magnetic susceptibil-
ity ., of a powdered sample of complex 3 immobilised in ei-
cosane was studied over the temperature range of 300.0—
2.0K. A plot of y,T versus T for 3 is provided in the Sup-
porting Information. The y, T value of 3 at room tempera-
ture of 7.82 cm’Kmol ™' corresponds to the expected value
for a Gd*>* ion at room temperature (7.88 cm®Kmol™), and
is also in agreement with the value of 7.8 cm®Kmol ™ in tol-
uene solution at room temperature determined by Evans’s
method. The magnitude of y,,T for the powdered sample of
3 decreases slightly below 15K, and reaches a value of
7.43 cm®*Kmol ™" at 2 K. The modelled temperature depend-
ence of y,,T obtained using the negative value of the B,
crystal field value (i.e., —0.194 cm™") obtained from the sim-
ulation of the EPR data is also provided in the Supporting
Information. This model predicts a slight drop in x,, 7 at low
temperatures, as is observed, but the fit is not sufficient to
determine the sign of B,;, because a similar decrease in y, T
is predicted when a positive B, value is used.

The calculated magnetic anisotropy at low temperatures
for this magnitude of B,, is significant at temperatures
below 20 K. At 1 K y,T and y , ,T are predicted to be 15.74
and 3.31 cm®*Kmol ™!, respectively, when B, is —0.194 cm ™.
For the corresponding positive value of By, the y,7 and x ;
7T values at 1 K are 2.60 and 10.07 cm® K mol ™', respectively.
The common assumption that Gd®" in a crystal field can be
treated as magnetically isotropic is clearly not valid in this
system. Unfortunately, this complicates the modelling of this
building block in heterobimetallic complexes, and the impor-
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tance of this anisotropy in any observed exchange coupling
is not readily ascertained. Regardless, the nearly tempera-
ture independent value of y,7T in complex 3 facilitates the
observation of spin—spin exchange coupling in heterobime-
tallic complexes prepared using this precursor.

DFT-calculated spin density: A DFT geometry optimization
was performed on 3, and the resultant calculated spin densi-
ty is shown in Figure 6. The unpaired spins are primarily lo-

Figure 6. The 0.0001 e A* isosurface of the calculated spin density for 3.

cated on the Gd"™ centre, which is expected due to the con-
tracted nature of the f orbitals; however, some spin density
of the opposite sign is found on the amido and carbonyl
donor atoms. Only a very small contribution from unpaired
spin density is found on the phosphorus atom or the carbon
atoms. To use complex 3 as a magnetic building block, it is
necessary to observe exchange coupling between the gadoli-
nium centre and a transition metal bound to the available
phosphine donor. The localised nature of the unpaired elec-
trons on gadolinium necessitates a careful choice of transi-
tion metal to attach to the phosphine; it must be capable of
delocalizing its unpaired electron density towards the gadoli-
nium centre.

Synthesis of heterobimetallic complexes: To demonstrate
that through-space exchange coupling is viable in heterobi-
metallic complexes of these tripodal amidophosphine li-
gands, a transition metal complex must be attached to the
phosphine donor that satisfies two requirements: Firstly, it
must direct unpaired electron density towards the com-
plexed gadolinium centre; secondly, it must have magnetic
properties that are easy to model. We chose [Co(TPP)]
(TPP =5,10,15,20-tetrakis(4-methoxyphenyl)porphine) as
the transition metal moiety, because it has a single unpaired
electron in a nondegenerate orbital and thus should exhibit
straightforward magnetism. Additionally, the SOMO in ad-
ducts of [Co(TPP)] is primarily the d,. orbital directed per-
pendicular to the plane of the [Co(TPP)] moiety, and thus
should directly overlap with the phosphine donor orbital.
Related five-coordinate phosphine adducts of Co™ porphyr-
ins with diamagnetic phosphine donors are known.!
Complexes 2 and 3 react with [Co(TPP)] in toluene to
provide brownish-purple crystalline solids which were iden-
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tified as the heterobimetallic complexes
[(TPP)Co{P(CH,NC¢H,-2-CO,Me);}Ln] [Ln=Y (4) or Gd
(5); Eq. (3)]-

R MeO
Ar MeQ /IOMB
R \_N‘-— ,——\N R ‘-0 O/ =
L e L \ Oj/\
Ln...,
AR N/ N
- toluene K /N )
P[CH;NCgH,4-2-CO;Me]sLn p //
2(Ln=Y)and 3 (Ln = Gd) . ,A r <
—N—- —N R
AR<S =Co< >—Ar
' ~ N N—=
AR

AR = CgH,-4-OMe 4 (Ln=Y)and 5 (Ln = Gd)

Single crystals of 4 and § were obtained by slow evapora-
tion of saturated toluene solutions. The initial solubility of
these complexes in toluene appears kinetic, as the resultant
product has only modest solubility. The solid-state structures
of 4 and 5§ were determined by X-ray crystallography, and
an ORTEP depiction of the solid-state molecular structure
of § is shown in Figure 7. As anticipated, the triamido

Figure 7. Solid-state molecular structure of 5 as determined by X-ray
crystallography. Hydrogen atoms are omitted for clarity. Selected distan-
ces[A]: P(1)-Co(1) 2.4128(9), Gd(1)-N(1) 2.325(3), Gd(1)-N(2)
2.332(3), Gd(1)—N(3) 2.336(3), Gd(1)--P(1) 3.2440(9).

donors chelate the lanthanide centre, and the phosphine
lone pair is bound to the Co(TPP) moiety. Although 4 and §
display slightly different metrical parameters, they are iso-
structural. These structures confirm the connectivity deter-
mined for the mononuclear complexes 2 and 3; the tripodal
ligand chelates via the amido donors and the carbonyl
oxygen atoms. The Co—P bond length in complex 5 is
2.4128(9) A. Reported Co"-phosphine distances cover a
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large range, from as short as 2.2127(8) A® to as long as
2.479(5) A.”" The relatively elongated Co—P bond length in
5 can be rationalised from a crystal-field theory argument
that the lone unpaired electron in this d’ species occupies
the d,. orbital, which is directed towards the phosphine
donor. The ionic radius of Gd" is approximately 0.04 A
larger than that of Y'",”* and this results in slightly different
bond lengths between 4 and S. In 5, the average Gd—N and
Gd—O distances are 2.330(2) and 2.315(2) A, respectively,
whereas in 4 the average Y—N and Y—O bond lengths are
2.299(1) and 2.2771(9) A, respectively. The P(1)--Y(1) dis-
tance of 3.2575(6) A in 4 is less than 7% longer than the
longest reported Y—P bond length of 3.045(2) A,?’! although
shorter Y—P bond lengths are more typical."®*" In compari-
son, the P(1)--Gd(1) distance of 3.2440(9) A in 5 is actually
shorter than the P(1)--Y(1) distance in 4, which can be ra-
tionalised by the slightly larger size of the Gd™ ion requir-
ing a greater strain in the ancillary ligand fro its accommo-
dation. This assertion is confirmed by the slightly larger sum
of C-P-C angles in 5 than in 4, which are 326.70(26) and
324.69(17)°, respectively. These values are approximately
28° larger than the sum of C-P-C angles for ligand precursor
1, which can be attributed primarily to the coordination of
the large lanthanide ions.”)

EPR spectra of 4 and 5: The X-band EPR spectrum of a
frozen toluene solution of 4 was obtained at 77 K (Figure 8).
It confirms that the complex remains a 1:1 adduct of 2 and

simulated

experimental

2650 2850 3050 3250 3450 3650
Magnetic Field (Gauss)
Figure 8. X-band EPR spectrum of a powdered sample of 4 at 77 K (solid
line) and a simulated spectrum (dotted line, offset above) obtained by

using g, =1.98, g, =221, Ap; =176 G, Ap, =144 G, Ac,| =50 G, Ac,, =
63G.

[Co(TPP)] in solution, as well as the low spin S="'/, nature
of the complex. A simulated spectrum was obtained by con-
sidering the cobalt centre in 4 to have approximate axial
symmetry and was fitted by using anisotropic g, and g,
values of 1.98 and 2.21, respectively. The simulation re-
vealed that the phosphorus superhyperfine coupling con-
stants Ap; and Ap, of 176 and 144 G, respectively, are
larger than the cobalt (**Co, I=7/2) hyperfine coupling con-
stants A, and Ag,, of 50 and 63 G, respectively. The simu-
lated spectrum is also shown in Figure 8. The EPR signal in
solution at room temperature is a doublet due to superhy-
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perfine coupling to *'P, and A¢, cannot be resolved, which
further confirms that in these adducts considerable unpaired
electron density resides on the phosphine donor.

It has previously been shown®! in related complexes that,
by using third-order perturbation theory, the g values can be
used to determine the energy separation of the *A; ground
state and the °E, *A,, and “E excited states in phosphine ad-
ducts of cobalt porphyrins. In this complex the lowest
energy d orbitals should be the degenerate d,, and d,, orbi-
tals, followed by the d,, orbital and the singly occupied d..
orbital. The d,._,. orbital is highest in energy and is unoccu-
pied in the ground state. The ¢, ¢; and ¢s parameters are re-
lated to the g and g, values as shown in Equations (4) and
(5). Here ¢, =&/(E[2E]—E[2A']), where E[state] represents
the energy of a given state and § is the one-electron spin—
orbit coupling constant. The ’E excited configuration results
from promotion of an electron from doubly degenerate d,,
and d,, to the d,. orbital. Similarly, parameters c;=§/
(E[4E]—-E[2A"]) and c;=E&/(E[4A%]—E[2A']) correspond to
the ‘A, and “E configurations. With strong-field donors such
as phosphines, the *A, configuration, which results from pro-
motion of an electron from the d,, orbital to the d,._,. orbi-
tal, is similar in energy to the ‘E state, which results from
promotion of an electron from the doubly degenerate d,,
and d,, orbitals to the d,._,. orbital. This is because the d,,
and d,, orbitals are relatively close in energy to the d,, orbi-
tal, whereas the d._,. orbital is significantly higher in
energy. The approximation that c;~c;s is therefore reasona-
ble,”>*! and a simplified expression for g, is obtained
[Eq. (6)]. For complex 4 this analysis results in the values
¢;=0.039 MHz and c¢;=0.11 MHz, which is consistent with
previously reported data for related complexes.!

g =2.0023 +23-3¢; 4)
g, =2.0023 +6¢c,—6c2 + (2/3) 5+ (8/3) c2—(4/3) cs¢s  (5)
g ~2.0023+6¢,—6¢ +2¢2 (c3=cs) (6)

This analysis can be extended to the evaluation of the hy-
perfine and superhyperfine coupling constants.”!! The ex-
pressions for the hyperfine coupling constants Ac,; and
Ag, . are given in Equations (7) and (8) and can be used to
estimate values of P, the dipolar term for the hyperfine cou-
pling constant and K, the Fermi contact term. An expression
for P under the assumption c;=~cs is shown in Equation (9).
The P value for complex 4 was determined to be 683 MHz,
which is very close to the value of 689 MHz for the free
ion® and is indicative of primarily d.. spin density on the
Co" centre, as was anticipated. The value of K is
—187 MHz. This analysis predicts that the sign of Aq,, is
negative.”! Analysis of the superhyperfine coupling con-
stants to *'P allows evaluation of the contribution of the
phosphorus 3s and 3p orbitals to the unpaired spin density
on the phosphine donor.* This breakdown estimates that
12% of the unpaired spin density resides on the phosphine
donor, with 4.5% associated with the phosphorus 3s orbital
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and 4.9 % residing in the phosphorus 3p orbital.

Aco) = K+ P[4/T—(4/7)c;—(6/T)c, + (2/63) 5

—(64/63) c2 + (30/14) ¢ + (8/21) ¢s¢5] )
Acor = K+ P[-2/7+(2/7) s + (45/7) ¢,

+(12/63) ¢ + (40/63) c2—(57/14) 3—(34/21) csc5]
P~ (ACOH_ACOL)/[6/7_(6/7) c;3—(51/7) ¢ )

+(12/63) ¢ + (87/14) ]

A DFT calculation was performed on 4 using the solid-
state structural data obtained by X-ray crystallography. The
spin density predicted from this calculation is shown in
Figure 9. Consistent with the EPR spectrum of 4, this analy-

Figure 9. A depiction of the 0.0004 ¢ A* isosurface of the calculated spin
density for heterodinuclear yttrium cobalt complex 4 (left) and a simplifi-
cation of the antibonding interaction associated with the SOMO (right).

sis reveals that considerable unpaired electron density re-
sides on the phosphorus atom. Notably, this unpaired elec-
tron density extends back towards the Y centre, which
should allow for through-space exchange coupling in com-
plexes where Y is replaced by a paramagnetic lanthanide.
The extensive delocalisation of the unpaired electron densi-
ty onto the phosphorus atom and towards the yttrium centre
can be rationalised by considering the nature of the SOMO,
which can be approximated as an antibonding interaction
between the phosphine lone pair, which has contributions
from both the 3s and 3p orbitals of the phosphorus atom,
and the d,. orbital of the cobalt centre. A simplified depic-
tion of this interaction is also shown in Figure 9.

The X-band EPR spectrum of a powdered sample of 5 at
77 K is provided in the Supporting Information. The spec-
trum cannot be modelled to a reasonable fit by assuming no
interaction between the Co" and Gd™ centres for any com-
bination of the B,, and B,, crystal-field parameters. The
complete spin Hamiltonian for § would have to take into ac-
count the crystal-field splitting of the Stark substates and ex-
change coupling between the two metal centres. This is com-
plicated by the presence of only pseudo-axial symmetry in §,
as well as the significant exchange coupling interaction be-
tween the unpaired electrons associated with Co™ and Gd™.
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The exchange interaction is more easily estimated from the
magnetic susceptibility data.

Magnetic properties of 4 and 5: The value of y,,T for a tolu-
ene solution of complex 4 at 298 K was difficult to measure
by Evans’s method, due to the low solubility of 4 and the
significant diamagnetic contribution cancelling the majority
of the paramagnetic contribution to the susceptibility. The
uncorrected value was determined to be 0.36 cm*Kmol ™,
which is close to the value of 0.375 cm®Kmol ™' expected for
a species bearing a single unpaired electron in a nondegen-
erate orbital, but after subtraction of the diamagnetic contri-
bution a corrected value of y,,T of 0.59 cm’Kmol~! was ob-
tained. The molar magnetic susceptibility of 4 was measured
over the temperature range of 1.8-300 K in an applied mag-
netic field of 1T, and y,,T (corrected for a slight tempera-
ture-independent paramagnetism of 1.38x10~* cm®mol™)
was found to be independent of temperature, with a value
of 0.39 cm*Kmol ' at 1.8 K. The simplicity of the magnetism
of this species renders the observation of exchange coupling
in 5 facile, because in the absence of coupling negligible de-
pendence of y,, 7 on temperature is predicted.

At room temperature, the anticipated value of y,,7" for
complex 5 is 8.26 cm®Kmol . This corresponds to the value
for two uncoupled isolated ions Gd™ (§=7/2, y.T=
7.88 cm*Kmol ") and Co" (S=1/2, ,,T=0.375 cm® Kmol ™).
The value of y,,T for a solution of 5 in toluene at 298 K de-
termined by Evans’s method was 8.40 cm®Kmol ™', which is
approximately that anticipated in the absence of coupling.
The molar magnetic susceptibility of a powdered sample of
complex 5 was measured over the temperature range of 1.8-
300 K in an applied magnetic field of 0.01 T. The plot of y, T
versus temperature for § is shown in Figure 10. At room

9.5
X 85
g s-
57.5— .
T 79
= i
6.5
6‘5

0

100 200 300
Temperature (K)

Figure 10. Plots of y,,T versus T for 5 (<) and the simulated fit obtained

using geo =198, gco L =2.21, gca=1.994, Byy=-0.194 cm™! and Jy=J.=

—2.1cm™', shown as a solid line. The calculated X mT and T contribu-

tions obtained from the simulation are shown as dotted lines.

temperature, the experimental value of 7 is close to that
of 8.26 cm*Kmol™ predicted in the absence of significant
coupling. This value decreases at low temperatures and
reaches a value of 6.20 cm*Kmol ™' at 1.8 K, which suggests
weak antiferromagnetic coupling between the S=1/2 and
S§=7/2 centres that results in an S=3 ground state, which
should have a y,,T value of 6.0 cm®Kmol ™.
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These data can be modelled by using the isotropic spin
Hamiltonian given in Equation (10), where Sgy and S, are
the spin operators associated with Gd™ and Co", and J is
the magnetic exchange constant. The simplified Hamiltonian
results in an expression that can be used to fit the tempera-
ture dependence of y,, T by using the coupling constant J, as
shown in Equation (11), where N represents Avogadro’s
number, § the Bohr Magneton, and k Boltzmann’s constant.
A J value of —2.1 cm ™! was determined from this analysis,
and the modelled fit is provided in the Supporting Informa-
tion. This J value corresponds to an separation of the $=3
ground state and the S=4 state of 8.4 cm™..

I:Iex = _JSGd . S‘Co (10)
ANB*g [15+T7e ¥/
AT = k |: 9t 7 W/AT :l (11)
H, = ngﬁ[BzSzGd +(1/2)(B,S ga + B—S+Gd)]
+ﬁ[gHC0BzSzC0 + (1/2)gLCo(B+S—C0 + B—S+Co)] (12)

+Bzo(sicd—21/4)} _‘]HSzGd
‘SzCo_(l/z)]i [S+Gd S o+ S qa S+CO]

A more complete anisotropic Hamiltonian which accounts
for the anisotropy at the Co and Gd centres is given in
Equation (12), where the field in the z direction is repre-
sented by B, and the + and — subscripts represent raising
and lowering operators, respectively (B.=B,+iB,). The
magnetic susceptibility modelled with this Hamiltonian is
drawn as a solid line in Figure 10. The assumption that both
Jy and J, are equal to —2.1 cm™' provides a good fit; how-
ever, although the fit is strongly influenced by J;, small
changes in J, do not result in large changes in the predicted
temperature dependence of x,T. The gco & 1 cor §aa and By
values used were those obtained from the analysis of the
EPR spectra of complexes 3 and 4, though the fit is also not
particularly sensitive to small changes in B,,. The calculated
% mT and y T contributions obtained from the simulation
are shown as dotted lines. This analysis predicts that the
lower energy S=3 state and higher energy S=4 state pre-
dicted from the isotropic model are both split by zero-field
splitting, into +3, £2, +£1, 0 and +4, +£3, £2, +1, 0 sub-
states. The zero-field splitting of the S=4 state is approxi-
mately (3/4) By, and that of the §=3 state is about (5/4) B,
in accordance with theoretically predicted values.® These
energy levels and their field dependences are included in
the Supporting Information.

The antiferromagnetic nature of the exchange coupling
between Co and Gd is opposite to that most typically ob-
served,'*' and provides support for the suggestion that the
exchange mechanism involves direct overlap of the magnetic
orbitals which contain the unpaired electrons associated
with the Co" and Gd™ centres, primarily due the extensive
delocalisation of the magnetic orbitals associated with Co"
over the phosphorus donor. The magnitude of J found here
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is comparable to values determined for other d-f heterobi-
metallics,'” which demonstrates that through-space ex-
change coupling between transition metal and lanthanides
mediated by this tripodal ligand is equally as effective as the
superexchange mechanism which commonly operates in d—f
complexes in which bridging donor atoms are shared by the
transition metal and lanthanide. This result suggests that
paramagnetic tripodal complexes of the transition metals or
lanthanides with analogous supporting ligands should be ef-
fective as magnetic building blocks.

