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Restricted Rotation in (Phenylpyrrolidino)fullerene Derivatives

Fettah Ajamaa,l?ll!l Teresa M. Figueira Duarte,?!l¥! Cyril Bourgogne,” Michel Holler,!?!
Patrick W. Fowler,!! and Jean-Francois Nierengarten*ll3l

Keywords: Conformational studies / Cycloaddition / Fullerene / Restricted rotation

A complete series of (phenylpyrrolidino)fullerene derivatives
has been prepared. A detailed conformational analysis of
these compounds has been carried out by variable-tempera-
ture 'H NMR experiments and computational studies. In the
case of (phenylpyrrolidino)fullerene derivatives without or-
tho substituents, dynamic phenomena arising from restricted
rotation around the phenyl-pyrrolidine bond are observed.
In contrast, as soon as one of the ortho positions of the phenyl
ring is substituted, the rotational energy barrier is high
enough to prevent observation under our experimental con-
ditions (room temperature to 120 °C) of any dynamic ex-

change resulting from rotation of the phenyl substituent on
the pyrrolidine ring. Whereas, in principle, two diastereoiso-
meric conformers can exist for the ortho-substituted (phenyl-
pyrrolidino)fullerenes, only the atropisomers in which the
unsubstituted ortho position is located atop the fullerene
sphere are obtained. We conclude that the reaction of the
ortho-substituted benzaldehyde derivatives with Cgq is dia-
stereoselective, affording only one of the two possible atrop-
isomers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Following the discovery of the macroscopic-scale [60]ful-
lerene synthesis by Kriatschmer, Huffman and co-workers
in 1990,[11 the chemistry of this fascinating spherical mole-
cule has been intensively investigated.?! It is now well estab-
lished that the chemical reactivity of [60]fullerene is typical
of an electron-deficient olefin.?! Indeed [60]fullerene reacts
readily with nucleophiles and is a reactive 2t component in
cycloadditions. Of the large number of reactions used for
the functionalization of Cg, the 1,3-dipolar cycloaddition
of azomethine ylides has been found to be particularly use-
ful for the preparation of fullerene derivatives owing to its
versatility and the ready availability of the starting materi-
als.’ The reaction is fast and clean, and pyrrolidinofuller-
enes are usually obtained in fair-to-good yields. As part of
our research program on the synthesis and the study of ful-
lerene-based materials,! we have noticed that in phenyl-
substituted pyrrolidinofullerene derivatives, the NMR sig-
nals arising from the protons of the phenyl group attached
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to the pyrrolidine ring are usually broadened at room tem-
perature by restricted rotation.[®! Similar observations have
been reported by other research groups.[®! However, a sys-
tematic conformational study on such fullerene derivatives
has not been reported so far. In this paper, we now describe
the synthesis of a complete series of phenyl-substituted pyr-
rolidinofullerenes and a detailed conformational analysis
based on variable-temperature 'H NMR experiments and
computational studies.

Results and Discussions

Synthesis

The most widely used approach for generating azome-
thine ylides preparatory to functionalization of [60]fullerene
is the decarboxylation of imminium salts derived from the
condensation of N-methylglycine (sarcosine) and an alde-
hyde. The scope of this reaction is very broad, and (N-meth-
ylpyrrolidino)fullerenes are efficiently produced by this
route.’) In the present study, we have decided to use N-(3,5-
didodecyloxybenzyl)glycine rather than sarcosine. In fact,
the 3,5-didodecyloxybenzyl group has proven to be a good
solubilizing group for fullerene derivatives!’! and should
prevent solubility problems for the targeted (phenylpyrroli-
dino)fullerenes. The preparation of the N-alkylated glycine
derivative is depicted in Scheme 1. Reductive amination of
3,5-didodecyloxybenzaldehyde (1) with glycine ethyl ester
hydrochloride furnished 2 in 79% yield. Subsequent treat-
ment with KOH in THF/EtOH/H,O gave N-(3,5-didode-
cyloxybenzyl)glycine (3) in quantitative yield.
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Scheme 1. Reagents and conditions: (a) glycine ethyl ester hydro-
chloride, Et;N, EtOH, THF, molecular sieves (3 A), room temp.,
then NaBH,, 0 °C to room temp. (79%); (b) KOH, H,O, EtOH,
THE, room temp., then HCI (99%).