Conclusion

Even though calculations suggest that the Gd™ complex
[Gd{P(CH,NC¢H,-2-CO,Me);}] has negligible spin density
on the phosphorus atom, with the appropriate choice of
transition metal complex it proved possible to observe mag-
netic exchange coupling in the heterobimetallic complex
[(TPP)Co{P(CH,NC¢H,-2-CO,Me};Gd]. This coupling is
mediated by delocalisation of the spin density of the cobalt
centre onto the phosphine donor, which allows direct over-
lap of the magnetic orbital associated with Co™ with the f
electrons on the Gd™ centre. Contrary to what is typically
observed in d-f complexes, where ligand superexchange
pathways usually operate, this through-space interaction re-
sults in antiferromagnetic coupling. The magnitude of this
exchange coupling is equal to those of other d—f complexes,
which bodes well for potential use of the mononuclear lan-
thanide complexes of this ligand as building blocks for
larger polymetallic complexes in which through-space inter-
actions yield magnetically ordered systems or single-mole-
cule magnet behaviour.

Experimental Section

General procedures: Unless otherwise stated, all experiments were per-
formed under an inert atmosphere of nitrogen using either Schlenk tech-
niques or an MBraun glove box. Dry oxygen-free solvents were used
throughout. Anhydrous pentane and toluene were purchased from Al-
drich, sparged with nitrogen and passed through activated alumina under
a positive pressure of nitrogen gas; toluene and hexanes were further de-
oxygenated on Ridox catalyst columns.®® Deuterated benzene was dried
by heating at reflux over potassium in a sealed vessel under partial pres-
sure, then trap-to-trap distilled and freeze—pump-thaw degassed three
times. 'H, “C{'H} and *'P{'H} NMR spectra were recorded on a Bruker
AMX (300 MHz) or Bruker AMX (500 MHz) spectrometer. '"H NMR
spectra were referenced to residual protons (C,DsH, d=7.15) with re-
spect to tetramethylsilane at 0=0.0. *C{'H} spectra were referenced to
solvent resonances (C;Ds, 6 =128.0). *'P{'"H} NMR spectra referenced to
external 85% H;PO, at 6=0.0. EPR spectra of all solid samples were
collected on an X-band Bruker ESR 300E spectrometer. The program
Simpip” was used to model the Co! spectra of complex 4. The program
Spin®®! was used to simulate the Gd** spectrum of 3 using only the By,
crystal field parameter, and the program Sim®! was used to generate
spectra with the B, By By, By, Bg and By, crystal-field parameters.
Unless otherwise noted, magnetizations were measured at 100 G with a
Quantum Design Evercool MPMS-XL system. Corrections for the dia-
magnetic contributions of compounds were made by using Pascal’s con-
stants. Samples were run in a PVC holder specially designed to have a
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constant cross-sectional area. Elemental analyses were performed by the
Centre for Catalysis and Materials Research (CCMR) at the University
of Windsor. The compounds tris(hydroxymethyl)phosphine, methyl an-
thranilate, [5,10,15,20-tetrakis(4-methoxyphenyl)-21 H,23 H-porphine]co-
balt(IT) and anhydrous yttrium trichloride were purchased from Aldrich.
Anhydrous GdCl; was purchased from Strem. All the reagents were used
without further purification. The compounds Y[N(SiMe;),]; and Gd[N-
(SiMe,),]; were synthesised by literature methods.*’!

Synthesis of P(CH,NHC¢H,-2-CO,Me); (1): A mixture of P(CH,OH),
(5g, 0.040 mol), methyl anthranilate (30.45g, 0.20 mol) and toluene
(70 mL) were mixed in a 250-mL three-neck flask equipped with Dean—
Stark trap and a condenser. The solution was heated to reflux for 1 h and
the water produced was removed azeotropically. After cooling to room
temperature the solvent was evaporated to dryness under vacuum, and
the creamy white residue was rinsed with diethyl ether 2-3 times to
remove excess methyl anthranilate. The product was then collected by fil-
tration and dried under vacuum. Yield: 20 g, 95 %. X-ray quality crystals
were obtained by slow evaporation of a solution in benzene and hexame-
thyldisiloxane. "H NMR (C¢D,, 300 MHz, 298 K): 6=3.36 (d, Jpy=
5.1 Hz, 6H, PCH,), 3.46 (s, 9H, CH;), 6.49 (dd, 3H, ArH), 6.71(d, 3H,
ArH), 7.15 (ddd, 3H, ArH), 7.96 (dd, 3H, ArH), 8.29 ppm (br, 3H, NH);
BC{'H} NMR (C¢Ds, 75.5 MHz, 298 K): 6 =38.1 (d, Jpc=15.4 Hz, PCH,),
51.1 (s, CH;), 1109, 112.1, 115.3, 131.9 and 134.8 (s, Ar-C), 151.6 (d, /=
2.7 Hz ipso-C), 169.1 ppm (s, CO,); *P{'*H} NMR (C¢D,, 121.5 MHz,
298K): 0=-33.6ppm (s); elemental analysis caled (%) for
Cy;H3N;04P: C 61.94, H 5.78, N 8.03; found: C 61.90, H 5.68, N 8.13.
Synthesis of [Y{P(CH,NC¢H,2-CO,Me);}] (2): A mixture of
P(CH,NHC(H,CO,Me); (1.00g, 191 mmol) and [Y{N(SiMe;),};]
(1.633 g, 2.86 mmol) was stirred in toluene (70 mL) for 5 h. The resultant
yellow crystalline precipitate was isolated by filtration, rinsed with 50 mL
pentane and dried for 4h (77%, 1.45g). '"HNMR (C¢D,, 300 MHz,
298 K): 6=3.25 (s, 9H, CH;), 3.92 (d, Y/py=7.1 Hz, 6 H, PCH,), 6.46 (dd,
*Jun=38.1, 6.6 Hz, 3H, CH, 5-H), 6.78 (d, *Jy;;=8.8 Hz, 3H, CH, 3-H),
7.27 (ddd, *Jy;=8.8, 6.6 Hz, “Jyy=1.8 Hz, 3H, C(H, 4-H), 8.1070 ppm
(dd, Jyu=8.1, Yuu=18Hz, 3H, CH, 6-H); “C{'H} NMR (C(D,,
75.5 MHz, 298 K): 6=38.1 (d, Jpc=15.4 Hz, PCH,), 51.5 (s, CH;), 172.1
(s, CO,), 108.7, 112.1, 114.4, 132.9 and 136.6 (s, Ar-C), 153.6 ppm (ipso-
C); *P{'H} NMR (C,D, 121.5MHz, 298K): 6=-57.0ppm (d, Jpy=
15.1 Hz); elemental analysis caled (%) for C,H;N;O4PY: C 53.21, H
4.47, N 6.90; found: C 53.10, H 4.45, N 6.96.

Synthesis of [Gd{P(CH,NCH,-2-CO,Me);}] (3): A mixture of
P(CH,NHC(H,CO,Me); (500 mg, 0.938 mmol) and [Gd{N(SiMe;),};]
(600 mg, 0.938 mmol) was stirred in toluene (20 mL) for 30 min. The so-
lution was filtered and remaining yellow crystalline solid was rinsed with
pentane (50 mL) and dried for 4 h (67 %, 425 mg). Elemental analysis
caled (%) for C,;HyN;04PGd: C 47.04, H 3.95, N 6.09; found: C 47.28,
H 4.02, N 6.24.

Synthesis of [(TPP)Co{P(CH,NC:H,-2-CO,Me);}Y] (4): A mixture of
[Y{P(CH,NCH,-2-CO,Me),}] (450 mg, 0.738 mmol) and [5,10,15,20-tet-
rakis(4-methoxyphenyl)porphinato]cobalt(II) (584.67 mg, 0.737 mmol)
was stirred in toluene (25 mL) for 30 min. The solution was filtered and
the resultant reddish-purple crystalline solid was washed with pentane
(50 mL) and dried for 4 h (65.2%, 675 mg). X-ray quality crystals were
obtained by performing the reaction without stirring, and the structure
contained 2 equivalents of co-crystallised toluene. The complex is spar-
ingly soluble in toluene and benzene. '"H NMR (C,Ds, 300 MHz, 298 K):
0=3.2 (br, 9H, CO,CHy;), 4.4 (br, 18H total, OCH; and PCH,), 5.8 (br,
3H, C¢H,), 6.9 (br, 3H, CH,), 7.3 (br, 3H, CiH,), 8.2 (br, 3H, CH,), 8.8
(br, 8H, TPP m-H), 11.5 (vbr, 8H, TPP 0-H), 15.1 ppm (v br, 8H, pyrrole
H); elemental analysis calcd (%) for C;sHgN,O,(PYCo: C 64.29, H 4.53,
N 7.00; found: C 64.23, H 4.82, N 6.81.

Synthesis of [(TPP)Co{P(CH,NC:H,-2-CO,Me);}Gd] (5): A mixture of
[Gd{P(CH,NC¢H,-2-CO,Me);}] (500 mg, 0.737 mmol) and [5,10,15,20-tet-
rakis(4-methoxyphenyl)porphinato]cobalt(I1), ~ [Co"(TPP)] (584 mg,
0.737 mmol) was stirred in toluene (25 mL) for 30 min. The solution was
filtered and the resultant reddish purple crystalline solid was washed with
pentane (50 mL) and dried for 3-4 h (47.5%, 515 mg); elemental analysis
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Table 1. X-ray crystallographic data for 1-5.

FULL PAPER

1 2 3 4 5
empirical formula C50H33N;04P C,,H,;N;OPY C,,H,;N;0,PGd CygH74N;0,,PCoGd CgH,N;0,,PCoY
formula weight 562.56 609.40 708.7 1653.74 1585.46
crystal system triclinic trigonal trigonal triclinic triclinic
a[A] 10.8108(17) 14.6660(3) 14.6765(11) 14.442(2) 14.4404(19)
b[A] 11.3382(18) 14.6660(3) 14.6660(11) 15.495(2) 15.509(2)
c[A] 12.513(2) 20.9460(9) 21.2161(3) 18.737(3) 18.736(2)
al?] 104.725(2) 90 90 90.648(2) 90.2840(10)
A1 104.725(2) 90 90 112.571(2) 112.6130(10)
v [°] 90.718(2) 120 120 89.894(2) 90.1050(10)
VA7 1429.3(4) 3905.06(20) 3957.7(7) 3871.5(10) 3873.5(10)
space group P1 R3c R3c Pl P1
V4 2 6 6 2 2
Oeatea [gem ] 131 1.56 1.70 1.36 1.42
u(Moy,) [mm™'] 0.144 2.349 2.684 1.150 1.046
T [K] 173 173 173 173 173
260 [°] 50.0 50.0 50.0 55.0 525
min./max. transmission 0.9473/0.9420 0.791/0.584 not fully solved!® 0.708/0.811 0.818/0.977
total reflns 16454 13993 13580 43148 44292
unique reflns (residue) 6348 (R, =0.0439) 1530 (R;, =0.0867) 1999 (R;,=0.0821) 17077 (R, =0.0323) 7230 (R, =0.0258)
parameters 356 39 not fully solved"! 991 991

R1; wR2 (all data) 0.0624; 0.1800 0.1372; 0.41671

not fully solved!® 0.0397; 0.1115 0.0391; 0.1041

[a] Twinning complicated solutions of structures for 2 and 3.

caled (%) for C;sHgN,0,,PGdCo: C 61.30, H 4.32, N 6.67; found: C
61.47, H4.12, N 6.54.

X-ray crystallography: Each crystal was covered with Paratone, mounted
on a glass fibre and rapidly placed into the cold N, stream of the Kryo-
Flex low-temperature device. The data were collected using SMART!!!
software on a Bruker APEX CCD diffractometer with graphite-mono-
chromated Moy, radiation (A=0.71073 A). Details of crystal data, data
collection and structure refinement are listed in Table 1. Data reduction
was performed using SAINTH? software, and the data were corrected for
absorption using SADABS.*)! The structures were solved by direct meth-
ods using STR97"Y and refined by full-matrix least-squares on F* using
SHELXL-97%! and the WinGX!"" software package, and the thermal el-
lipsoid plots were produced using ORTEP32.*"! In general, thermal pa-
rameters for non-hydrogen atoms were treated anisotropically, and all hy-
drogen atoms were placed in idealised locations. The co-crystallised ben-
zene solvent in 1 was modelled as an idealised hexagon, with equal iso-
tropic thermal parameters on the six carbon atoms, and the hydrogen
atoms associated with this disordered moiety were omitted. The hydro-
gen atoms associated with the three amino groups that were involved in
hydrogen bonding in 1 were located in an electron-density difference
map and their positions and isotropic thermal parameters were refined.
Multiple data sets were acquired for complexes 2 and 3, but all suffered
from twinning. All atoms in the solution for 2 were treated isotropically
and the arene ring was modelled as a perfect hexagon with each carbon
bearing identical thermal parameters. Only the P and Gd centres were
readily located in the attempted solution of the structure of 3.

CCDC-638601 (1), CCDC-638602 (2), CCDC-638603 (4) and CCDC-
638604 (5) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Calculations: Ab initio DFT calculations were performed by using the
hybrid-functional B3LYP or UB3LYP!! method with the Gaussian03
package.*! The basis functions used were the DGDZVP set for complex
2, and CEP-31G for complex 3. Both were optimised with C; symmetry.
For the model complex of 4 the CEP-121G* basis set was used on all
atoms except for Y and Co, for which the CEP-121G basis set was used.
All these basis sets are provided in the Gaussian (03 program suite.
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Ambiphilic Diphosphine-Borane Ligands: Metal —Borane Interactions
within Isoelectronic Complexes of Rhodium, Platinum and Palladium

Sébastien Bontemps,”! Marie Sircoglou, Ghenwa Bouhadir,”! Horst Puschmann,™
Judith A. K. Howard,™ Philip W. Dyer,**! Karinne Miqueu,*'*! and Didier Bourissou*!*!

Abstract: Coordination of an ambiphil-
ic diphosphine-borane (DPB) ligand to
the RhCI(CO) fragment affords two
isomeric complexes. According to X-
ray diffraction analysis, each complex
adopts a square-pyramidal geometry
with trans coordination of the two
phosphine buttresses and axial RhB
contacts, but the two differ in the rela-
tive orientations around the rhodium
and boron centres. DFT calculations on
the actual complexes provide insight
into the influence of the m-accepting

CO co-ligand, compared with previous-
ly reported complexes [Rh(p-Cl)-
(dpb)], and [RhCl(dmap)(dpb)]. In ad-
dition, comparison of the #(CO) fre-
quency of [RhCI(CO)(dpb)] with that
of the related borane-free complex

[RhCI(CO)(iPr,PPh),] substantiates
Keywords: ambiphilic ligands -
boranes density  functional

calculations - transition metals -
X-ray diffraction

the significant electron-withdrawing
effect that the o-accepting borane
moiety exerts on the metal. Valence
isoelectronic [PtCly(dpb)] and [PdCl,-
(dpb)] complexes have also been pre-
pared and characterized spectroscopi-
cally and structurally. The pronounced
influence of the transition metal on the
magnitude of the M—B interaction is
highlighted by geometric considera-
tions and NBO analyses.

Introduction

The ability of Group 13 Lewis acids ER; (E=Al, B, etc.) to
act as o-acceptor ligands for transition metals (TM)™ was
recognized as early as 1979 by Burlitch and Hughes who re-
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ported structural evidence for a Fe— Al interaction in com-
plex AP (Figure 1). Examples of such unusual M—ER; in-
teractions remain, however, extremely rare. Only one other
alane complex B,P! featuring two bridging hydrides, has
been authenticated to date, while the structural characteriza-
tion!** of the first borane complex C (with ML, =[Ru(CO)-
(PPh,)]'®! dates from only 1999. However, following the pio-
neering work of Hill et al., the activation of B—H bonds of
poly(azolyl)borate ligands has been used as a general path-
way to prepare a variety of metallaboratranes C (with M=
Fe, Ru, Os, Co, Rh, Ir, Pd, Pt).m The related complex D fea-
turing only two methimazolyl buttresses was also found to
exhibit an Ir—B interaction.”™ Notably, the contribution of

\
. I
Et:N oc//Fe APhs g™ S P,
ocC
A B
=N =\

/ /2 |
/N\{N'\B,/N lil /AN\(N:B/H
/NG TN N ;

,& ~ ! _ -8 S —~H
N S/M N S,/Ir\

/ Ln / | CO
c p PPhs

Figure 1. Structurally authenticated complexes A-D featuring M—AIR,
and M —BR; interactions.
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M—B interactions®®" has also been pointed out in the
bonding description of tantalocene-borataalkene mn*-com-
plexes'® and of boryl-bridged complexes.''*¥ In this con-
text, we have recently initiated a research programme
aimed at exploring the use of so-called ambiphilic ligands
combining donor and acceptor coordination sites.">*! Here,
the rhodium complexes 2 and 3,'** deriving from the di-
phosphine-borane (DPB) 1, provided the first evidence for
M—B interactions in the absence of a o-donor in the posi-
tion trans to the Lewis acid. Moreover, the gold complexes
5,02 deriving from related monophosphine-boranes 4, ex-
emplify the possibility for M —B interactions to occur in 14e
complexes, even when supported by only a single donor but-
tress (Scheme 1). In addition, the Lewis acidic component of

— e Ph B Ph
/ 4
\<\_/2ﬁ;BPh [RhCI(nba)l, ,Prng ! o, ouap PR/ 1 ol
— Rh <2~ " [Rh
PP ProP” / iPryP DMAP

1 2 3
(DPB)

@BR& (Me,S)AuCI QfB\R'Z

N o
PryP BR', = BCy,, BFlu  iPP—Au—Cl
4 5

Scheme 1. Rhodium complexes 2 and 3 deriving from the diphosphine—
borane (DPB) ligand 1 and gold complexes 5 deriving from the related
monophosphine ligands 4.

ambiphilic ligands has been shown to eventually interact
with other basic centres located within the coordination
sphere (such as a chloride ligand'?*41**! or the oxygen atom
of a coordinated dibenzylideneacetone!™), a situation that
opens interesting perspectives in organometallic cataly-
sis.'%!1 The coordination of preformed ambiphilic ligands
affords access to a broad variety of TM complexes featuring
coordinated Lewis acids, thereby offering a unique opportu-
nity to gain a better understanding of such unusual M—ER;
interactions. In this context, we report here the synthesis
and complete characterization of the [RhCI(CO)(dpb)] com-
plex,'® providing spectroscopic and structural evidence for
i) trans coordination of the DPB ligand, ii) the existence of
two isomeric structures differing only in their relative orien-
tations around the rhodium and boron centres, iii) the no-
ticeable influence of the CO co-ligand on the Rh—B inter-
action, and iv) the quantification of the electron-withdraw-
ing effect of the o-accepting borane moiety through analysis
of the #(CO) frequency. The related [PtCl,(dpb)] and
[PACL,(dpb)] complexes have also been investigated, both
experimentally and computationally, the results highlighting
the strong influence of the metal (Rh/Pt/Pd) on the magni-
tude of M—B interactions, even within this isoelectronic
series.
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Results and Discussion

Synthesis and structural characterization of [RhCI(CO)-
(dpb)] complex 6: Since Tolman’s pioneering contribu-
tion,"”! TR analysis of carbonyl complexes has become one
of the most widely used methods of probing the electronic
properties of o-donor ligands. For example, this approach
was used to demonstrate that N-heterocyclic carbenes are
significantly stronger donor ligands than phosphines,? and
was even highlighting the subtle skeleton and substituent ef-
fects among various carbene ligands.”!! Thus, in order to es-
timate the electron-withdrawing effect of the borane moiety
of the DPB ligand, we envisaged the preparation of a rhodi-
um carbonyl complex related to 2 and 3 such that its carbon-
yl stretching frequency could be compared with that of the
corresponding complex [RhCI(CO)(iPr,PPh),] that has no
o-accepting co-ligand. The desired complex [RhCI(CO)-
(dpb)] 6 was obtained by reaction of 1 with half an equiva-
lent of the rhodium(I) precursor [Rh(u-Cl)(CO),], in di-
chloromethane at room temperature (Scheme 2). Surprising-

_Ph
.

[R(u-C(CO)L> o p Rl }CO
(0.5 eq) _“RhZ

T I PiPr,
72% 6a (80%)
* _Ph

—B
[Rh(u-Cl)(dpb)], "P'ZP\Flh>\°'
2 66% oc™ PP,

6b (20%)

1 (DPB)

Scheme 2. Synthesis of the complex [RhCI(CO)(dpb)] 6.

ly, the *'P NMR spectrum of the crude reaction mixture dis-
plays two doublets at 0 46.8 and 50.3 ppm with identical
Rh-P coupling constants ['/(Rh,P)=102 Hz], but of mark-
edly different relative intensity (ca. 8:2). These data suggest
that [RhCI(CO)(dpb)] 6 exists in two similar forms and that
the DPB ligand is symmetrically coordinated to the rhodium
centre (with a trans arrangement of the two phosphorus
atoms). Variable temperature *'P NMR studies demonstrate
that the 8:2 ratio between both forms of the complex re-
mains unchanged upon heating to 70°C, suggesting that in-
terconversion does not occur readily. Attempted separations
of the two components prepared as above by fractional re-
crystallization were unsuccessful. Consequently, attempts
were made to prepare a single form of [RhCI(CO)(dpb)] 6
by cleavage of the chloride bridge of 2 with carbon monox-
ide, but once again this led to an identical 8:2 mixture of
both complexes. To gain more insight into the structure of
complex 6, an X-ray diffraction analysis was carried out on
the yellow crystals obtained at room temperature from a di-
chloromethane/diethyl ether solution of the mixture
(Figure 2, Table 1). This revealed that the rhodium centre is
located in a square-pyramidal environment with the boron
atom occupying the pseudo-axial position (PRhB bond
angles of 87 and 84°). The geometry of 6 is entirely consis-
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Figure 2. Molecular structure of the complexes [RhCI(CO)(dpb)] 6a/6b
with hydrogen atoms omitted.

Table 1. Geometric data (bond lengths and angles in A and °, respectively) determined experimentally for
complexes 2, 3 and 6a/6b and computed at the B3APW91/SDD(Rh),6-31G**(other atoms) level of theory for

actual complexes 3* and 6a—c*.

FULL PAPER

glance, this situation may simply reflect the influence of the
m-accepting CO co-ligand that decreases the electron densi-
ty at rhodium. However, a more reliable comparison be-
tween complexes 6a/6b and 2, 3 requires the precise influ-
ence of the geometric constraints associated with trans vs cis
coordination of the DPB ligand to be determined.

DFT calculations on [RhCI(CO)(dpb)] complex 6: To gain
more insight into the isomeric structures of [RhCI(CO)-
(dpb)] and the geometric/electronic influence of the CO co-
ligand, DFT calculations were performed on the actual mon-
onuclear complexes 3 and 6. Here, the B3PW91/
SDD(Rh),6-31G**(other atoms) level of theory was found
to reproduce particularly well the key features of the [RhCl-
(dmap)(dpb)] complex 3, with a maximum deviation of only
0.05 A for the Rh-P distances,
and virtually no deviations for
the Rh-B distance and boron
pyramidalization relative to

2 3 3 62a/6b 6a* 6b* 6c* that determined by X-ray crys-
Rh-B 2.306(3) 2.295(5) 2292 2.374(3) 2397 2357 2366 tallography (Table 1). For the
Rh-P 2.251(2) 2.286(2) 2337 2332(1) 2350 2357 2450 related complex [RhCI(CO)-
2271(2) 2.256(2) 2278 2.327(1) 2.349 2362 2270 (dpb)] 6, three minima were lo-
PRhP 98.5(1) 97.6(1) 1017 168.9(1) 167.5 169.0 1041 cated on the potential energy
PRhB 81.2(1) 80.12) 81.4 87.02) 84.0 80.1 83 (irface (Figure3). In agree.
80.4(1) 83.6(2) 84.1 84.0 (1) 86.6 83.6 83.1 _\higure 5). g
PCC 112.2(2) 112.5(3) 113.7 116.7(2) 116.7 116.3 1141 ment with experimental obser-
112.8(2) 114.1(3) 113.0 1162(2) 1163 117.4 1155 vations, the most stable form is
CCB 121.8(3) 119.3(4) 1234 122.5(2) 1277 1216 1258 the trans isomer 6a* featuring a
120.8(3) 122.3(4) 1226 127.7(2) 124.1 1212 1245 o\ arrangement of the CO co-
¥B, 338.8(9) 338.8(9) 339.2 342.6(2) 343.6 343.8 343.8

tent with the spectroscopic data, and is in marked contrast
with that observed in complexes 2 and 3, where a cis-coordi-
nation of DPB is observed.” The two phosphine moieties
span trans sites in 6 with a quasi-linear PRhP arrangement
(bite angle 169°). Clearly, despite the apparent rigidity of
the diphenylborane spacer, DPB can readily adopt both cis
(2 and 3) and trans (6) coordination modes.”** Notably, the
CO and Cl ligands around rhodium are disordered, with the
CO group principally occupying the position syn to the
phenyl ring at boron (compound 6a).”! This disorder results
in a ca. 85:15 ratio of diastereomeric compounds 6a and 6b
(featuring a syn arrangement of the chlorine atom and
phenyl ring at boron), a situation that nicely parallels that
observed in solution by P NMR spectroscopy. The Rh-B
distance in 6a/6b (2.374 A) and the pyramidalization of the
boron environment (sum of CBC bond angles ¥B,=342.6°)
are clearly indicative of a Rh—B interaction, which is appa-
rently strong enough to prevent inversion of configuration
at boron, and therefore interconversion between 6a and 6b.
Comparison of these geometric features with those of relat-
ed complexes 2 and 3 (Table 1) suggests a slightly weaker
Rh—B interaction in [RhCI(CO)(dpb)], a trend that is also
apparent in solution from the displacement to higher fre-
quency of the "B NMR signal (0=26.7 ppm for 6a/6b vs
20.0 and 194 ppm for 2 and 3, respectively). At a first
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ligand and phenyl group at

Figure 3. Optimized structures of the three isomeric structures 6a—c* of
the actual complex [RhCI(CO)(dpb)], with hydrogen atoms omitted.

boron. The other trans isomer 6b* and the cis isomer 6c*
are located 2.5 and 11.8 kcalmol ™' higher in energy, respec-
tively. The geometric data computed for 6a* and 6b* are
very similar (with a maximum deviation of only 0.04 A for
the Rh-B distance), and agree well with those determined
experimentally for 6a/6b. For the related cis isomer, the two
Rh-P distances differ significantly (by about 0.2 A), as ex-
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pected due to the different trans influences of CO and CI,
but the Rh-B distance (2.366 A) and boron pyramidaliza-
tion (YB,=343.8°) remain practically unchanged.? These
results indicate that the cis/trans coordination of the DPB
ligand induces only weak geometric constraints and corrobo-
rate the notion that the slight elongation of the Rh-B dis-
tance on going from 3 to 6 is a result of the presence of the
m-accepting carbonyl co-ligand. In addition to these geomet-
ric considerations, the magnitude of the Rh-B interaction in
the complex [RhCI(CO)(dpb)] 6 was assessed via second-
order perturbative natural bond orbital (NBO) analyses. For
each of the structures 6a*, 6b* and 6¢*, a donor-acceptor
interaction was found between the rhodium and boron cen-
tres (Figure 4). The corresponding natural localized molecu-

a) < b)

Figure 4. Molekel plots (cutoff: 0.05) for the a) donor NBO, b) acceptor
NBO and c) corresponding NLMO associated with the Rh—B interac-
tion in the complex [RhCI(CO)(dpb)] 6a*.

lar orbitals (NLMO) are very similar with a major contribu-
tion from the rhodium d. orbital (83-84 %) and “delocaliza-
tion tails” (11-13 %) from a slightly hybridized vacant orbi-
tal at boron (11.5-12.2% s character) (Table 2). The NBO
delocalization energies AE associated with the Rh—B inter-
action are about 46 kcalmol ' for both trans isomers 6a*
and 6b*, and 68 kcalmol™' for the related cis complex 6c*
(a difference mainly attributable to the AE; term, which cor-
responds to the energy separation between the donor and
acceptor orbitals). All these calculated AE values are signifi-

Table 2. NBO analysis of the M—B interaction for actual complexes 3*, 6a—c*, 7* and 8* at the B3PW91/

SDD(M),6-31G**(other atoms) level of theory.

cantly lower than those determined for the related [RhCl-
(dmap)(dpb)] complex 3* (86 kcalmol ™, at the same level
of theory), confirming that the m-accepting CO co-ligand
weakens the Rh—B interaction.

Spectroscopic studies of complexes [RhCI(CO)(dpb)] 6:
The electron-withdrawing effect of the borane moiety in
complex 6 has also been assessed through measurement of
its carbonyl stretching frequency (IR). The mixture 6a/6b
exhibits a single #(CO) band at 2001.8cm™' in chloro-
form.” In comparison, the #CO) band appears at
1966.7 cm™' for the related complex trans-[RhCI(CO)-
(iP1,PPh),] that has no o-accepting co-ligand. The shift of
35cm™! to higher carbonyl stretching frequency demon-
strates that the Rh—B interaction withdraws a significant
amount of electron density from rhodium. This observation
is consistent with the o-accepting borane moiety of DPB
somewhat compensating for the presence of the two o-do-
nating dialkylphosphine moieties, such that the combined
electronic characteristics of the DPB ligand resemble, to
some extent, those of m-accepting diphosphonites or diphos-
phites.’ These results provide the first reliable estimation
of the electron-withdrawing effect of borane coordina-
tion, 3!

Synthesis and characterization of [PtCl,(dpb)] 7 and [PdCl,-
(dpb)] 8: As observed with the rhodium complexes 2, 3 and
6, coordination of the DPB ligand involves a Rh—B interac-
tion, whose magnitude is somewhat affected by the nature
of the co-ligands. To further demonstrate the propensity of
DPB to act as an ambiphilic tridentate PBP ligand, related
platinum and palladium complexes were then investigated.
The PtCl, and PdCl, fragments were chosen in order to
evaluate the influence of the metal within a valence isoelec-
tronic d® ML, series. The DPB ligand 1 was thus treated
with one equivalent of the platinum(II) and palladium(II)
precursors [MCly(cod)] (cod=1,5-cyclooctadiene) in di-
chloromethane at low temperature (Scheme 3). Subsequent-
ly, the target complexes [MCl,(dpb)] (M=Pt, 7; M=Pd, 8)
were isolated as white and yellow powders, respectively. The
low isolated yield of the palladium complex (26 %) results
from the formation of a substantial amount of an, as yet, un-
identified complex exhibiting two doublets at 6 34 and
—43 ppm with a J(P,P) coupling
constant of 286Hz in its
'P NMR spectrum. Both com-

plexes 7 and 8 have been fully

AEW  %MM %BP oce. M oce. BY  AEM  El ¢(B)Y  Bond order® . -

- characterized by multinuclear
3+ 856 804 16.8 1.652 0524 0.17 011 055 0.44 NMR th thei
6a* 464 846 10.8 1.726 0.444 0.20 009 062 033 . spectroscopy, with their
6b* 468 834 113 1.704 0.469 021 009 059 032 H NMR spectra confirming the
6e* 677 846 13 1.729 0.463 0.18 010  0.60 034 displacement of the labile cy-
7+ 496 875 103 1.785 0.430 026 011 062 028 clooctadiene ligand by 1. In
8+ 136 931 55 1.879 0.346 027 005 072 0.18

their *'P NMR spectra, the two

[a] NBO stabilizing energy associated with the M—B interaction, in kcalmol ™. [b] Percentage of the donor
and acceptor NBO in the corresponding NLMO. [c] Occupancy of the donor and acceptor NBO orbitals.
[d] Energy difference between the donor and acceptor NBO orbitals, in a. u. [e] Off-diagonal NBO Fock
matrix element. [f] NPA atomic charge of boron. [g] Atom-atom net linear bond order based on the NLMO/

NPA.
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phosphorus atoms of coordinat-
ed DPB were found to be mag-
netically inequivalent (7: o=
39.7/388 ppm and 8: 61.1/
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7 M: Pt (57%)
8 M: Pd (26%)

Scheme 3. Synthesis of the complexes [PtCl,(dpb)] 7 and [PdCl,(dpb)] 8.

56.0 ppm). A similar situation was observed in the related
rhodium complex 2,1% and is something most likely attrib-
utable to different conformations of the two phenyl linkers
of the coordinated DPB ligand. The low %/(PP) coupling
constants observed for 7 and 8 (9.0 and 6.5 Hz, respectively)
are diagnostic of cis coordination.! This cis coordination in
complex 7 is further supported by the observed 'J(Pt,P) cou-
pling constants (3323 and 3081 Hz) that are very similar to
those reported for the cis-[PtCl,(Ar,PCH,PAr,)] complex
[Ar=0-iPrPh, J(Pt,P)=3045 and 3337 Hz].’? In addition,
the Pt NMR spectrum of 7 showed a resonance at =
—3957 ppm, in the same region as that reported by Hill for
a metallaboratrane featuring a Pt—B interaction (0=
—3899 ppm)."™ In solution, the Pt and Pd complexes exhibit
broad resonances in their "B NMR spectra at 6 43 and
47 ppm, respectively. Although these values appear compa-
rable with that of the free ligand DPB (43 ppm), this is
somewhat misleading since DPB exists in solution as a mix-
ture of “closed” and “open” forms (i.e., with or without in-
tramolecular P—B interaction).!'*! More significantly, the
"B NMR chemical shifts of 7 and 8 fall half-way between
those observed for the frozen “open” form of DPB (solid-
state, 71 ppm) and the rhodium complexes (2: 20.0 ppm, 3:
19.4 ppm, 6a/6b: 26.7 ppm). Together these observations are
consistent with weak metal —boron interactions for both the
platinum and palladium complexes 7 and 8. To gain greater
insight into the precise structures of 7 and 8, single crystals
suitable for X-ray diffraction analyses were grown from a
saturated THF solution of 7 at —40°C and by slow diffusion
of pentane into a dichloromethane solution of 8. Molecular
views are shown in Figure 5, with selected bond lengths and
angles given in Table 3. The overall geometry of the two
complexes is similar and analogous to that of the cis-rhodi-
um complexes 2 and 3. The Pt and Pd atoms adopt slightly
distorted square-pyramidal geometries, with the phosphorus
and chlorine atoms forming the coordination plane (XPt,=
360.3°, ¥Pd,=360.1°) and the boron atom occupying the
pseudo-axial position. As suggested by the spectroscopic
data, the two phosphorus atoms of the DPB ligand adopt a
cis arrangement with bite angles (PPtP=99.4° and PPdP =
99.6°) very similar to those of the related rhodium com-
plexes (PRhP=98.5° in 2 and 97.6° in 3). In both complexes
7 and 8, the DPB ligand is folded so that the boron is in-
cluded in the first coordination sphere of the metal, the
boron-metal axis being almost perpendicular to the square
coordination plane (PPtB=80.7/82.4° and PPdB=77.8/
80.1°). The presence of an M-B interaction in complex 7 is
supported by the short Pt-B distance (2.429A compared
with 3.72 A for the sum of van der Waals radii) and the no-
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Figure 5. Molecular structures of complexes [PtCl,(dpb)] 7 (top) and
[PdCl,(dpb)] 8 (bottom) with hydrogen atoms and solvate molecules
omitted.

Table 3. Geometric data (bond lengths and angles in A and °, respective-
ly) determined experimentally for complexes 7 and 8 and computed at
the B3PW91/SDD(M),6-31G**(other atoms) level of theory for actual
complexes 7% and 8*.

7 7+ 8 8+
M-B 2.429(3) 2.488 2.650(3) 2.652
M-P 2.284(1) 2310 2.288(2) 2.365
2.304(2) 2342 2.315(2) 2.323

B—Cipo 1.589(5) 1.583 1.558(5) 1.569
PMP 99.4(1) 103.8 99.5(1) 104.1
PMB 80.7(1) 81.0 80.1(1) 76.4
82.4(1) 782 77.8(1) 79.4

¥B, 346.6(9) 3473 354.9(9) 352.6

ticeable pyramidalization of the boron environment (XB,=
346.6°). To the best of our knowledge, complex 7 represents
the first structurally characterized platinum-borane com-
plex, although related Pt—B interactions (2.49-2.51 A) have
previously been reported by Norman and Orpen in two
boryl-bridged dinuclear complexes.'™™ In contrast, complex
8 exhibits a significantly longer Pd-B distance (2.65 vs
3.63 A for the sum of van der Waals radii). This value con-
siderably surpasses those found by Parkin et al. in pallada-
boratranes (2.05-2.07 A),"! and by Braunschweig and co-
workers in a boryl-bridged iron-palladium complex
(2.06 A),""9 but falls in the same range as that observed by
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Braunstein, Herberich et al. in a palladium/rhenium cluster
of phenylborole (2.59 A)_[B] Together these comparisons
suggest the presence of only a very weak Pd—B interaction
in complex 8, a hypothesis that is confirmed by the noticea-
ble, albeit attenuated, pyramidalization of the boron envi-
ronment (XB,=354.9°). The geometric data collected for
the Rh, Pt and Pd complexes of the DPB ligand reveal
marked variations in the extent of the M—B interaction,
even within such an isoelectronic series. The M-B distance
is considerably elongated (from 2.29 A with Rh, to 2.43 A
with Pt, and 2.65 A with Pd), suggesting significant weaken-
ing of the M—B interaction. This variation is accompanied
by a progressive planarization of the boron environment
(XB, increasing from 338.8° with Rh, to 346.6° with Pt, and
354.9° with Pd) anc} by a slight shorten}ng of the BCy, bonfi
length (from 1.63 A with Rh, to 1.59 A with Pt, and 1.56 A
with Pd) suggesting some compensating m-donation from
the phenyl substituent to the vacant orbital of boron. As
might have been anticipated, the M—B interaction is
strengthened with increasing intrinsic basicity of the metal
(Pd<Pt<Rh),*" but the large magnitude of the ensuing
geometric variations was somewhat unexpected, the M-B
distance being a particularly sensitive probe.