The preparation of the (phenylpyrrolidino)fullerene de-
rivatives from Cg, 3 and various benzaldehydes is depicted
in Scheme 2. Reaction conditions were adjusted for 3,4-di-
methoxybenzaldehyde (4d). We first tried the classical con-
ditions for the preparation of (N-methylpyrrolidino)fuller-
enes.’! Treatment of 3 with aldehyde 4d in the presence of
Cyo in refluxing toluene led to the formation of the desired
fullerene derivative 5d in 37 % yield, albeit from a slow reac-
tion (72 h). This result prompted us to change toluene for
a solvent with a higher boiling point, namely o-dichloro-
benzene (ODCB). Furthermore, the solubility of Cgqy is
much higher in ODCB, allowing us to work at higher con-
centrations. When the reaction between 3, 4d and Cg, was
performed in refluxing ODCB, the reagents were com-
pletely consumed after 12 h and compound 5d was thus ob-
tained in 40% yield. These conditions were used for the
preparation of all the substituted [N-(3,5-didodecyloxyben-
zyl)pyrrolidino]fullerene derivatives described in this paper.
The starting benzaldehydes 4a—i are commercially available,
apart from 4e which was prepared in two steps from penta-
ethyleneglycol according to a previously reported pro-
cedure.®l The (phenylpyrrolidino)fullerene derivatives Sa—i
were obtained in yields of 34-54% by reaction of Cgq with
4a-i and 3 in refluxing ODCB.
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Scheme 2. Reagents and conditions: (a) Cg, 3, ODCB, 180 °C
(34-54%).
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Pyrrolidinofullerene 5j was obtained in two steps from 2-
phenylbenzyl alcohol (6) as depicted in Scheme 3. MnO,
oxidation of 6 and subsequent reaction of the resulting
benzaldehyde 4j with 3 and Cg in refluxing ODCB yielded
5j. In spite of the presence of a bulky substituent in the
ortho position of the reactive aldehyde function in 4j, pyrro-
lidinofullerene 5j was obtained in a good yield (50 %)

0B

Scheme 3. Reagents and conditions: (a) MnO,, CH,Cl,, room
temp. (87%); (b) Ce, 3, ODCB, 180 °C (50%).

Conformational Studies

The 'H NMR spectra of the pyrrolidinofullerene deriva-
tives 5a and Sb bearing p-substituted phenyl substituents
are in full agreement with the C; symmetry resulting from
the presence of a stereogenic center in the pyrrolidine ring.
At room temperature the spectra exhibit the expected fea-
tures with the characteristic signals arising from the dodecyl
chains, an AB quadruplet for the benzylic CH, unit, an AB
quadruplet and a singlet for the pyrrolidine protons. For
both 5a and 5b, the signals corresponding to the protons of
the phenyl group directly attached to the pyrrolidine ring
are broad at room temperature. A variable-temperature
NMR study showed clear coalescence, and the reversible
narrowing of all these peaks reveals a dynamic effect. This
indicates restricted rotation of the phenyl substituent on the
pyrrolidine ring; the activation free energy of the rotation
was estimated as AG* = 13 kcal mol™! by monitoring the
coalescence of the aromatic C—H signals. As typical exam-
ples, the '"H NMR spectra of compound 5a recorded at dif-
ferent temperatures are shown in Figure 1. At high tem-
peratures, an AA’XX' system is seen for the aromatic pro-
tons of the p-iodophenyl unit. Indeed, the exchange be-
tween H,/,, and H,,, is fast on the NMR timescale under
these conditions, and both pairs of protons H,/H,- and H,,,/
H,, appear equivalent in the 'H NMR spectrum. In con-
trast, by cooling the solution to —50 °C, this exchange re-
sulting from the rotation of the p-iodophenyl unit around
the phenyl-pyrrolidine bond becomes slow on the NMR
timescale, as attested by the four sets of signals observed
for the aromatic protons H,, H,,, H,, and H,,,..