DFT Calculations on complexes [PtCl,(dpb)] 7 and [PdCl,-
(dpb)] 8: In order to gain a better insight into the influence
of the metal on the M —B interaction than that provided by
geometric considerations alone, DFT calculations were car-
ried out on the actual platinum and palladium complexes 7*
and 8* Again, the key features of both complexes were
very well reproduced at the B3PW91/SDD(M),6-
31G**(other atoms) level of theory (Table 3), with devia-
tions in the M-B distance of 0.04 A for the platinum com-
plex and only 0.002 A for its palladium counterpart. Accord-
ingly, the variations predicted between complexes 3*, 7* and
8* for the M-B distance and boron pyramidalization fit per-
fectly with those revealed by the X-ray data. In addition,
second-order perturbative NBO analyses were performed to
further evidence the progressive weakening of the M—B in-
teraction from Rh, to Pt, and Pd. By analogy with that ob-
served for rhodium complexes 3* and 6*, and despite elon-
gated M-B distances, a donor-acceptor M-B interaction
was found for both complexes 7% and 8*. The corresponding
NLMO is more and more centred on the metal d_. orbital
(from 80.4 % in the Rh complex 3*, to 87.5% in the Pt com-
plex 7%, and 93.1 % in the Pd complex 8*), with concomitant
attenuation of the contribution of the boron vacant orbital
(from 16.8 % with Rh, to 10.3 % with Pt, and 5.5% with Pd)
(Table 2). Accordingly, the NBO delocalization energy asso-
ciated with the M—B interaction (whose precise value is
meaningless) decreases dramatically from 85.6 kcalmol™
with Rh, to 49.6 kcalmol™' with Pt, and 13.6 kcalmol™! with
Pd. This variation, which apparently results from both larger
AE; terms and smaller F;; terms with the less basic metals, is
also apparent from the NPA/NLMO M-B bond orders that
drop from 0.44 with Rh, to 0.28 with Pt, and 0.18 with Pd, in
agreement with the increase of the M-B distance. In addi-
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tion, the transfer of some electron density from the metal to
the o-acceptor ligand is indicated by the lower boron atomic
charges predicted for complexes 3*, 7* and 8* compared
with that of the free ligand 1* (0.85, in its “open” form), the
weakening of the M—B interaction from Rh, to Pt, and Pd
being accompanied by a noticeable increase of q(B) (from
0.55, to 0.62, and 0.72, respectively).

Conclusion

This combined experimental/theoretical investigation of new
rhodium, platinum, and palladium complexes bearing the
ambiphilic DPB ligand 1 provides additional information on
unusual M—BR; interactions. Analysis of the [RhCI(CO)-
(dpb)] complex substantiates the noticeable influence that
co-ligands may have and allows a spectroscopic estimation
of the electron-withdrawing effect of the o-acceptor borane
moiety. Notably, the M—B interactions were found to be
significantly weakened in the [PtCl,(dpb)] (7) complex and
to an even greater extent in [PdCly(dpb)] (8) compared with
that for the rhodium complex 6. The pronounced variations
in the M-B distance and the extent of boron pyramidaliza-
tion within the valence isoelectronic series of Rh, Pt and Pd
complexes of DPB contrast markedly with the similarity ob-
served between all metallaboratranes, for which the M-B
distances fall within a rather narrow range (2.05-2.21 A).
This demonstrates that the rather strong M—B interactions
exhibited by the rhodium complexes 2, 3 and 6 are support-
ed, but not geometrically imposed, by the skeleton of the
DPB ligand. Since a progressive and significant weakening
of the M —B interaction has been observed from rhodium,
to platinum, and palladium, this suggests that there is a con-
tinuum between the two limiting bonding situations de-
scribed by Hill® and Parkin®®! for such M—BR; interac-
tions, namely: i) retention of the original d" configuration of
the metal and a coordinated neutral BR; ligand vs. ii) 2e oxi-
dation of the metal resulting in a d"* configuration and a di-
anionic BR4*" ligand. Further investigations in this area are
currently in progress by varying the stereoelectronic proper-
ties of the DPB ligand and the metal fragment to which it is
coordinated.

Experimental Section

All reactions and manipulations were carried out under an atmosphere
of dry argon using standard Schlenk techniques. THF and diethyl ether
were dried over sodium/benzophenone, CH,Cl, was dried over P,O5 and
pentane was dried over CaH, and distilled prior to use. 'H, °C, ''B, *'P,
Pt NMR and '®Rh spectra were recorded on Bruker Avance 300 or
AMX 500 spectrometers. Chemical shifts are expressed with a positive
sign, in parts per million, relative to residual 'H and "C solvent signals
and external BF;.OEt,, 85% H;PO,, Na,PtCl,, Z=3.186447 MHz respec-
tively. Unless otherwise stated, NMR spectra were recorded at 20°C. In-
frared spectra were recorded on a FT-IR Perkin-Elmer 1600 spectrome-
ter. Mass spectra were recorded on Hewlett Packard 5989A. The DPB
ligand 11'*¢! and the ensuing [Rh(pu-Cl)(dpb)], complex!"* were prepared
following literature procedures.
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[RhCI(CO)(dpb)] complexes 6a and 6b

Path a: A solution of DPB 1 (160 mg, 0.31 mmol) in CH,Cl, (5 mL) was
added at room temperature to a solution of [Rh(u-Cl)(CO),], (60 mg,
0.15 mmol) in CH,Cl, (5 mL). After subsequent stirring for 30 min, dia-
stereomeric complexes 6a and 6b were obtained after removal of volatile
components. Yellow crystals (128 mg, 65 %) suitable for X-ray crystallog-
raphy were obtained from a dichloromethane/diethyl ether solution at
room temperature. M.p. 228-230°C; IR (CDClL): #=2001.8 cm™' (CO).

Path b: CO was bubbled slowly through a solution of [Rh(u-Cl)(dpb)],
(2) (50 mg, 0.04 mmol) in CH,Cl, for 5 min affording a mixture of iso-
meric complexes 6a and 6b, which were isolated after the work up de-
scribed above (34 mg, 66 % ).

Complex 6a (80%): *'P{'H} NMR (202.5MHz, CDCl,;, 23°C): 0=
49.9 ppm (d, 'J(Rh,P)=102.4 Hz); "B NMR (160.5 MHz, CDCL): 6=
26.7 ppm; '®Rh NMR (159 MHz, CDCl,): 6=—8468 ppm; 'H NMR
(500.3 MHz, CDCLy): 6=7.67 ([pseudo-t]dd, *J(P.H)=3.7, *J(H,H)=7.5,
*J(HH)=1.4Hz, 2H; H,p), 7.62 (dd, *J(HH)=7.5, *J(H,H)=1.4 Hz,
2H; Hyom), 7.33 (m, 2H; Hyon), 7.29 (m, 2H; Hyom), 7-12 ([pseudo-t]t,
*J(HH)=8.1, “/(H,H)=1.4 Hz, 1H; H,,on), 7.04 ([pseudo-t]d, */(H,H) =
8.1, Y(HH)=1.4Hz, 2H; H,.,), 6.88 (dd, *J(HH)=8.1, ‘J(HH)=
1.4 Hz, 2H; H,,n), 3.20 (br, 2H; CH PiPr,), 2.43 (br, 1H; CH PiPr,),
1.67 (m, 6H; CH; PiPr,), 1.61 (m, 6H; CH; PiPr,), 1.45 (m, 6H; CH;
PiPr,), 1.40 ppm (m, 6 H; CH; PiPr,); “C{'H} NMR (125.8 MHz, CDCL,):
0=189.4 (td, J(Rh,C)=74.6Hz, % (PC)=12.1 Hz; CO), 164.7 (br;
BCip), 155.6 (br; BCyp,), 136.3 (s; 2CH,0m), 134.9 (pseudo-t, 'J(P.C)=
21.7Hz; PC), 1313 (pseudo-t, J(P,C)=9.4 Hz; CH,,n), 1312 (s;
arom), 128.8 (s; CHgom), 1272 (8; CHgrom), 126.5 (s; 2CHgpom), 124.6
(pseudo-t, J(P,C) =7.1 Hz; 2CH,o), 29.4 (br pseudo-t, 'J(P,C)=11.9 Hz;
CH PiPr,), 24.8 (br pseudo-t, 'J(P,C)=11.9 Hz; CH PiPr,), 23.3 (br; CH;
PiPr,), 21.4 (br; CH; PiPr,), 19.6 (br; CH; PiPr,), 18.9 ppm (br; CH;
PiPr,).

Complex 6b (20%): *'P{'"H} NMR (202.5MHz, CDCl,;, 23°C): 6=
46.7ppm (d, 'J(Rh,P)=102.4 Hz); "BNMR (160.5 MHz, CDCL): 6
=26.7 ppm; '“Rh NMR (15.9 MHz, CDCl,): 0=-8393 ppm; 'H NMR
(500.3 MHz, CDCly): 6 =7.95 (brd, *J(H,H)=7.7 Hz, 2H; H,n), 7.64
(m, 2H; H,,pm), 7.41 (br pseudo-t, *J(H,H)=7.7 Hz, 2H; Hyom), 7.31 (m,
2H; Hyom), 7.08 ([pseudo-t]t, *J(H,H)=7.7 Hz, “J(H,H)=1.4 Hz, 1H;
Harom), 6.95 ([pseudo-t]d, *J(H,H)=7.7 Hz, */(H,H)=1.4 Hz, 2H; H,on),
6.82 (brdd, *J(H,H)=7.7 Hz, “J(HH)=1.4 Hz, 2H; H,,,,), 2.98 (br, 2H;
CH PiPr,), 2.82 (br, 1H; CH PiPr,), 1.68 (m, 6H; CH; PiPr,), 1.54 (m,
6H; CH; PiPr,), 1.55 (m, 6H; CHj; PiPr,), 1.33 ppm (m, 6 H; CH; PiPr,);
BC{'H} NMR (125.8 MHz, CDCl;): 6=186.4 (td, 'J(Rh,C)=69.7 Hz,
2J(C,P)=13.3 Hz; CO), 136.9 (s; 2CH,m), 136.5 (pseudo-t, J(P,C)=
23 Hz; PCy,), 132.8 (br; CHgem), 1309 (pseudo-t, J(P.C)=9 Hz;
2CH,rom)> 129.1 (s; CH,rom), 127.5 (s, CH,om), 126.0 (s; 2CH,,,y), 124.1
(pseudo-t, J(P,C)=6.9 Hz; CH,), 27.3 (br pseudo-t, 'J(P,C)=10.7 Hz;
CH PiPr,), 24.5 (br pseudo-t, 'J(P,C)=12.6 Hz; CH PiPr,), 22.9 (pseudo-
t, 2J(P,C)=3.4 Hz; CHj PiPr,), 21.6 (br; CHj; PiPr,), 20.3 (br; CH; PiPr,),
19.5 ppm (br; CH; PiPr,). BC,, atre not observed.
[RhCI(CO)(iPr,PPh),]: A solution of phenyllithium (2.0M) in dibutyl
ether (0.58 mL, 2.5 mmol) was added dropwise at —78°C to a solution of
chlorodiisopropylphosphine (175.5 mg, 1.15mmol) in diethyl ether
(5 mL). After warming to room temperature and removal of solvent, the
product was extracted with dichloromethane. Volatile components were
removed under vacuum and diisopropylphenylphosphine (134 mg, 61 %
yield) was obtained as colourless oil. PhPiPr, (134 mg, 0.69 mmol) was
added to an orange suspension of [Rh(pu-Cl)(CO),], (270 mg, 0.69 mmol)
in dichloromethane (5 mL) at —40°C. The solution quickly turned yellow
upon warming to room temperature. Subsequently the solvent was re-
moved in vacuo and the residue was washed with pentane. [RhCI(CO)-
(iPr,PPh),] was isolated as a yellow solid from a saturated dichlorome-
thane solution at —40°C (200 mg, 80%). IR (CDCl;): #=1966.7 cm™';
P{'"H} NMR (121.5 MHz, CDCl,, 25°C): 6=44.6 ppm (d, 'J(Rh,P)=
125 Hz).

[PtCl,(dpb)] 7: A solution of [PtCl,(cod)] (150 mg, 0.40 mmol) in CH,Cl,
(5 mL) was added at —78°C to a solution of DPB 1 (200 mg, 0.42 mmol)
in CH,Cl, (5§ mL). After warming to RT and subsequent stirring for 2 h,
the volatiles were removed and the solid was extracted with THF. The su-
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pernatant was cooled at —40°C and complex 7 was collected by filtration.
White crystals (169 mg, 57 %) suitable for X-ray crystallography were ob-
tained from a saturated THF solution at —40°C. M.p. 271-273°C;
P NMR (202.5 MHz, CDCl,, 25°C): 6=39.7 (dd, 'J(Pt,P)=3323.3 Hz,
%J(P,P)=9.0 Hz, P), 38.8 ppm (dd, 'J(Pt,P)=3081.3 Hz, %/(P,P)=9.0 Hz,
P); "BNMR (160.5 MHz, CDCl;, 25°C): 6=42.8 ppm; Pt NMR
(107.6 MHz, CDCl;, 25°C): 6=-39574ppm ('J(Pt,P)=3323.3 Hz,
J(Pt,P) =3081.3 Hz); '"H NMR (500.3 MHz, CDCl;, 25°C): 6 = 8.38 (d,
*J(H,H)=7.3 Hz, 1 H; H,p), 7.76 (dd, *J(H,H)=8.0 Hz, *J(P.H)=8.0 Hz,
1H; Hopom), 7-55 (dd, J(H,H)=7.8 Hz, *J(PH)=7.8 Hz, 1H; H,.4), 7-38
(pseudo-t, *J(H,H)=6.8 Hz, 1H; H,,.), 7.33-7.20 (m, 6H; H,,..), 7.04
(m, 2H; Hy,.), 6.86 (d, *J(HH)=6.7 Hz, 1H; H,,,), 3.86 (m, 1H; CH
PiPr,), 3.12 (m, 1H; CH PiPr,), 2.74 (m, 1H; CH PiPr,), 1.84-1.80 (m,
6H; CH; PiPr,), 1.77 (dd, *J(PH) =5, *J(H,H)=5 Hz, 3H; CH; PiPr,),
1.73 (dd, *J(PH) =5, *J(H,H)=5 Hz, 3H; CH, PiPr,), 1.68 (m, 1H; CH
PiPr,), 1.59 (dd, *J(PH)=15.9, *J(H,H)=7.1 Hz, 3H; CH; PiPr,), 1.24
(dd, 3J(PH) =14.4, *J(H,H)="7.2 Hz, 3H; CH, PiPr,), 1.04 (dd, *J(PH)=
16.7, *J(H,H)=7.4 Hz, 3H; CH; PiPr,), 0.45 ppm (dd, *J(P,H)=15.1 Hz,
*J(H,H)=7.3 Hz, 3H; CH; PiPr,); ®*CNMR (125.8 MHz, CDCl;, 25°C):
6=160.6 (d, *J(P,C)=25.0 Hz; BC;,, BPh), 160.0 (d, *J(P,C)=25.3 Hz;
BCy BPh), 146.9 (s; Cyrom)s 141.8 (53 Cyrom), 136.5 (d, 'J(P,C)=62.8 Hz;
PCiy,), 136.2 (s; Cuom)s 1338 (d, J(PC)=56.2Hz; PC,,,), 131.8 (d,
*J(P,C)=18.9 Hz; Cuom), 1317 (d, J(PC)=18.4 Hz; C,qm), 130.6 (d,
2J(P,C)=4.0 Hz; Cuom)> 1303 (5; Curom)s 129.6 (55 2 Cyrom)s 129.3 (d,
%J(P,C)=3.9 Hz; Capom)> 128.0 (55 Carom)> 126.5 (d, J(P,C) =8.4 Hz; Corom)s
1262 (d, J(PC)=7.5Hz; Cuom)s 1256 (5; Cuom)> 304 (d, J(PC)=
29.5Hz; CH PiPr,), 29.1 (d, J(P,C)=32.7Hz; CH PiPr,), 28.7 (d,
J(P,C)=35.6 Hz; CH PiPr,), 24.5 (d, 'J(P,C)=23.6 Hz; CH PiPr,), 24.0
(s; CH; PiPr,), 23.8 (d, %/(P,C)=3.2 Hz; CH; PiPr,), 22.1 (d, *J(P,C)=
3.1Hz; CH; PiPry), 219 (d, ¥(P.C)=52Hz; CH; PiPr,), 209 (d,
%J(P,C)=7.8 Hz; CH; PiPr,), 20.8 (d, %J(P,C)=10.4 Hz; CH; PiPr,), 20.7
(d, 2J(P,C)=2.0 Hz; CH; PiPr,), 18.7 ppm (s; CH; PiPr,).

[PdClL(dpb)] (8): A solution of [PdCl(cod)] (90 mg, 0.32 mmol) in
CH,Cl, (5mL) was added at —78°C to a solution of DPB 1 (150 mg,
0.32 mmol) in CH,Cl, (5 mL). After warming to RT and subsequent stir-
ring for 1 h, the volatile components were removed in vacuo and the re-
sulting solid was extracted with toluene (5 mL). Yellow crystals suitable
for X-ray crystallography (54 mg, 26 %) were obtained by slow pentane
diffusion into a dichloromethane solution at room temperature. M.p.
156-158°C; *'P NMR (202.5 MHz, CDCl;, 25°C): 6=61.1 (d, *J(P,P)=
6.5Hz, P), 56.0ppm (d, 2(PP)=6.5Hz, P); "BNMR (160.5 MHz,
CDCl;, 25°C): 0=47.0 ppm; 'H NMR (500.3 MHz, CDCl;, 25C): 6 =8.49
(br, 1H; Hyyom), 783 (dd, YJ(H,H)=6.7 Hz, *J(PH)=6.7 Hz, 1H; H,,on),
7.63 (dd, *J(H,H)=8.3 Hz, *J(PH)=83 Hz, 1H; H,m), 749 (br, 1H;
Huom), 7-45 (pseudo-t, *J(HH)=6.1 Hz, 1H; H,,.), 7.44 (pseudo-t,
JHH)=63Hz, 1H; Hgem), 7.39 (pseudo-t, J(H,H)=8.1Hz, 1H;
Hoom)s 7.38 (pseudo-t, *J(H,H)=10.3 Hz, 1H; H,,qn), 7.34 (pseudo-t,
*J(H,H)=8.5Hz, 1H; H,on), 7.24 (d, *J(H,H)=7.0 Hz, 1H; H,,o), 7.16
(brs, 1H; H,on), 7.09 (d, Y(HH)=6.5Hz, 1H; H,,y), 7.05 (br, 1H;
H,om) 3-98 (septd, 2/(PH)=11.7, *J(H,H)=5.9 Hz, 1H; CH PiPr,), 2.96
(septd, JJ(PH)=112, J(H,H)=5.6 Hz, 1H; CH PiPr,), 2.69 (septd,
2J(PH)=7.9, 3J(H,H)=3.9 Hz, 1H; CH PiPr,), 1.91 (dd, *J(PH)=1823,
*J(HH)=7.4 Hz, 3H; CH, PiPr,), 1.85 (dd, *J(PH)=19.0, *J(HH)=
7.6 Hz, 3H; CH, PiPr,), 1.83 (dd, J/(P.H)=19.8, *J(H,H)=8.4 Hz, 3H;
CH; PiPry), 1.74 (dd, J(PH)=12.8, *J(H,H)=7.1 Hz, 3H; CH; PiPr,),
1.59 (dd, *J(PH)=15.8, *J(H,H)=6.9 Hz, 3H; CH; PiPr,), 1.44 (m, 1H;
CH PiPr,), 124 (dd, *J(PH)=14.1, *J(H,H)=7.1 Hz, 3H; CH; PiPr,),
1.04 (dd, *J(P,H)=16.4, *J(H,H) =7.4 Hz, 3H; CH, PiPr,), 0.54 ppm (dd,
*J(PH)=13.7, *J(H,H)=7.5 Hz, 3H; CH; PiPr,); *C NMR (125.8 MHz,
25°C, CDCL): 6=157.3 (d, %J(P,C)=22.9 Hz; BC,,), 155.9 (d, 2J(C,P)=
30.7 Hz; BC;yy), 144.9 (s; BG;,, BPh), 143.2 (5; Cyrom), 138.3 (d, J(P,C)=
52.8 Hz; PCiy,), 137.8 (8; Cyrom), 134.5 (d, 'J(P,C)=48.7 Hz; PC,,), 133.2
(d, *J(P,C)=17.9 Hz; Cyom)> 1322 (s; Cyrom)> 131.5 (d, J(P,C)=17.3 Hz;
Carom)s 131.3 (d, JJ(P,C)=4.0 Hz; C,rom)> 1302 (55 Carom)s 129.5 (55 Carom)
129.2 (s; Cyom)s 128.5 (br; Corom), 127.7 (d, J(P,.C)=12.5 Hz; C,op), 126.7
(d, J(P,C)=10.2 Hz; C,om)> 125.8 (br; Cyom)s 31.3 (d, J(P,C)=19.7 Hz;
CH PiPr,), 31.1 (d, J(P,C)=253Hz; CH PiPr,), 30.6 (d, J(P.C)=
28.8 Hz; CH PiPr,), 25.5 (d, 'J(P,C)=16.6 Hz; CH PiPr,), 24.7 (br; CH;
PiPr,), 24.6 (br; CH; PiPr,), 22.4 (br; CH; PiPr,), 21.7 (br; CH; PiPr,),
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21.5 (br; CH; PiPr,), 21.3 (br; CH; PiPr,), 21.1 (s; CH; PiPr,), 18.7 ppm
(s; CH; PiPr,); MS (DCINH,): miz (%): 670 (5) [M+NH,]*, 653 (6)
[M+H]*, 584 (100) [M+NH,—2iPr]*, 531 (15) [M—2iPr—CI]*.

Crystal structure determinations: Data were collected on a Bruker-AXS
CCD 1000 diffractometer using an oil-coated shock-cooled crystal. Semi-
empirical absorption corrections were employed.” The structure was
solved by direct methods (SHELXS-97),*") and refined using the least-
squares method on F.*"!

Crystal data for 6a/6b: C;H,BCIOP,Rh, M=640.75, triclinic, space
group PI, a=9.6067(6), b=9.7896(6), c=16.9491(11)A, a=
100.5110(10), B=101.6460(10), y =98.5300(10)°, V=1506.34(16) A>, Z=
2, Petca=1.413 gem™, F(000) =664, T=120(2) K, crystal size 0.2x0.2x
0.1 mm?, 12407 reflections collected (6528 independent, R, =0.0307),
20<54.0°, 349 parameters, R1 [I>20([)]=0.0361, wR2 [all data]=
0.0734, largest diff. peak and hole: 0.649 and —0.631 e A~

Crystal data for 7: C;3H;;BCl,OP,Pt, M =884.58, monoclinic, space group
P2/n, a=11.9425(14), b=16.769(2), c=19.876(2) A, B=106.3654(2)°,
V=3819.2(8) A%, Z=4, peea=1.538 gem ™3, F(000)=1792, T=133(2) K,
crystal size 0.2x0.2x0.3 mm®, 21825 reflections collected (7799 inde-
pendent, R;,=0.0257), 20 <52.9°, 423 parameters, R1 [I>20(1)]=0.0250,
wR2 [all data]=0.0647, largest diff. peak and hole: 1.037 and
—2.335eA,

Crystal data for 8: C;H,;;BCl,P,Pd, M =736.6, monoclinic, space group
C2/c, a=33.908(2), b=10.0051(7), ¢=20.1894(13) A, B=96.6600(10)°,
V=6803.1(8) A%, Z=8, peiea=1.438 gem™, F(000)=3024, T=173(2) K,
crystal size 0.1x0.1x0.2 mm?®, 19443 reflections collected (6961 inde-
pendent, R;,,=0.0507), 26 <52.8°, 388 parameters, R1 [/>20(1)]=0.0367,
wR2 [all data]=0.0757, largest diff. peak and hole: 0.737 and
—0.401 e A2,

CCDC-652832-652834 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Computational details: Calculations have been performed with the Gaus-
sian03 suite of programs,”**” at the DFT level of theory™*! using the
hybrid functional B3PW91.¥l The basis set-RECP (relativistic effective

double-¢ basis set was used for all other atoms (C, P, B, CI, N, O and H).
The optimized structures were confirmed as true minima on the potential
energy through vibrational analysis. The frequencies were calculated with
analytical second derivatives. All total energies have been zero-point
energy (ZPE) and temperature corrected using unscaled density func-
tional frequencies. Natural Bond Orbital (NBO) analyses*! were per-
formed with the NBO-3.1 program to gain more insight into the M—B
interactions. The corresponding Natural Localized Molecular Orbitals
(NLMO) were plotted by using the molecular graphic package Mole-
kel.*! These calculations provided the following data: NBO stabilizing
energy, percentage of the donor and acceptor NBO in the corresponding
NLMO, occupancy of the donor and acceptor NBO orbitals, energy dif-
ference between the donor and acceptor NBO orbitals, off-diagonal
NBO Fock matrix element, NPA atomic charge of boron and atom-atom
net linear bond order based on the NLMO/NPA. Detailed computational
results and cartesian coordinates for the optimized geometries of com-
plexes 3* 6a-c*, 7* and 8* at the B3PW91/SDD(M),6-31G**(other
atoms) level of theory are included in the Supporting Information.
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Enantioselective Nickel-Catalyzed Cross-Coupling Reactions of
Trialkynylindium Reagents with Racemic Secondary Benzyl Bromides

Jorge Caeiro, José Pérez Sestelo,* and Luis A. Sarandeses*'*!

Abstract: The first enantioselective sp—sp® cross-coupling reaction between alkynyl
organometals and racemic benzyl bromides is reported. The coupling is performed

at room temperature by using NiBr,-diglyme and (S)-(iPr)-Pybox as the catalytic
system and trialkynylindium reagents as nucleophiles. The reaction is stereocon-
vergent, both enantiomers of the racemic benzyl bromide are converted into one
enantiomer of the product, and stereospecific. The reaction takes place efficiently

Keywords: asymmetric catalysis
benzyl bromides - cross-coupling
reactions - indium organometallics -
nickel catalysis

in good yields and with high atom economy, as the triorganoindium reagents trans-
fer the three organic groups attached to indium (only 40 mol % of RslIn is used).

Introduction

Indium organometallics are useful reagents in metal-cata-
lyzed cross-coupling reactions.? The main features of
indium reagents are their high versatility, their non-toxicity,
and their ability to transfer all three metal-attached groups
to the electrophile. A representative example of this useful-
ness is the particularly effective sp—sp® palladium-catalyzed
cross-coupling reaction between alkynylindium reagents and
benzyl halides (Scheme 1).['%

[Pd(dppf)CL] (1%)
Br + In ( — R> 2 \\
3 THF, reflux R
R = Ph, SiMe, 94%
(40 mol %)

(100 mol %)

Scheme 1. Palladium-catalyzed cross-coupling reactions of trialkynylin-
dium reagents with benzyl bromide.

Metal-catalyzed cross-coupling reactions using alkyl hal-
ides have traditionally faced significant limitations, associat-
ed with low reactivity in the oxidative addition step and un-
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desired p-hydride elimination.”! Benzyl halides are particu-
larly interesting alkyl electrophiles, as they readily undergo
oxidative addition, and do not suffer -hydride elimination.
Their utility in cross-coupling reactions has been proven
with aryl and alkenyl metals® but the alkynylation of
benzyl halides is still a difficult task.”! In 2001, our group re-
ported the first efficient coupling reaction between primary
benzyl halides and alkynyl organometallics by using organo-
indium reagents."® Recently, Negishi has extended this reac-
tivity to organozinc reagents.”® Nevertheless, the palladium-
catalyzed cross-coupling of alkynylindium compounds with
primary benzyl halides constitutes the method of choice to
perform the sp-benzyl coupling in organic synthesis.!
Despite of the interest, the reactivity with secondary benzyl
halides still remains undeveloped. In this paper, we describe
the first catalytic enantioselective sp—sp® cross-coupling reac-
tion between alkynylindium reagents and racemic secondary
benzyl electrophiles.

Results and Discussion

According to our previous experience, we explored the reac-
tion of a secondary benzyl halide, such as a-methylbenzyl-
bromide (1) with tri(phenylethynyl)indium (40 mol %) in re-
fluxing THF by using [Pd(dppf),] (dppf=1,1"-bis(diphenyl-
phosphino)ferrocene; 2 mol %) as the catalyst. Under these
reaction conditions, the cross-coupling product 2 was ob-
tained in 65% yield (Table 1, entry 1), a slightly lower yield
than that obtained by using the primary benzyl bromide.
This result can be reasonably attributed to the lower reactiv-
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Table 1. Reaction of 1 with tri(phenylethynyl)indium under various catalytic systems.

Salis

catalyst
) Q&\
3

1 2
(100 mol %) (40 mol %) <
|
o] g o]
N
I I
G
Pr Pr
(S)-(iPr)-Pybox
Entry Catalyst Solvent T [°C] t[h] Yield [%] ee [%]®
1 [Pd(dppf)CL,] (2%) THF reflux 21 65 -
2 [Pd,(dba);] (2%), (R,,R)-Josiphos I (4 %) THF reflux 24 <5 -
3 [Pd,(dba);] (2%), (R,,R.R,R,)-Mandyphos IIT (4 %) THF reflux 24 <5 -
4 [Pd,(dba)s] (2%), (R)-BINAP (4%) THF reflux 24 2 10
5 NiBr,-diglyme (4 %), (S)-(iPr)-Pybox (8 %) THF reflux 24 11 -
6 NiBr,-diglyme (4%), (S)-(iPr)-Pybox (8%) DMA/THF 1:1 RT 20 2 87
7 [Ni(cod),] (4%), (S)-(iPr)-Pybox (8 %) DMA/THF 1:1 RT 20 30 82
8 NiBr,-diglyme (10%), (S)-(iPr)-Pybox (13%) DMA/THF 1:1 RT 140 70 84
9 NiBr,-diglyme (4%), (S)-(Ph)-Pybox (8 %) DMA/THF 1:1 RT 7 12 -
10 NiBr,-diglyme (10%), (5)-(iPr)-Pybox (13%) DMA/THF 1:1 40 120 45 87

[a] The enantiomeric excess was determined by HPLC analysis.

ity of the secondary center toward oxidative addition and
the competitive B-hydride elimination process. Based on
these results, we looked for a ferrocenyl-based chiral cata-
lyst that could allow the reaction enantioselectively. To this
end, we tried the reaction by using the commercially avail-
able chiral ligands (R,R)-Josiphos I and (R,R.R.R,)-Man-
dyphos III (2-4 mol%) combined with [Pd,(dba);] (dba=
(E,E)-dibenzylideneacetone; 2mol%) as a palladium
source. Unfortunately, we observed lower reactivity and the
coupling product 2 was only obtained in very low yields
(Table 1, entries 2 and 3). The reaction with other chiral bi-
dentate phosphine ligands, such as (R)-BINAP (BINAP=
2R 3S5,2,2"-bis(diphenylphosphino)-1,1'-binaphthyl; 4 mol %),
afforded the reaction product in low yield and enantioselec-
tivity (22%, 10% ee; Table 1, entry 4)."

These results led us to assay the reaction under nickel cat-
alysis. In this field, interesting sp>-sp® cross-coupling reac-
tions have been described by using nickel catalysts and
Pybox-type ligands.®! In our first attempt, the reaction of
racemic a-methylbenzylbromide (1) with tri(phenylethynyl)-
indium (40 mol%) by using NiBr,-diglyme (4 mol%) and
(8)-(iPr)-Pybox (8 mol%), in THF at reflux, afforded the
cross-coupling product 2 in 11 % yield after a 20 h reaction,
with low conversion of the starting benzyl bromide and with
considerable amounts of the diyne resulting from reductive
dimerization of the alkynylindium reagent (Table 1, entry 5).
When the same reaction was performed at room tempera-
ture by using a 1:1 mixture of DMA/THF (DMA =dimethyl-
acetamide) as the solvent, we reduced the amount of diyne
and the yield of the coupling product 2 rose up to 42%,
with high enantioselectivity (87 % ee; Table 1, entry 6).”) En-
couraged by these results, we set out to optimize the reac-
tion conditions. The use of other nickel catalysts, such as
[Ni(cod),] (cod=1,5-cyclooctadienyl) did not improve the
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yield, but using NiBr,-diglyme at room temperature for
140 h, the reaction was complete and the coupling product 2
was obtained in 70% yield with high enantioselectivity
(84% ee, Table 1, entry 8).' Other chiral ligands, such as
(S)-(Ph)-Pybox, or different reaction conditions, led to
lower yields, although maintaining the same level of enan-
tioselectivity (/=85 % ee; Table 1, entries 9 and 10).

This novel reaction constitutes, to the best of our knowl-
edge, the first enantioselective alkynyl-alkyl (sp-sp’) cross-
coupling. Other noteworthy features of this approach are:
1) that the reaction is stereoconvergent, that is, both enan-
tiomers of the racemic starting material are preferentially
transformed into one enantiomer of the product, 2) that the
reaction shows high atom economy, that is, the organoindi-
um reagent transfers more than one of its organic groups to
the electrophile, 3) that all the catalyst components are com-
mercially available and air-stable, and 4) that the reaction
proceeds at room temperature without any special require-
ments. Additionally, we also found that the reaction is ste-
reospecific; the reaction with the R enantiomer of (iPr)-
Pybox afforded 3 (enantiomer of 2) in a similar yield and
enantioselectivity (67 % yield, 82 % ee; Table 2, entry 2).

After having established optimal reaction conditions, we
proceeded to extend the reaction to other alkynylindium re-
agents and various benzyl bromides. In this study, we found
that reaction of a-methylbenzylbromide (1) with tri[(6-me-
thoxy-2-naphthalenyl)ethynyl]indium or tri[(3-thienyl)ethy-
nylJindium gives the corresponding coupling products (4 and
5, respectively) in satisfactory yields and with high enantio-
selectivities (60-65% yield, 85-87% ee; Table 2, entries 3
and 4). The reaction of reagents that transfer a conjugate
enyne moiety afforded the coupling product in lower yield,
although maintaining a similar level of enantioselectivity
(35% yield, 84% ee; Table 2, entry 5). Interestingly, the re-
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Table 2. Results of the nickel-catalyzed cross-coupling reaction of trialkynylin-
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dium reagents with 1.

NiBr,sdiglyme (10%)

S)-(iPr)-Pybox (13%
B, ><><>y (13%) T
\ 3 DMA/THF 1:1 R
1 RT, 140 h -
(100 mol %) (40 mol %)
Entry Alkyne Product Yield ee
[%]  [%]
R X
X
1 \ph g 70 84
2
- .
a \ \
2 N, ©/\Ph o7 &
3
N
X §
3 OO 60 85!°l
OMe
4 OMe
N
A
X
4 g N 65 g
= S
5 =
N
A
5 \© O X 35 84l
. O
N .
A o
6 \Coﬁ \H 30 77"
CO,Et
7
N
A X k)
7 SiMes ©)\SiMe3 37
8

[a] Reaction performed with (R)-(iPr)-Pybox (13 mol%) as the ligand. [b] The
absolute configuration of the reaction product was not determined. [c] The per-

centage ee could not be determined by HPLC analysis.

action of 1 with the trialkynylindium derivative of ethyl pro-
piolate afforded the allene 7 as the only product in 30%
yield with good enantioselectivity (77 % ee). The formation
of related allenes was also observed by Buchwald in the
Heck alkynylation of benzyl chlorides at high temperatures
by using an excess of base."¥ On the other hand, the reac-
tion of the benzyl bromide 1 with alkynylsilanes, such as
tris(trimethylsilylethynyl)indium, gave the corresponding
cross-coupling product 8 in 57 % yield (Table 2, entry 7).
During our work, we also explored the reaction of trialky-
nylindium reagents with other benzylic substrates (Table 3).
The reaction of the previously prepared trialkynylindium re-
agents with 1-bromoindane (9), under the conditions de-
scribed above, also afforded the corresponding cross-cou-
pling products in satisfactory yields and with high enantiose-
lectivities (40-65% yield, 80-84 % ee; Table 3, entries 1-4).
In these cases, the lower yields can be attributed to the
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lower stability of the reaction products. The reactivity of the
benzyl bromide 1-bromobenzocyclobutene (10) was also
studied. In these cases, the reactions with the various trial-
kynylindium reagents afforded stable coupling products, al-
though with low enantioselectivity (57-82 % yield, 6-7 % ee;
Table 3, entries 5-8).

Although the mechanism for this enantioselective cross-
coupling reaction has not been established, according to
previous mechanistic studies about the oxidative addition of
Pd° to benzyl halides,'" the stereoconvergence of the reac-
tion could be explained by two possible pathways after the
formation of the Ni—C, bond: 1) a nucleophilic exchange
process with Ni’ to afford the most stable or reactive of the
two diastereomeric intermediates of the nickel complex
with the chiral ligand or 2)a rearrangement through a
planar sp>benzyl species. In this last situation, the genera-
tion of a benzyl radical associated with a nickel(I) complex
could be proposed, in a similar scenario to that proposed by
Stille™ and Vivic™ for nickel-catalyzed cross-coupling re-
actions. This proposal could also explain the lack of enantio-
selectivity when 1-bromobenzocyclobutene (10) is used as
the electrophile, because of the difficulty of isomerization
through a planar sp*-benzocyclobutene intermediate.

Conclusion

We have described the first enantioselective cross-coupling
reaction between racemic secondary benzyl bromides and
trialkynylindium reagents by using a commercially available
catalytic system. The reaction occurs efficiently, as indium
organometallics can transfer more than one organic group
to the electrophile, and with high enantioselectivity. Current
efforts are focused towards the application of this methodol-
ogy to other organoindium reagents and different secondary
electrophiles.

Experimental Section

General methods: All reactions were conducted in flame-dried glassware
under a positive pressure of argon. Reaction temperatures refer to exter-
nal bath temperatures. THF was dried by distillation from the sodium
ketyl of benzophenone. All other commercially available reagents were
used as received. Racemic 1-bromoindane (9) was prepared by following
a previously published procedure.®™ Liquid reagents or reagent solutions
were added by syringe or cannula. Organic extracts were dried over an-
hydrous Na,SO,, filtered, and concentrated by using a rotary evaporator
at aspirator pressure (20-30 mmHg). TLC was effected on silica gel 60
F,s, (layer thickness 0.2 mm) and components were located by observa-
tion under UV light and/or by treating the plates with a phosphomolyb-
dic acid or p-anisaldehyde reagent followed by heating. Flash chromatog-
raphy was performed on silica gel 60 (230-400 mesh) by Still’s method.['*!
NMR spectra were performed in Bruker Avance 300 or Bruker Avance
500 spectrometers in CDCIl; by using the residual solvent signal at 6=
726 ("H) or 77.0 ppm (*C) as internal standard. DEPT was used to
assign carbon types. LR-EIMS were measured on a Thermo Finnigan
Trace MS spectrometer at 70 eV. The HRMS were measured on a
Thermo Finnigan MAT 95XP spectrometer. IR spectra were taken with a
Bruker Vector 22. Optical rotation values were determined at room tem-
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Table 3. Results of the nickel-catalyzed cross-coupling reaction of trial-
kynylindium reagents with benzyl bromides 9 and 10.
R
Br NiBr,*diglyme (10%) /
(S)-(iPr)-Pybox (13%)

+ Inf= R)
i \ 3 DMA/THF 1:1 n

9 =1 RT, 140 h 11s
10:n=0
(100 mol %) (40 mol %)
Entry Benzyl Alkyne Product™  Yield [%] ee [%]
bromide

~

19 ., 1 65 82
X

2 OO 12 60 81

OMe

AN

3 g 13 56 84

—

A
A

4 \SiM63 14 40 80
N

510 N 15 81 6
x

6 OO 16 57 6

OMe

A

7 : S 17 65 7
X
S

8 Nsivie, 18 82 7

[a] The absolute configuration of the reaction products was not deter-
mined.

perature in a JASCO DIP-1000 Digital polarimeter. HPLC analyses were
performed on a Hewlett Packard HP1100 Series system by using Daicel
Chiralcel columns.