Computational studies were performed to evaluate the
relationship between potential energy and the dihedral an-
gle between the p-substituted phenyl ring and the pyrrolid-
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Figure 1. '"H NMR spectra (400 MHz) of 5a recorded in CDCI,CDCI, at 100 °C (a), 50 °C (b) and 30 °C (c) and in CDCl; at 20 °C

(d), ~10 °C (e) and —50 °C (f).

inofullerene moiety (Figure 2). The molecular geometry
was optimized at the AMI1 semi-empirical level with fixed
values of the torsion angle for rotation about the bond
between the pyrrolidine ring and the attached aromatic
group. This angle was increased stepwise from 0 to 360°,
leading to the potential energy diagram shown in Figure 2
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Figure 2. Bottom: calculated potential energy diagram of com-
pound 5b for rotation about the bond between the pyrrolidine ring
and the phenyl group attached to it (the dodecyl chains have been
replaced by propyl chains in the calculations). Top: theoretical
structure of the most stable conformer.
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for compound 5b. It is noteworthy that the calculated rota-
tional energy barrier for rotation of the phenyl substituent
on the pyrrolidine ring is ca. 15 kcal mol™!, in good agree-
ment with the value deduced from the NMR measurements.

The 'H NMR spectrum of compound 5f is well resolved
at room temperature, with sharp signals for the protons of
the mesityl unit (Figure 3). The two sets of aromatic signals
and the three singlets observed for the mesityl group show
that rotation around the mesityl-pyrrolidine bond is either
slow on the NMR timescale or does not occur at all. Unam-
biguous assignment was achieved on the basis of 2D-COSY
and NOESY spectra. It is worth noticing that the signal
of the CHj3 group located atop the fullerene unit (Mey) is
observed at ¢ = 3.24 ppm and is shifted dramatically down-
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Figure 3. '"H NMR spectrum (400 MHz, CDCL,CDCl,) of 5f re-
corded at room temperature.
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field compared to that of the two other methyl units (Meg
and Meg). This downfield shift is clearly the result of the
close proximity of the fullerene sphere. Inspection of the
calculated structure of 5f reveals that Mey is located atop
a six-membered ring of the Cgy unit, hence falling under
the influence of the ring current effect of two fullerene
double bonds, and so explaining the downfield shift ob-
served in the 'H NMR spectrum.

In principle, rotation of the mesityl unit around the
phenyl-pyrrolidine bond should lead to the observation of
dynamic exchange between H,, and H,,, and between Meg
and Mey. However, the '"H NMR spectra recorded in
CDCl,CDCl, over a range of temperatures (from room
temperature to 120 °C) are all similar, and no coalescence
could be observed, thus showing that rotation of the mesityl
unit does not occur under these conditions. The steric hin-
drance resulting from the two ortho-methyl groups in 5f ap-
pears to be sufficient to increase the rotational energy bar-
rier to the point where the dynamic exchange observed for
5a-b cannot occur anymore for 5f.

The 'H NMR spectra of compounds 5g—i and 5j re-
corded at room temperature are all well resolved, with
sharp signals for the protons of the aromatic substituent
attached to the pyrrolidine ring. As a typical example, the
spectrum of compound 5g recorded in CDCIL,CDCl, at
room temperature is shown in Figure 4. In addition to the
diagnostic signals arising from the N-(3,5-didodecylbenzyl)-
pyrrolidine moiety, the spectrum is characterized by two
singlets at 6 = 2.39 and 2.53 ppm for the two methyl groups
and three sets of aromatic signals in a typical pattern for a
1,2,5-trisubstituted phenyl ring.

In principle, two diastereoisomeric conformers (A and B)
can exist for compound 5g (Figure 4). However, the 'H
NMR spectra recorded at temperatures from —50 to 120 °C
are all similar and reveal no dynamic exchange between two
conformers. The latter observation shows that only one of

Solv.
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Figure 4. '"H NMR spectrum (400 MHz, CDCL,CDCl,) of 5g re-
corded at room temperature.
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the two possible conformers exists for 5g. On the basis of
2D-NOESY experiments, it was possible to determine un-
ambiguously that 5g adopts a conformation in which the
unsubstituted ortho position is located atop the fullerene
sphere (conformer A). NOE cross-peaks have been ob-
served for the following pairs of protons: H/Hi, Hg/H,,,
H,/H,, H,/Hs, Hs/H,, Hy/Hp, Hp/H¢ in full agreement
with the proposed conformation.