Trialkynylindium reagents: According to previously reported methods,"

trialkynylindium compounds were prepared by treatment of the corre-
sponding alkynyllithium reagents (3 equiv) with InCl; (1.1 equiv) in dry
THF at —78°C and warming to room temperature. Alkynyllithium re-
agents were prepared from the corresponding alkynes (1.0 equiv) by
treatment with nBuLi (1.0 equiv) in dry THF at —78°C and warming to
room temperature, except in the case of ethyl propiolate and 2-ethynyl-6-
methoxynaphthalene which were metallated and used at —78°C.

General procedure for the nickel-catalyzed enantioselective cross-cou-
pling reaction: A solution of NiBr,-diglyme (25 mg, 0.07 mmol) and (§)-
(iPr)-Pybox (25 mg, 0.09 mmol) in dry DMA (4 mL) was placed in an
argon-filled Schlenk tube. After stirring for 15 min at room temperature,
the benzyl bromide (0.7 mmol) and a solution of R;ln in dry THF
(0.07m, 0.28 mmol, 4 mL) were successively added, and the resulting mix-
ture was stirred at room temperature for 140 h. The reaction was
quenched by addition of a few drops of MeOH and diluted with Et,O
(25 mL). The organic phase was washed successively with aqueous HCI
(5%, 30 mL), saturated aqueous NaHCO; (30 mL) and brine (30 mL),
then dried and concentrated. The residue was purified by flash chroma-
tography and enantiomer excess was determined by HPLC on Daicel
Chiralpak columns.

(1-Methyl-3-phenyl-2-propynyl)benzenes 2 and 3:'*! According to the
general procedure, the reaction of (4 )-o-methylbenzylbromide (1,
125 mg, 0.678 mmol) with tri(phenylethynyl)indium (0.27 mmol) afford-
ed, after purification by column chromatography (hexanes), (1-methyl-3-
phenyl-2-propynyl)benzenes 2 and 3 as a colorless oil. With (S)-(iPr)-
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Pybox as the catalyst, 97 mg of 2 (70 %, 84 % ee) was formed; however,
with (R)-(iPr)-Pybox as the catalyst, 93 mg of 3 (67%, 82% ee) was
formed. '"H NMR (300 MHz, CDCls, 25°C): 6=7.53-7.30 (m, 10H), 4.04
(g, J(HH)=7.1 Hz, 1H), 1.64 ppm (d, *J(H,H)=7.1 Hz, 3H); "C NMR
(75 MHz, CDCl;, 25°C): 6=143.3 (C), 131.6 (2xCH), 128.5 (2xCH),
128.2 (2xCH), 127.7 (CH), 126.9 (2xCH), 126.6 (CH), 123.7 (C), 92.6
(©), 82.4 (C), 32.4 (CH), 24.5 ppm (CH;); MS (70 eV, EI): m/z (%): 206
(53) [M*], 191 [M*—CHj;] (100), 189 (25), 165 (14), 128 (17); HRMS
(EI): m/z: caled for CigHyy: 206.1090 [M*]; found: 206.1090; HPLC:
(Chiralcel OD-H): eluent: hexane, flow: 0.5 mL min~".
(S)-1,3-Diphenylbutane:!"’ A mixture of (1-methyl-3-phenyl-2-propynyl)-
benzene 2 (prepared from reaction of 1 with tri(phenylethynyl)indium
and (S)-(iPr)-Pybox as the catalyst, 39 mg, 0.368 mmol, 84 % ee¢) and Pd/
C (4mg, 10% Pd) in hexane (2 mL) was hydrogenated for 5h (balloon
pressure). After this time, the mixture was filtered through a short pad of
Celite. Concentration under reduced pressure afforded (§)-1,3-diphenyl-
butane (37 mg, 95%) as a colorless oil. [a]¥ = +12.1cm’g™'dm™ (c=
1.85 gem™ in CHCLy) (1it."! [a]® = —11.6 cm’g'dm™" (c=1.57 gem ™~ in
CHCl,)); data for the R enantiomer: '"H NMR (300 MHz, CDCl,, 25°C):
0=1737-715 (m, 10H), 2.76 (m, 1H), 2.55 (m, 2H), 1.95 (m, 2H),
1.13 ppm (d, *J(H,H)=6.7 Hz, 3H).
2-Methoxy-6-(3-phenyl-1-butynyl)naphthalene (4): According to the gen-
eral procedure, the reaction of (+)-a-methylbenzylbromide (1, 128 mg,
0.692 mmol) with tri[(6-methoxy-2-naphthalenyl)ethynyl]indium
(0.28 mmol) afforded, after purification by column chromatography (1%
Et,O/hexanes), compound 4 as a white solid (119 mg, 60%, 85% ee).
M.p. 71-72°C; '"HNMR (300 MHz, CDCl;, 25°C): 6=7.93-7.12 (m,
11H), 4.07 (q, Y(HH)=7.1Hz, 1H), 3.94 (s, 3H), 1.66 ppm (d, *J-
(H,H)=7.1 Hz, 3H); "CNMR (75 MHz, CDCl,, 25°C): §=158.1 (C),
143.4 (C), 133.8 (C), 131.0 (CH), 129.3 (CH), 129.1 (CH), 128.6 (2x CH),
128.5 (C), 126.9 (2xCH), 126.6 (2xCH), 119.2 (CH), 118.6 (C), 105.7
(CH), 922 (C), 82.8 (C), 55.3 (CHj;), 32.5 (CH), 24.5 ppm (CH;); MS
(70 eV, EI): m/z (%): 286 [M*] (75), 271 [M*—CH;] (100), 228 (40), 226
(22); HRMS (EI): m/z: caled for C,H;0: 286.1352 [M*]; found:
286.1365; HPLC (Chiralcel OJ): eluent: iPrOH/hexane (10:90), flow:

1.0 mLmin".

3-(3-Phenyl-1-butynyl)thiophene (5): According to the general proce-
dure, the reaction of (+)-a-methylbenzylbromide (1, 130 mg,
0.700 mmol) with tri[(3-thienyl)ethynyl]indium (0.28 mmol) afforded,
after purification by column chromatography (hexanes), compound 5 as a
colorless oil (97 mg, 65%, 87% ee). 'H NMR (300 MHz, CDCl,, 25°C):
0=7.49-7.13 (m, 7H), 4.00 (q, *J(H,H)=7.1 Hz, 1H), 1.61 ppm (d, *J-
(HH)=7.1 Hz, 3H); ®*CNMR (75 MHz, CDCl,, 25°C): 6=1432 (C),
130.0 (CH), 128.5 (2x CH), 127.9 (CH), 126.9 (2xCH), 126.7 (CH), 125.0
(CH), 122.7 (C), 92.1 (C), 774 (C), 32.4 (CH), 24.4 ppm (CH;); MS
(70 eV, El): miz (%): 212 [M™*] (41), 197 [M*—CH;] (100), 178 (13);
HRMS (EI): m/z: caled for C,H;,S: 212.0654 [M*]; found: 212.066;
HPLC (Chiralcel OD-H), eluent: hexane, flow: 0.5 mLmin .

(4-Cyclohexenyl-3-butyn-2-yl)benzene (6): According to the general pro-
cedure, the reaction of (&4)-a-methylbenzylbromide (1, 130 mg,
0.700 mmol) with tri(1-cyclohexenylethynyl)indium (0.28 mmol) afforded,
after purification by column chromatography (hexanes), compound 6 as a
colorless oil (52 mg, 35%, 84% ee). 'H NMR (300 MHz, CDCl,, 25°C):
0=7.42-723 (m, 5H), 6.09 (m, 1H), 3.88 (q, */(H,H)=7.1 Hz, 1H),
2.18-2.07 (m, 4H), 1.69-1.57 (m, 4H), 1.51 ppm (d, */(H,H)=7.1 Hz,
3H); "CNMR (75 MHz, CDCl;, 25°C): 6=143.7 (C), 133.7 (CH), 128.4
(2xCH), 126.9 (2xCH), 126.5 (CH), 120.9 (C), 89.7 (C), 84.2 (C), 32.3
(CH), 29.5 (CH,), 25.6 (CH,), 24.7 (CHj;), 22.4 (CH,), 21.6 ppm (CH,);
MS (70 eV, EI): m/z (%): 210 [M*] (56), 195 [M*—CH;] (72), 167 (100),
129 (62), 105 (76); HRMS (EI): m/z: caled for CiH,s: 210.1403 [M*];
found: 210.1401; HPLC (Chiralcel OD-H): eluent: hexane, flow:

0.5 mLmin"'.

Ethyl 4-phenyl-2,3-pentadienoate (7):!”) According to the general proce-
dure, the reaction of (+)-o-methylbenzylbromide (1, 130 mg,
0.700 mmol) with tri(3-methoxy-3-oxo-1-propynyl)indium (0.28 mmol) af-
forded, after purification by column chromatography (hexanes), com-
pound 7 as a yellow oil (43 mg, 30%, 77% ee). '"HNMR (300 MHz,
CDCl, 25°C): 0=7.42-7.25 (m, 5H), 5.90 (q, J(H,H)=2.9 Hz, 1H), 4.26
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(q, *J(H,H)=7.1 Hz, 2H), 2.22 (d, J(H,H)=2.8 Hz, 3H), 1.30 ppm (t, *J-
(H,H)=7.1 Hz, 3H); "*CNMR (75 MHz, CDCl;, 25°C): 6=213.9 (C),
165.7 (C), 134.4 (C), 128.6 (2xCH), 127.8 (CH), 126.2 (2xCH), 105.4
(C), 89.8 (CH), 60.9 (CH,), 16.2 (CH;), 14.3 ppm (CHj;); IR (CHCL): 7=
1948 (C=C=C), 1718 cm™' (C=0); MS (70 eV, EI): m/z (%): 202 [M™]
(20), 174 (38), 158 (25), 129 (100); HRMS (EI): m/z: caled for C;3H,,0,:
202.0988 [M*]; found: 202.0987; HPLC (Chiralcel OD-H): eluent:
iPrOH/hexane 0.5:99.5, flow: 0.5 mL min™"
(3-Phenyl-1-butynyl)trimethylsilane (8):'*! According to the general pro-
cedure, the reaction of (&+)-a-methylbenzylbromide (1, 132mg,
0.722 mmol) with tris(trimethylsilylethynyl)indium (0.29 mmol) afforded,
after purification by column chromatography (hexanes), compound 8 as a
colorless oil (82 mg, 57%). '"H NMR (300 MHz, CD,Cl,, 25°C): 6 =7.42—
7.25 (m, 5H), 3.80 (q, *J(H,H)=7.1 Hz, 1H), 1.49 (d, *J(H,H)=7.1 Hz,
3H), 0.20 ppm (s, 9H); >*C NMR (75 MHz, CD,Cl,, 25°C): 6 =143.6 (C),
128.9 (2xCH), 1273 (2xCH), 127.0 (CH), 109.9 (C), 86.4 (C), 32.2
(CH), 24.8 (CH3;), 0.2 ppm (3 x CH;); MS (70 eV, EI): m/z (%): 202 [M*]
(11), 187 [M*—CH;] (43), 159 (18), 105 (100); HRMS (EI): m/z: caled
for Cy3sH Si: 202.1172 [M*]; found: 202.1168.
1-(Phenylethynyl)-2,3-dihydro-1H-indene (11):""! According to the gener-
al procedure, the reaction of (+)-1-bromoindane (9, 140 mg, 95%,
0.675 mmol) with tri(phenylethynyl)indium (0.27 mmol) afforded, after
purification by column chromatography (hexanes), compound 11 as a
white solid (96 mg, 65%, 82% ee). M.p. 79-81°C; '"H NMR (300 MHz,
CDCl,, 25°C): 6=7.54-725 (m, 9H), 4.25 (t, *J(H,H)=8.5Hz, 1H),
3.12-2.90 (m, 2H), 2.63 (m, 1H), 2.25 ppm (m, 1H); *C NMR (75 MHz,
CDCl,, 25°C): 0=143.6 (C), 1429 (C), 131.7 (CH), 128.2 (CH), 127.7
(CH), 127.0 (CH), 126.6 (CH), 124.5 (CH), 124.3 (CH), 123.7 (C), 91.5
(C), 81.6 (C), 36.8 (CH), 34.4 (CH,), 31.5 ppm (CH,); MS (70 eV, EI):
miz (%): 218 [M*] (100), 203 [M*—CHj;] (51), 189 (14), 115 (34); HRMS
(EI): m/z: caled for C;H: 218.1090 [M*]; found: 218.1086; HPLC
(Chiralcel OD-H): eluent: hexane, flow: 0.5 mLmin .
2-[(2,3-Dihydro-1H-inden-1-yl)ethynyl]-6-methoxynaphthalene (12): Ac-
cording to the general procedure, the reaction of (+)-1-bromoindane (9,
138 mg, 97 %, 0.678 mmol) with tri[(6-methoxy-2-naphthalenyl)ethynyl]-
indium (0.27 mmol) afforded, after purification by column chromatogra-
phy (1% Et,O/hexanes), compound 12 as a white solid (121 mg, 60 %,
81% ee). M.p. 100-101°C; 'H NMR (300 MHz, CDCl,, 25°C): 0=7.90—
7.11 (m, 10H), 4.27 (t, *J(H,H)=8.5 Hz, 1H), 3.93 (s, 3H), 3.12-2.90 (m,
2H), 2.64 (m, 1H), 2.26 ppm (m, 1 H); *C NMR (75 MHz, CDCl;, 25°C):
0=158.1 (C), 143.7 (C), 143.0 (C), 133.8 (C), 131.0 (CH), 129.3 (CH),
129.2 (CH), 1285 (C), 127.1 (CH), 126.6 (2xCH), 124.5 (CH), 124.3
(CH), 119.2 (CH), 118.7 (C), 105.8 (CH), 91.1 (C), 82.0 (C), 55.3 (CH,),
36.9 (CH), 34.5 (CH,), 31.5 ppm (CH,); MS (70 eV, EI): m/z (%): 298
[M*] (100), 283 [M*—CH;] (30), 252 (33), 239 (23); HRMS (EI): m/z:
caled for C,H3O: 298.1352 [M™*]; found: 298.1350; HPLC (Chiralcel
0OJ): eluent: iPrOH/hexane 30:70, flow: 1.0 mLmin~".
3-[(2,3-Dihydro-1H-inden-1-yl)ethynyl]thiophene (13): According to the
general procedure, the reaction of (+)-1-bromoindane (9, 140 mg, 97 %,
0.689 mmol) with tri[(3-thienyl)ethynyl]indium (0.28 mmol) afforded,
after purification by column chromatography (hexanes), compound 13 as
a white solid (87 mg, 56 %, 84 % ee). M.p. 64-65°C; 'H NMR (300 MHz,
CDCl,;, 25°C): 6=7.52-7.13 (m, 7H), 422 (t, *J(H,H)=8.5Hz, 1H),
3.10-2.89 (m, 2H), 2.61 (m, 1H), 2.24 ppm (m, 1H); “C NMR (75 MHz,
CDCl;, 25°C): 6=143.5 (C), 1429 (C), 130.0 (CH), 1279 (CH), 127.1
(CH), 126.6 (CH), 125.0 (CH), 124.5 (CH), 124.3 (CH), 122.7 (C), 91.0
(©), 76.6 (C), 36.8 (CH), 34.3 (CH,), 31.5 ppm (CH,); MS (70 eV, EI):
miz (%): 224 [M*] (100), 208 (21), 191 (29), 178 (21); HRMS (EI): m/z:
caled for C,sH,,S: 224.0654 [M*]; found: 224.0654; HPLC (Chiralcel
OD-H): eluent: hexane, flow: 0.5 mLmin .
[(2,3-Dihydro-1H-inden-1-yl)ethynyl]trimethylsilane (14): According to
the general procedure, the reaction of (+)-1-bromoindane (9, 142 mg,
97 %, 0.700 mmol) with tris(trimethylsilylethynyl)indium (0.28 mmol) af-
forded, after purification by column chromatography (hexanes), com-
pound 14 as a colorless oil (60 mg, 40%, 80% ee). "H NMR (300 MHz,
CDCl;, 25°C): 6=17.36 (m, 1H), 7.24-7.15 (m, 3H), 4.00 (dd, J(H.H)=
9.0, 8.5Hz, 1H), 2.95-2.85 (m, 2H), 249 (m, 1H), 2.05 (m, 1H),
0.17 ppm (s, 9H); "C NMR (75 MHz, CDCl,, 25°C): 6=143.8 (C), 143.5
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(C), 127.3 (CH), 126.9 (CH), 124.8 (CH), 124.4 (CH), 108.8 (C), 85.5 (C),
37.5 (CH), 34.8 (CH,), 31.7 (CH,), 0.16 ppm (3xCH;); MS (70 eV, EI):
mlz (%): 214 [M*] (32), 199 [M*—CH;] (34), 117 (69), 84 (92), 73 (100);
HRMS (EI): m/z: caled for C,HysSi: 214.1172 [M™*]; found: 214.1168;
HPLC (Chiralcel OD-H): eluent: hexane, flow: 0.5 mLmin .

1-(Phenylethynyl)-1,2-dihydrocyclobutabenzene (15): According to the
general procedure, the reaction of (+)-1-bromobenzocyclobutane (10,
126 mg, 0.690 mmol) with tri(phenylethynyl)indium (0.28 mmol) afford-
ed, after purification by column chromatography (hexanes), compound
15 as a colorless oil (113 mg, 81%, 6% ee). 'H NMR (300 MHz, CDCl,,
25°C): 6=7.50-7.15 (m, 9H), 4.49 (dd, J(H.H)=5.5, 2.8 Hz, 1H), 3.73
(dd, J(HH)=13.7, 55Hz, 1H), 3.42ppm (dd, J(HH)=13.9, 2.9 Hz,
1H); *CNMR (75 MHz, CDCl,, 25°C): §=145.2 (C), 143.6 (C), 131.6
(2xCH), 128.2 (2xCH), 128.0 (CH), 127.7 (CH), 127.4 (CH), 123.6 (C),
123.2 (CH), 122.1 (CH), 89.7 (C), 82.3 (C), 38.9 (CH,), 32.6 ppm (CH);
MS (70 eV, EI): m/z (%): 204 [M*] (88), 202 (100), 101 (20); HRMS
(EI): m/z: caled for CiHyy: 204.0934 [M™*]; found: 204.0934; HPLC
(Chiralcel OD-H): eluent: iPrOH/hexane 0.5:99.5, flow: 0.5 mLmin".
2-[(1,2-Dihydrocyclobutabenzen-1-yl)ethynyl]-6-methoxynaphthalene
(16): According to the general procedure, the reaction of (4 )-1-bromo-
benzocyclobutane (10, 128 mg, 0.700 mmol) with tri[(6-methoxy-2-naph-
thalenyl)ethynyl]indium (0.28 mmol) afforded, after purification by
column chromatography (hexanes), compound 16 as a white solid
(113 mg, 55%, 6% ee). M.p. 83-84°C; 'HNMR (300 MHz, CDCl,,
25°C): 6=7.90-7.11 (m, 10H), 4.52 (dd, J(H.H)=5.5, 2.8 Hz, 1H), 3.93
(s, 3H), 3.74 (dd, J(H,H)=13.9, 5.6 Hz, 1H), 3.44 ppm (dd, J(H.H)=
13.9, 2.9 Hz, 1H); *CNMR (75 MHz, CDCl,, 25°C): 6=158.1 (C), 145.3
(0), 143.6 (C), 133.8 (C), 131.1 (CH), 129.2 (CH), 129.1 (CH), 128.4 (C),
128.0 (CH), 127.4 (CH), 126.6 (CH), 1232 (CH), 122.1 (CH), 119.2
(CH), 118.4 (C), 105.7 (CH), 89.3 (C), 82.7 (C), 55.2 (CH3;), 39.0 (CH,),
32.8 ppm (CH); MS (70 eV, EI): m/z (%): 284 [M™*] (72), 269 [M*—CH;]
(22), 241 (100); HRMS (EI): m/z: caled for C, HjO: 284.1196 [M*];
found: 284.1200; HPLC (Chiralcel OD-H): eluent: iPrOH/hexane
0.5:99.5; flow: 0.5 mLmin".
3-[(1,2-Dihydrocyclobutabenzen-1-yl)ethynyl]thiophene (17): According
to the general procedure, the reaction of (& )-1-bromobenzocyclobutane
(10, 128 mg, 0.700 mmol) with tri[(3-thienyl)ethynyl]indium (0.28 mmol)
afforded, after purification by column chromatography (hexanes), com-
pound 17 as a colorless oil (96 mg, 65%, 7% ee). 'HNMR (300 MHz,
CDCl,, 25°C): 6=7.42-7.11 (m, 7H), 4.45 (dd, J(H,H)=5.5, 2.7 Hz, 1 H),
3.70 (dd, J(H,H)=14.0, 5.5 Hz, 1H), 3.36 ppm (dd, J(H,H)=13.9, 2.9 Hz,
1H); B*CNMR (75 MHz, CDCl,, 25°C): §=145.1 (C), 143.5 (C), 129.9
(CH), 128.0 (2xCH), 127.4 (CH), 125.0 (CH), 123.2 (CH), 122.5 (C),
122.1 (CH), 89.2 (C), 77.4 (C), 38.2 (CH,), 32.6 ppm (CH); MS (70 eV,
El): m/z (%): 210 [M*] (100), 165 (73); HRMS (EI): m/z: caled for
C,H,(S: 210.0498 [M*]; found: 210.0493; HPLC (Chiralcel OD-H):

eluent: hexane, flow: 0.5 mL min~".

[(1,2-Dihydrocyclobutabenzen-1-yl)ethynyl]trimethylsilane (18): Accord-
ing to the general procedure, the reaction of (+)-1-bromobenzocyclobu-
tane (10, 126 mg, 0.690 mmol) with tris(trimethylsilylethynyl)indium
(0.28 mmol) afforded, after purification by column chromatography (hex-
anes), compound 18 as a colorless oil (113 mg, 82%, 7% ee). 'H NMR
(300 MHz, CDCl;, 25°C): 6=7.29-7.03 (m, 4H), 4.28 (dd, J(H.H)=5.5,
3.0Hz, 1H), 3.62 (dd, J(H.H)=13.9, 5.6 Hz, 1H), 3.30 (dd, J(H.H)=
14.1, 2.9 Hz, 1H), 0.20 ppm (s, 9H); "CNMR (75 MHz, CDCl;, 25°C):
0=145.0 (C), 143.6 (C), 127.9 (CH), 127.4 (CH), 123.1 (CH), 122.0 (CH),
106.4 (CH), 86.3 (C), 38.8 (CH,), 32.9 (CH), 0.1 ppm (3xCH;); MS
(70 eV, EX): m/z (%): 200 [M*] (4), 185 [M*—CHj;] (100), 172 (17), 141
(23); HRMS (EI): m/z: caled for CiHySi: 200.1016 [M™*]; found:
200.1011; HPLC (Chiralcel OD-H): eluent: hexane, flow: 0.4 mLmin .
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A Molecular Shuttle for Driving a Multilevel Fluorescence Switch

Weidong Zhou, Junbo Li, Xiaorong He, Cuihong Li, Jing Lv, Yuliang Li,* Shu Wang,
Huibiao Liu, and Daoben Zhu'"!

Abstract: A [2]rotaxane-based molecu-
lar shuttle comprised a macrocycle me-
chanically interlocked to a chemical
“dumbbell” has been prepared in high
yields by a thermodynamically control-
led, template-induced clipping proce-
dure. This molecular shuttle has two
different recognition sites, namely, —
NH,™— and amide, separated by a
phenyl unit. The macrocycle exhibits
high selectivity for the —NH,*— recog-
nition sites in the protonated form
through  noncovalent interactions,
which include 1) N*—H--O hydrogen
bonds; 2) C—H--O interactions be-
tween the CH,NH,"CH, protons on
the thread and the oligo(ethylene
glycol) unit in the macrocycle; 3) wt-x
stacking interaction between macrocy-

cle glides to the amide recognition site
due to the hydrogen bonds between the
—CONH- group and the oligo(ethy-
lene glycol) unit in the macrocycle. The
deprotonation process requires about
10 equivalents of base (iPr,NEt) in
polar acetone, while the amount of
base is only 1.2 equivalents in apolar
tetrachloroethane. Upon addition of
Lit, the conformation of the [2]ro-
taxane was altered as a result of the
collective interactions of 1) hydrogen
bonds between pyridine nitrogen and
amide hydrogen atoms; 2) coordination
between the oligo(ethylene glycol)
unit, amide oxygen atom and Lit

Keywords: fluorescence - molecular
devices - rotaxanes - supramolecular

cation. Then, when Zn?>* ions are
added, the macrocycle returns to the
deprotonated —NH— recognition site
owing to coordination of the macrocy-
cle and -NH— from the axle with the
Zn** ion. All the above-mentioned
movement processes are reversible
through the alternate addition of TFA/
iPr,NEt, Li/[12]-crown-4 and Zn?*/eth-
ylenediaminetetraacetate (EDTA), by
virtue of hydrogen bonding and metal-
ion complexation. Significantly, the
three independent movement processes
are all accompanied by fluorescent re-
sponses: 1) complete repression in the
protonated form; 2)low-level expres-
sion in the deprotonated form;
3) medium-level expression following
addition of Li*; 4) high-level expres-

cle and aromatic unit. Upon deproto-
nation of the [2]rotaxane the macrocy-

Introduction

Mechanically interlocked molecules such as catenanes and
rotaxanes have received a great deal of attention due to
their multiple controllable and reversible alternations of
conformation through induced relative movement of their
non-covalently interacting components on application of ex-
ternal stimuli.!) Various noncovalent interactions have been

[a] W. Zhou, J. Li, X. He, C. Li, J. Lv, Prof. Y. Li, Prof. S. Wang,
Dr. H. Liu, Prof. D. Zhu
CAS Key Laboratory of Organic Solid
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sion on complexation with Zn**.

employed in the construction of classical mechanically inter-
locked molecules: electron donor—acceptor interaction be-
tween a tetracationic cyclophane and dioxynaphthalene or
tetrathiafulvalene,” N+*—H--O hydrogen bonds and C—
H-O interactions in secondary dialkylammonium ions and
recognition by crown ether macrocycles,”! metal cation-
ligand coordination in pyridine-copper architectures! and
amide—amide hydrogen bonds in short peptides and iso-
phthalamide macrocycles.”) With the development of supra-
molecular chemistry, some weak noncovalent interactions
have also been found to have the ability to stabilize the opti-
mized conformation, such as C—H--m interactions® and
electron-transfer processes.”! Thus, construction of multista-
ble molecular shuttles became possible by combination of
the above interactions. The alternation of relative positions
of the above-mentioned interlocked components constitutes
a basic kind of mechanical switch, capable of varying physi-
cal properties such as conductivity,®! circular dichroism®

Chem. Eur. J. 2008, 14, 754-763





and fluorescence.'"”! Some of these molecular mechanical
switches have been designed specifically to perform particu-
lar functions, such as molecular muscles,'!! molecular eleva-
tors!'” and even molecular walkers."¥ However, most cur-
rent artificial systems controlled by molecular shuttles are
operated only as on/off switches and not in an adjustable
multilevel mode. The availability of robust artificial switches
which exhibit a single signal at desired levels in response to
fixed doses of different inducers rather than minute concen-
tration changes of a single inducer would be more desirable
in the field of biotechnology.'¥! With this in mind, we de-
signed and constructed a multistable system to study the
properties and operational mechanisms of this kind of artifi-
cial shuttles as a prelude to optimizing their performance
(Figure 1).

Ny

Acid”Base

12112+

Figure 1. Graphical representation of the movement processes in the mul-
tistable molecular shuttle.

Here we describe a multilevel fluorescence switch in
which acid/base- and metal-ion complexation/decomplexa-
tion-induced shuttling of the macrocycle along the thread
drives changes in the interaction between the macrocycle
and the fluorescent chromophore in the thread. The molecu-
lar shuttle consists of a thread bearing an anthracene group
as a fluorescent probe and an aniline-containing oligo(ethy-
lene glycol) macrocycle mechanically interlocked on the
thread. The thread has two potential H-bonding stations: a
secondary dialkylammonium (—NH,*—) center and an
amide center, separated by a phenylene group. Under low-
pH conditions, the macrocycle is assembled around an am-
monium cation center through a combination of strong N*—
H:+O hydrogen bonds and weak C—H:-O interactions be-
tween macrocycle and thread. Addition of 1.2 equivalents of
iPr,NEt as base to the [2]rotaxane in apolar solution causes
deprotonation of the ammonium recognition site. As a
result, the hydrogen bonds between dialkylammonium and
oligo(ethylene glycol) groups are switched off, and the mac-
rocycle moves to the amide recognition site due to the hy-
drogen bond between them. Upon addition of 1.2 equiva-

Chem. Eur. J. 2008, 14, 754-763
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lents of Li* ions, the conformation of the [2]rotaxane is al-
tered by a combination of Li-oligo(ethylene glycol) interac-
tion™ and weak hydrogen bonds between amide and pyri-
dine groups. When 1.1 equivalents of Zn?* ions are added,
the pyridine/aniline moiety in the macrocycle and the amine
in the thread complex with Zn?*, and the macrocycle re-
turns to the amine site. It is well known that photoinduced
electron transfer takes place from the aniline and amine
groups to the anthracene unit,'” which can be influenced by
the alternation of distance between them, protonation/de-
protonation and metal ion complexation/decomplexation of
aniline and amine groups.”®!” Thus, in this system, protona-
tion/deprotonation and metal-ion complexation/decomplex-
ation of aniline and amine, which can induce movement of
the macrocycle, will all affect the fluorescent emission of the
anthracene unit. By means of the above three movement
processes, this shuttle enables multilevel expression of fluo-
rescence in response to different triggers: 1) complete re-
pression in the absence of any stimulus; 2) slight expression
in response to base; 3) low-level expression following ad-
dition of Li*; 4) high-level expression in the presence of
Zn*t,

Results and Discussion

Synthesis: Two threads 1-H and P-H were synthesized for
the construction of the [2]rotaxane and the multistable me-
chanical switch. According to the literature," [2]rotaxanes
can be prepared in high yields by a thermodynamically con-
trolled, template-induced clipping procedure (Scheme 1), by
mixing together of three components: a pyridine dialdehyde,
a diamine and a dumbbell thread compound containing a —
CH,NH,*CH,— center. The target [2]rotaxane 2-H was ob-
tained in 75% yield after purification by chromatography
on silica when 1-H was used as template. A similar experi-
ment using P-H as template gave independent P-H and
macrocycle after purification by chromatography on silica,
that is, the pyrene unit is not large enough to function as a
bulky stopper for this macrocycle. The single-crystal struc-
ture of the macrocycle (Figure 2a) shows that the largest in-
tramacrocycle distance is 9.222 A, between O1 and OS5, in
the solid state.’® Though the conformation in the solid
state is different from that in solution, this conformation
possibly exists among the various states of free rotation in
solution. In the pyrene unit, the largest distance, between
H1 and H5, is 6.861 A, slightly smaller than the cavity of the
macrocycle (Figure 2b). Thus, the pyrene unit is small
enough for the thread to leave the macrocycle. In Stoddart’s
model, a 3,5-dimethoxybenzyl group acts as a bulky stopper
for the macrocycle.™® As shown in Figure 2c, the largest dis-
tance, between H1 and H2, is 7.905 A in the solid state,
which is smaller than the cavity of the macrocycle, too. In
addition, the methoxyl group can rotate freely around the
C-0O single bond, and this might reduce the distance be-
tween H1 and H2 to that between H1 and HS in the pyrene
unit. In their model,"™® the steric hindrance from the C—H
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Scheme 1. i) 2-Chloroacetyl chloride, Et;N/CHCl;, 0°C, 85 %; ii) 4-hydroxy-
benzaldehyde, K,COs;, acetone, KI, reflux, 8 h, 80 %; iii) EtOH, molecular
sieves (4 A), reflux, 8 h; iv) NaBH,, EtOH, 25°C, 8 h, 75%; v) CF;CO,H,
acetone, then NH,PFg, water; vi) 2,6-pyridinedicarboxaldehyde, tetraethy-
lene glycol bis(2-aminophenyl)ether, MeNO,, 10 min, then BH; THF, room

temperature, 4 h, 70 %.

bonds in methyl groups may restrain the macrocycle on the
thread.

The HRMS (N-SIMS NBA) of 2-H (Figure 3) revealed a
high intensity signal at m/z 1168.5566 corresponding to [2-
H]", that is, loss of PF, ions from the salt. The 'H NMR
spectra of 1-H and 2-H in CDCl,CDCL,/CD;COCD; (10/1)
are shown in Figure 4. As expected for complexation, the
"H NMR signals for the four protons H; and H, adjacent to
NH,* experienced a significant downfield shift of 0.5 ppm
with respect to those in free 1-H.'**'® The signals corre-
sponding to phenylene protons H; and H; exhibited substan-
tial downfield shift due to the shielding effect of the macro-
cycle (see Scheme 2). In this way, the macrocycle was proba-
bly, to some extent, sandwiching the phenylene A spacer so
as to benefit from supplementary stabilization by means of
weak m—m stacking interactions. The signals of the oligo-
(ethylene glycol) moiety of the macrocycle experienced
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downfield shift due to a combi-
nation of C—H--O and N*—
H--O hydrogen bonds. The sig-
nals of H,, H; and H, on the
macrocycle exhibited clear up-
field shifts in 2-H, which can be

g b attributed to the shielding

Hy a O d . .

N effect of phenylene ring A. This

_._ h © confirms a mutual shielding
b PFe effect between phenylene ring
1-H A and the pyridine aniline

moiety in the macrocycle. Thus,
the 'HNMR spectra support
formation of rotaxane 2-H and
selective binding of the macro-
cycle with the —NH,*— center.
Clear evidence for the forma-
tion of the [2]rotaxane was also
obtained from electrochemical
experiments in acetonitrile so-
lution (Figure 5). The macrocy-
cle exhibited two successive ir-
reversible one-electron reduc-
tion waves around 0.97 and
1.28 V relative to a silver-wire
electrode. When the macrocycle
locked around the axle, the two
oxidation potentials become
less positive by about 170 and
50 mV, respectively, which can

2

3

L

NH HN~T)
(@]

-
G o

0]

O

Figure 2. a) Solid-state structure of the macrocycle (CCDC-263073—
CCDC-263075 from The Cambridge Crystallographic Data Centre).!*!
b) and c) Models of pyrene and 3,5-dimethoxybenzyl groups (The MM?2
force field was used to calculate the minimum-energy conformation).
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Figure 3. HRMS (N-SIMS NBA) of 2-H.
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Figure 4. Partial '"H NMR spectra (600 MHz, 298 K, 10*m, CDCL,CDCly/
CD;COCD; 10/1) of 1-H (a), 2-H (b) and macrocycle (c).

be ascribed to the electronic interaction between the macro-
cycle and the dialkylammonium center.”! The reduction po-
tential of the anthracene axle did not exhibit any clear dif-
ference during formation of the [2]rotaxane.

Movement processes: Switching of the ring between differ-
ent recognition sites can be monitored by 'HNMR,
NOESY, UV/Vis and fluorescence spectroscopy.

NMR spectroscopy: The 'HNMR titration of 2-H with
iPr,NEt in CD;COCD; is outlined in Figure 6. Upon addi-
tion of iPr,NEt, two single peaks for the four protons H;
and H, adjacent to NH,* shift upfield from 6=5.53 and
5.23 to 4.87 and 4.62 ppm, respectively, which indicates de-
protonation of the dialkylammonium group and breaking of
C—H--O hydrogen bonds. The upfield shift of the methylene
resonance (0(H,)=0.62 ppm) near the amide station in 2 is
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Potential

Figure 5. Cyclic voltammetric (CV) curves for 1-H, macrocycle, and 2-H.
CV experiments were performed at room temperature in dried acetoni-
trile solutions containing 0.04M TBAPF, as supporting electrolyte. A
three-electrode configuration consisting of a glassy carbon working elec-
trode, a Pt counterelectrode and an Ag wire quasi-reference electrode
was used.

characteristic of aromatic shielding from the encapsulating
macrocycle. At the same time, the signals assigned to H, ex-
perienced an upfield shift from 6 =8.54 to 8.49 ppm, due to
reduced withdrawal of electrons on deprotonation of the di-
alkylammonium center. The signal for H, shifted downfield
by 0.13 ppm in the rotaxane as a result of the loss of aromat-
ic shielding from the encapsulating macrocycle. All these
features indicate that the macrocycle migrates from the di-
alkylammonium center to the amide center upon addition of
iPr,NEt in acetone.

The fraction of 2 is about 61 % when 2 equivalents of
iPr,NEt are added, and increases to 86 and about 91 % on
addition of 6 and 10 equivalents of iPr,NEt, respectively.
This indicates that the complexation constant between the
dialkylammonium group and iPr,NEt is not very large under
these conditions, which might be due to the high polarity of
acetone. When CDCl,CDCl,/CD;COCD; (10/1) was used as
solvent in a neutralization experiment, approximately
1.2 equivalents of iPr,NEt were needed to neutralize the di-
alkylammonium center completely. These results show that
the complexation constant is smaller in more polar sol-
vents.)

The '"HNMR spectra of 2-H, 2 and 1 in CDCLCDCl,/
CD;COCD; (10/1) are shown in Figure 7. Upon addition of
1.2 equivalents of iPr,NEt to 2-H, the dialkylammonium
group was neutralized and the hydrogen bonds between
macrocycle and ammonium group were switched off. The
signals for H; and H,, shifted upfield by 0.92 and 0.24 ppm,
respectively, which indicates deprotonation of the dialkylam-
monium center and breaking of the C—H:-O hydrogen
bonds. Two characteristics reflect the site of the macrocycle
on the thread: 1) the characteristic resonances for the meth-
ylene protons H, adjacent to the amide group experienced a
significant upfield shift of 0.71 ppm compared with free
thread 1, which should be due to the shielding effect of the
macrocycle; 2) substantial downfield shift by 0.51 ppm was
observed for the signal of H, from the amide compared with
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Figure 6. Partial "H NMR spectra (400 MHz, 298 K, 10~*m, CD;COCD;)

of 2-H (a), 2-H+2 equiv iPr,NEt (b), 2-H+6 equiv iPr,NEt (c), 2-H+
10 equiv iPr,NEt (d), and 2 (e).

that in free thread 1, which can be ascribed to the hydrogen
bond between macrocycle and amide."” Both features sup-
port that the macrocycle moves to the amide recognition
site due to the hydrogen bonds between them.'