Similar observations have been made for those other pyr-
rolidinofullerene derivatives that have an ortho-substituted
phenyl substituent. In no case is a significant change ob-
served for the '"TH NMR spectra recorded at temperatures
from —50 to 120 °C, thus indicating an absence of rotation
of the phenyl unit on the pyrrolidine ring. Indeed, as dis-
cussed for Sg, 2D-NOESY experiments reveal unambigu-
ously that compounds 5h, 5i and 5j all adopt the conforma-
tion in which the unsubstituted ortho position is located
atop the fullerene sphere. Computational studies have been
performed to rationalize the experimental observations. The
calculated AMI1 potential energy of compound 5g as a
function of the torsion angle for rotation about the bond
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Figure 5. Bottom: calculated potential energy diagram of com-
pound 5g for rotation about the bond between the pyrrolidine ring
and the phenyl group attached to it (the dodecyl chains have been
replaced by propyl chains in the calculations). Top: theoretical
structures of the four conformers corresponding to the two minima
(A and B) and the two maxima (C and D).
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between the pyrrolidine ring and the dimethylphenyl group
is depicted in Figure 5. The calculated rotational energy
barrier for rotation of the phenyl unit on the pyrrolidine
ring is high (ca. 30 kcalmol ') as a result of the steric hin-
drance arising from the ortho-methyl group on the aromatic
unit, thus explaining the lack of observed exchange between
the two atropisomers of 5g. However, the calculated energy
difference between these two conformers is small (ca.
2 kecalmol™!) and insufficient to explain the presence of only
one of the two possible isomers. It is reasonable to suppose
that the 1,3-dipolar cycloaddition reaction of the azome-
thine ylide with Cg, is highly diastereoselective, and leads
to atropisomer A of 5g only. Similarly, the reaction of the
other ortho-substituted benzaldehyde derivatives with 3 and
Ceo 1s diastereoselective, affording only the atropisomer in
which the unsubstituted ortho position is located atop the
fullerene unit.

Two atropisomers (E and F) are possible for compound
5d depending on the orientation of the meta-methoxy sub-
stituent and variable-temperature NMR studies revealed a
dynamic exchange between them (Figures 6 and 7). At
room temperature, the '"H NMR spectrum of 5d shows all
the expected signals, though some of them are broad. On
increasing the temperature, a narrowing of these peaks is
observed. This narrowing is perfectly reversible and is an
unambiguous signature of the restricted rotation of the di-
methoxyphenyl substituent on the pyrrolidine ring. When
the '"H NMR spectrum of 5d is recorded in CDCIl,CDClI,
at 100 °C (Figure 6), the dynamic exchange between the two
atropisomers E and F is fast on the NMR timescale, leading
to a well-resolved average spectrum for 5d under these con-
ditions. The spectrum is characterized by the diagnostic sig-
nals arising from the dodecyl chains, an AB quadruplet for
the benzylic CH, unit (Hp and Hg), an AB quadruplet and
a singlet for the pyrrolidine protons (Hs, Hg and Hc¢) as

well as a singlet at 6 = 3.91 ppm for the two methoxy groups
and three sets of aromatic signals in a pattern typical for a
1,3,4-trisubstituted phenyl ring.
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Figure 6. '"H NMR spectra (400 MHz, CDCL,CDCl,) of 5d re-
corded at 100 °C (a), 50 °C (b) and 30 °C (c).

By decreasing the temperature (Figure 7), a narrowing of
all the peaks is also observed but the 'H NMR spectrum
becomes more complex. At —40 °C, the dynamic exchange
between the two atropisomers is slow on the NMR times-
cale and the spectra of both conformers E and F are clearly
observed. Interestingly, one atropisomer is present in a sig-
nificantly higher proportion (ca. 65%). Detailed analysis of
the spectrum recorded at —40 °C revealed E as the major
conformer. This attribution is based on the dramatic down-
field shift of H; in E, resulting from its position atop the
fullerene sphere. In conformer F, it is H,/ that is similarly
deshielded.
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Figure 7. "H NMR spectra (400 MHz, CDCls) of 5d recorded at 20 °C (a), —10 °C (b) and —40 °C (c). Inset: aromatic region of the