The signals for Hy,, and H,,, separated into two different
sets of signals as a consequence of losing their planes of
symmetry orthogonal to the principal axis in the molecular
shuttle.! The signals for phenylene ring A protons H; and
H; in 2 shifted downfield by 0.16 and 0.73 ppm compared to
those in 2-H, but still less than 6=7.0 ppm. This suggests
that the shielding effect of the macrocycle was reduced due
to the movement of the macrocycle, but still existed to some
extent. Meanwhile, the NOESY spectrum exhibited cross-
peaks between the signals for H; of phenylene ring A and
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Figure 7. Partial '"H NMR spectra (600 MHz, 298 K, 10-*m, CDCL,CDCL,/

CD;COCD; 10/1) of 2-H (a), 2 (b), and 1 (c). Partial NOESY spectrum
of 2 (bottom).

H, of aniline (Figure 7), which indicate that they are adja-
cent to each other in space. The above two features support
formation of a stable conformation in which the macrocycle
encircles the amide site, while the pyridine aniline moiety
shields phenylene unit A, and the oligo(ethylene glycol) sec-
tion encircles the hydrogen atom of the amide group (shown
for 2 in Scheme 2).

When 1.2 equivalents of Li* were added to a solution of 2
at room temperature, dramatic changes in the 'H NMR
spectrum were observed (Figure 8). The single peak corre-
sponding to the methylene protons H, shifted downfield by
1.5 ppm compared with that in 2, and by 0.75 ppm compared
with that in the free thread. The signals for the oligo(ethy-
lene glycol) unit shifted downfield, too. These phenomena
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Figure 8. Partial 'H NMR spectra (600 MHz, 298 K, 10~*m, CDCL,CDCl,/
CD;COCD;, v/v, 10/1) of 2 (a), 2-Li (b), and 1 (c). Partial NOESY spec-
trum of 2-Li (bottom).

can be attributed to coordinative interaction between the
oligo(ethylene glycol) moiety on the macrocycle, the amide
oxygen atom and the Li* ion.'™ Upon addition of Li*, the
oligo(ethylene glycol) moiety of the macrocycle and the
amide oxygen atom encircle the Li* ion and coordinate to
it, which leads to clear downfield shifts of H, and the pro-
tons of the oligo(ethylene glycol) moiety. In addition, the
signals for pyridine protons H, and H,, shifted downfield by
0.85 and 0.42 ppm, respectively. This could be attributed to
the strengthened hydrogen bonds between pyridine nitrogen
and amide hydrogen atoms as a result of the conformational
change of the macrocycle on coordination to Li*.">! More-
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over, a NOESY experiment showed cross-peaks between
the signals for H; of phenylene ring A and those for H, of
the oligo(ethylene glycol) unit (Figure 8), which indicate
that phenylene ring A and oligo(ethylene glycol) unit are
close to each other in space. This steric interaction could
lead to weak C—H--m interaction between them, which
would induce significant splitting of the signals for H; and H;
in p-phenylene unit A"} As shown in Figure 8b, the two
“doublets” for H; and H; shifted by —0.5 and 0.08 ppm, re-
spectively, compared with those in 2, and the splitting in-
creased from 0.28 to 0.86 ppm. This enlarged splitting of the
signals for H; and H; in p-phenylene unit A verifies the exis-
tence of the C—H-+m interaction. All these changes in chem-
ical shift suggested that the macrocycle still encircled the
amide site. However, the oligo(ethylene glycol) section is
closer to phenylene unit A, and the pyridine/aniline moiety
encircles the amide hydrogen atom in this state. These fea-
tures required alternation of conformation of the [2]ro-
taxane to some extent (see 2-Li in Scheme 2).

When 1.1 equivalents of Zn** ions were added to 2-Li,
the four protons H; and H, adjacent to ~NH— experienced
significant downfield shifts of 0.82 and 0.23 ppm compared
with those of 2-Li. As shown in Figure 9b, the signals corre-
sponding to pyridine and aniline all exhibited clear down-
field shifts compared with the free macrocycle,'® which can
be attributed to coordination between the pyridine/aniline
moiety and Zn>*. The remarkable downfield shift of four
protons H; and H, adjacent to -NH— also indicated coordi-
nation between dialkylamine (—NH-) and Zn>**. Thus, the
"H NMR spectra support selective binding of the pyridine/
aniline moiety in the macrocycle and -NH— of the thread
with the Zn?* ion and formation of rotaxane 2-Zn (see
Scheme 2).

Optical properties: Figure 10 depicts UV/Vis spectra of 1
and 2 under different stimuli. Only the anthracene moiety
absorbs in the spectral region above 300 nm, and hence all
changes in the UV/Vis spectra in this region are due to al-
teration of electronic state of the anthracene unit. The ab-
sorption features of neutral thread 1 are similar to those of
neutral rotaxane 2, that is, there is no obvious interaction
between macrocycle and anthracene unit in the ground state
in this conformation. When Zn** or TFA was added to solu-
tions of 1 and 2, three absorption peaks arising from the an-
thracene unit experienced a red shift of 4 nm, which can be
ascribed to restriction of the interaction between lone-pair
electrons of amine and anthracene units in the ground state
due to complexation or protonation.

Clear evidence for multilevel switching with different
inputs was obtained from fluorescence experiments in
CH,CL/THF (10/1). As shown in Figure 11a, 1-H exhibited
strong emission at 423 nm, while the neutral form 1 exhibit-
ed weak emission around 413 nm. This quenching effect can
be attributed to photoinduced electron transfer (PET) from
amine (-NH-) to anthracene.'!”) The anthracene fluores-
cence of 2-H was quenched completely, due to strong PET
from the aniline unit of the macrocycle to anthracene. Upon
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Scheme 2. Movement processes of the multistable molecular shuttle under different stimuli. i) iPr,NEt; ii) CF;CO,H; iii) LiClO,; iv) [12]crown-4; v) Zn-

(C10,),; vi) EDTA.

Figure 9. Partial '"H NMR spectra (600 MHz, 298 K, 10—*m, CDCLCDCI,/
CD;COCDs;, 10/1) of macrocycle (a), 2-Zn (b), and 1 (c).

addition of 1.2 equivalents of iPr,NEt to 2-H, the emission
of the anthracene moiety increased slightly but was still less
than that of 1, which indicated the PET from aniline to an-
thracene moiety was restricted to some extent due to the
elongated distance. The similar fluorescence intensity of 2-
Li to that of neutral 1 implies that PET from aniline to an-
thracene was completely quenched in this state. This might
be due to further elongation of the spatial distance between
them or blockage of PET by the presence of Li*. Upon ad-
dition of Zn** ions to 2, the fluorescence intensity was re-
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Figure 11. a) Fluorescence spectra of 1-H, 1, 2-H, 2, 2-Li, and 2-Zn in
CH,CL/THF (10/1, 1x107°m) at room temperature (A, =370 nm). The
inset shows the magnified fluorescence spectra of 1, 2, 2-Li, and 2-H.
Fluorescence-intensity changes at 414 nm (b) and 422 nm (c) after alter-
nating additions of Li (half integers)/[12]crown-4 (integers) and Zn (half
integers)/EDTA (integers) to 2 and 2-Li over six complete cycles, respec-
tively (A, =370 nm).

covered and became as large as that of 1-H*, and this sug-
gests complete abolishment of PET from amine and aniline
to anthracene. In particular, when 1.2 equivalents of Zn?*
were introduced into a solution of 2-Li, the fluorescence in-
tensity also recovered and became equal to that of 1-H™.
This might due to the much stronger complexation ability
between the pyridine/aniline moiety and Zn?* relative to
that between oligo(ethylene glycol) unit and Li*. By means
of the above three movement processes, this shuttle enables
multilevel expression of fluorescence in response to differ-
ent triggers: 1) complete repression in the absence of any
stimulus; 2) slight expression in response to base; 3) low-
level expression following addition of Li*; 4) high-level ex-
pression in the presence of Zn**.

The observations in fluorescence experiments were in ac-
cordance with the '"H NMR spectra. Upon deprotonation of
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2-H, the macrocycle moved from the dialkylammonium
(—NH,*—) center to the amide station, and thus the distance
between aniline and anthracene moieties was enlarged. In 2,
PET from secondary dialkylamine to anthracene was recov-
ered and the PET from aniline to anthracene was decreased.
Therefore, the fluorescent emission of 2 was less than that
of free thread 1, in which only PET from secondary dialkyl-
amine to anthracene occurs. In this conformation, the pyri-
dine/aniline moiety was more adjacent to the phenylene unit
A of the thread, and the oligo(ethylene glycol) moiety was
centered around the amide hydrogen atom in space. Upon
addition of Li* ions, the conformation of this [2]rotaxane
was altered, and the pyridine/aniline moiety turned towards
the amide hydrogen atom, which further increased the dis-
tance between aniline and anthracene moieties and de-
creased the PET process between them (Scheme 2). The
PET from secondary dialkylamine to anthracene was not af-
fected in this process. In the fluorescence spectra, the fluo-
rescence intensity of 2-Li is similar to that of neutral thread
1, that is, PET from aniline on the macrocycle to anthracene
was quenched completely. Similar to previous reports, the
electron lone pair of the amino group next to the anthra-
cene unit can not quench the emission completely."™ Thus,
emission quenching of anthracene by the macrocycle may
be of greater importance than that by the dialkylamine, be-
cause PET from aniline to anthracene unit may be stronger.
When Zn?* ions are added, the pyridine/aniline moiety of
the macrocycle and the dialkylamine group in the thread co-
ordinate to the Zn center, which would completely eliminate
PET from aniline and dialkylamine to anthracene and re-
cover the emission entirely.">'”) In the fluorescence spectra,
2-Zn exhibited intensive fluorescent emission similar to that
of 1-H, which indicated that no PET process was present.
Thus, the fluorescence behavior supports the model pro-
posed from the analysis of the 'H NMR spectra. These
movement processes can be repeated many times without
degradation by alternate addition of TFA/iPr,NEt, Li/
[12]crown-4 and Zn?*/EDTA, which are all perceived
through changes in fluorescence (Figure 11b and c).

Conclusion

We have presented a multistable molecular shuttle with
three successive independent movement processes driven by
acid/base and metal-ion complexation/decomplexation,
which are all accompanied by fluorescent responses. By
means of the three movement processes, this shuttle enables
multilevel expression of fluorescence in one system in re-
sponse to different triggers. In addition, this artificial multi-
level molecular shuttle provides a model for interconnection
of different noncovalent interactions, namely, hydrogen
bonding and metal-ion complexation, to achieve multistable
controllable systems with regular responses.
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Experimental Section

Unless stated otherwise, all reagents and anhydrous solvents were pur-
chased and used without further purification. Column chromatography:
SiO, (200-300 mesh). TLC glass plates coated with SiO, F254 were vi-
sualized by UV light. 'H and “C NMR spectra were recorded on a
Bruker AV 400 or 600 MHz instrument at a constant temperature of
25°C. Chemical shifts are reported in parts per million from low to high
field and referenced to TMS. MALDI-TOF mass spectra were recorded
on a Bruker Biflex III MALDI-TOF spectrometer. UV/Vis spectra were
measured on a Hitachi U-3010 spectrometer. Fluorescence excitation and
emission spectra were recorded using a Hitachi F-4500 FL fluorimeter at
a constant temperature of 25°C; the slit was set at 5 nm when measuring
in different solvents.

2-Chloro-N-(4-tritylphenyl)acetamide: 2-Chloroacetyl chloride (0.67 g,
6 mmol) was added to a solution of 4-tritylbenzenamine (2 g, 5.9 mmol)
and Et;N (1 mL) in CHCI; at 0°C. Then the mixture was stirred at room
temperature for 8 h and washed with distilled water (3 x50 mL). The col-
lected organic layers were dried over NaSO,, and the chloroform was re-
moved in vacuo to give the product 2-chloro-N-(4-tritylphenyl)acetamide
(2.05g, 85%) after purification by flash chromatography (CH,CL).
'HNMR (CDCl;, 400 MHz): 6=8.17 (s, 1H), 742 (d, 2H, J=9 Hz),
7.27-7.15 (m, 17H), 4.17 ppm (s, 2H); *C NMR (CDCl,;, 100 MHz): 6 =
163.8, 146.6, 143.9, 134.5, 131.9, 131.1 127.6, 126.0, 119.2, 64.7, 42.9 ppm;
EI-MS: m/z 411; elemental analysis (%) caled for C,;H,,CINO: C 78.73,
H 5.38, N 3.40; found: C 78.68, H 5.41, N 3.41.
2-(4-Formylphenoxy)-N-(4-tritylphenyl)acetamide: 2-Chloro-N-(4-trityl-
phenyl)acetamide (2 g, 4.8 mmol) and 4-hydroxybenzaldehyde (610 mg,
5 mmol) were dissolved in acetone, and then anhydrous potassium car-
bonate (1.38g, 10 mmol) and [18]crown-6 (132 mg, 0.5 mmol) were
added. The reaction mixture was refluxed gently for about 8 h and then
cooled to room temperature. After acetone was removed under reduced
pressure, the residue was dissolved in CHCI; and the solution washed
with water, dried over Na,SO,, filtered and concentrated in vacuo. The
crude product was purified by chromatography on SiO, with CH,Cl,/n-
hexane (1/1) to give pure 2-(4-formylphenoxy)-N-(4-tritylphenyl)acet-
amide (1.92 g, 80% yield) as slightly yellow powder. '"H NMR (CDCl,,
400 MHz): 6=9.93 (s, 1H), 8.11 (s, 1H), 7.90 (d, 2H, J=7.97 Hz), 7.45
(d, 2H, J=8.00 Hz), 7.26-7.10 (m, 17H), 7.11 (d, 2H, J=8.06 Hz),
4.69 ppm (s, 2H); CNMR (CDCl,;, 100 MHz) 6=198.2, 163.5, 147.2,
146.1, 143.5, 134.5, 131.9, 131.1 127.6, 126.5, 126.0, 119.2, 64.4, 42.1 ppm;
EI-MS: m/z 497; elemental analysis (%) caled for C3,H,;NO;: C 82.07, H
5.47, N 2.81; found: C 82.04, H 5.51, N 2.87.

1-H-PF,: 2-(4-Formylphenoxy)-N-(4-tritylphenyl)acetamide (1.0g,
2.0 mmol) was added to a degassed solution of 9-aminomethylanthracene
(414 mg, 2.0 mmol) in anhydrous EtOH/CHCl;(80 mL, 3/1). Then molec-
ular sieves were added, and the resulting mixture was heated at 80°C for
8 h. After cooling to room temperature, the molecular sieves were fil-
tered off and washed with CHCl;. Then NaBH, (1g, 27 mmol) was
added to the filtrate at 0°C, which was stirred for 8 h after warming to
room temperature. Water (10 mL) was added carefully to quench the
excess NaBH,. The solvent was then evaporated off, and the residue was
partitioned between water and CHCl,;. The organic extracts were dried
and the solvent was removed in vacuo. Then the residue was dissolved in
Me,CO and a few drops of TFA were added to the solution. The solvent
was evaporated off, the oily residue was dissolved in a mixture of H,O
and Me,CO and a saturated aqueous solution of NH,PF, was added. The
Me,CO was then removed and the aqueous solution was extracted with
CH,CI, several times. The organic extracts were dried (MgSO,) and the
solvent concentrated to dryness to yield axle 1-H-PF, (1.1 g, 70%) as a
light yellow powder. '"H NMR (CD;COCDj;, 400 MHz, 298 K): 6=9.35 (s,
1H), 8.8 (s, 2H), 8.30 (d, 2H, J=8.78 Hz), 8.19 (d, 2H, J=8.78 Hz), 7.74
(d, 2H, J=8.25Hz), 7.70-7.56 (m, 6H), 7.280 (m, 6H), 7.21-7.15 (m,
15H), 5.69 (s, 2H), 498 (s, 2H), 475ppm (s, 2H); “CNMR
(CD;COCD;, 100 MHz, 298 K): d=166.3, 159.1, 146.9, 142.6, 136.2,
132.4, 131.4, 131.3, 131.0, 130.9, 130.7, 129.5, 127.6, 126.1, 125.6, 123.9,
123.3, 121.7, 119.0, 115.4, 67.4, 64.5, 54.1, 52.0, 43.2 ppm; MS (MALDI-
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TOF): m/z 688 [1-H-PF¢—PF,]; elemental analysis (%) caled: C 70.50, H
4.95, N 3.36; found: C 70.47, H 4.99, N 3.34.

P-H-PF; was synthesized from 2-(4-formylphenoxy)-N-(4-tritylphenyl)-
acetamide and pyrenyl-1-methanamine by using a similar procedure as
described for the preparation of 1-H-PF, 'HNMR (CD;COCD;,
400 MHz, 298 K): 6 8.17 (d, 1H, /J=8.0 Hz), 8.14-7.95 (m, 9H), 7.44 (d,
2H, J=8.51 Hz), 7.23-7.11 (m, 19H), 6.82 (d, 2H, J=8.51 Hz), 5.3 (s,
2H), 4.5 (s, 2H), 4.47 ppm (s, 2H); *CNMR ([D{]DMSO, 100 MHz,
298 K): 0=166.5, 156.1, 146.4, 141.6, 136.08, 132.9, 130.75, 130.42, 130.33,
129.9, 129.47, 128.57, 127.46, 127.27, 126.97, 125.9, 125.7, 124.8, 124.47,
124.13, 124.05, 118.9, 114.47, 67.33, 64.06, 50.89 ppm; MS (MALDI-
TOF): m/z 711 [1-H-PF,—PF,].

Rotaxane 2-H-PF: A solution of 2,6-pyridinedicarboxaldehyde (29 mg,
0.2 mmol), tetraecthylene glycol bis(2-aminophenyl)ether (80 mg,
0.2 mmol) and 1-H-PFg (166 mg, 0.2 mmol) in CH;NO, (10 mL) was
stirred at room temperature for 10 min. BH;- THF (1.0 m in THF, 1 mL,
1 mmol) was added to the mixture, which was left stirring at room tem-
perature for 4 h. The solvent was then evaporated off and the residue
was partitioned between 2M aqueous NaOH and CHCI;. The organic ex-
tracts were dried and the solvent evaporated again. The residue was dis-
solved in Me,CO, and a few drops of TFA were added to the solution.
The solvent was evaporated off, the residual oil was dissolved in a mix-
ture of H,O and Me,CO and a saturated aqueous solution of NH,PFg¢
was added. The Me,CO was then removed and the aqueous solution was
extracted with CH,Cl, several times. The organic extracts were dried
(MgSO,) and concentrated to dryness to yield [2]rotaxane 2-H-PF;
(181 mg, 70%) as a white powder. 'HNMR (CD;COCD;, 400 MHz,
298 K): 0=9.26 (s, 1H), 9.0 (br, 2H), 8.55 (s, 1H), 821 (d, 2H, J=
8.72 Hz), 8.04 (d, 2H, J=8.72 Hz), 7.59 (d, 2H, J=8.16 Hz), 7.52 (t, 1H),
747 (t, 2H), 7.37 (t, 2H), 7.29-7.13 (m, 19H), 7.07 (t, 4H, J=8.76 Hz),
6.62-6.60 (br, 6H), 6.48 (d, 2H), 6.27 (d, 2H), 5.53 (s, 2H), 5.23 (s, 2H),
4.56 (s, 2H), 4.51 (s, 2H), 4.02 (m, 2H), 3.95 (m, 8H), 3.78 (m, 6 H), 3.68
(d, 2H, J=148Hz), 3.32ppm (d, 2H, J=12.6 Hz); HRMS (N-SIMS
NBA): m/z 1168.5566, [2-H-PF¢—PF]; MS (MALDI-TOF): m/z 1168 [2-
H-PF,—PF(]; elemental analysis (%) caled: C 69.45, H 5.67, N 5.33;
found C 69.43, H 5.71, N 5.31.
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