spectrum recorded at —40 °C.
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Computational studies were performed in order to
understand the energetics of the relative position of the di-
methoxyphenyl unit and the pyrrolidinofullerene moiety in
5d (Figure 8). Two minima were found and the rotational
energy barrier between conformers E and F calculated to be
ca. 15 kcalmol™!'. Although the calculated energy diagram
depicted in Figure 8 rationalizes the observed dynamic ex-
change between E and F, both atropisomers have similar
computed energies and there are no obvious steric reasons
to explain why conformer E is the more abundant one at
—40 °C. This prompted us to analyze the calculated dipole
moment of 5d as a function of the dihedral angle to see if
the relative proportion of E and F could be controlled by
electronic factors. We found a significant difference (ca.
0.7 D) between the calculated dipole moments of E and F.
As one can expect, it appears that the most abundant con-
former in CDCl; (E) is the one having the smallest u value.
To further confirm that the difference in dipole moment
governs the relative E/F ratio, variable-temperature NMR
measurements were performed in a more polar solvent, na-
mely [Dglacetone. The 'H NMR spectrum recorded at
—40 °C in this solvent clearly shows the presence of the two
conformers and detailed analysis revealed that under these
conditions, the atropisomer with the higher dipole moment
(F) is present in the higher proportion (ca. 60%). The latter
observation strongly suggests that the relative proportion of

Relatva Energy (kcal'mol}
Dipole Moment (Debay)

T T ;
-150 -100 -60 (1] 50 100 150
Dihedral Angle (*)

Figure 8. Bottom: calculated potential energy diagram (full line) of
compound 5d for rotation about the bond between the pyrrolidine
ring and the phenyl group attached to it and calculated dipole mo-
ment (dotted line) as a function of the dihedral angle (the dodecyl
chains have been replaced by propyl chains in the calculations).
Top: theoretical structures of the two conformers corresponding to
the two minima (E and F).
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E and F is governed by the polarity and is thus attributable
to the difference in their dipole moments.

Variable-temperature NMR studies were also carried out
with compounds 5¢ and 5e. In both cases, a dynamic ex-
change between two atropisomers was detected and relative
abundance related to their calculated dipole moments. The
results are closely similar to that discussed in detail for com-
pound 5d.

Conclusions

We have described the synthesis of a complete series of
phenyl-substituted pyrrolidinofullerenes and a detailed con-
formational analysis based on variable-temperature 'H
NMR experiments and computational studies. In the case
of phenyl-substituted pyrrolidinofullerene derivatives with
no ortho substituent (5a—e), dynamic phenomena arise from
restricted rotation around the phenyl-pyrrolidine bond.
When both meta substituents are identical (5a-b), dynamic
exchange is between non-equivalent protons. On the other
hand, when the meta substituents are different, dynamic ex-
change between two atropisomers is observed and their rel-
ative proportion correlates with the difference in their di-
pole moments. In contrast, once one of the ortho positions
of the phenyl ring is substituted (5f-j), the rotational energy
barrier becomes high enough to prevent the observation of
any dynamic exchange resulting from the rotation of the
phenyl substituent on the pyrrolidine ring under our experi-
mental conditions (room temperature to 120 °C). Although
two diastereoisomeric conformers can exist in principle for
some of the studied compounds (5g—j), only those atropiso-
mers in which the unsubstituted ortho position is located
atop the fullerene sphere have been observed. We conclude
that the reaction of the ortho-substituted benzaldehyde de-
rivatives 4g—j with 3 and Cgy must be diastereoselective, af-
fording only one of the two possible atropisomers.

Experimental Section

General: Reagents and solvents were purchased as reagent grade
and used without further purification. Compounds 1% and 4el®!
were prepared according to literature procedures. All reactions were
performed in standard glassware under Ar. Evaporation and con-
centration were done at water-aspirator pressure and drying in
vacuo at 1072 Torr. Column chromatography: silica gel 60 (230
400 mesh, 0.040-0.063 mm) from E. Merck. TLC: glass sheets
coated with silica gel 60 Fs, from E. Merck; visualization by UV
light. UV/Vis spectra {/,.x [nm] (¢)}: Hitachi U-3000 spectropho-
tometer. IR spectra (v<U=> [cm']): ATI Mattson Genesis Series
FTIR instrument. NMR spectra {0 [ppm] (/ [Hz])}: Bruker AC
200 (200 MHz) or Bruker AM 400 (400 MHz); solvent peaks as
reference. FAB mass spectra (m/z): ZA HF instrument; 4-nitroben-
zyl alcohol as matrix. Elemental analyses were performed by the
analytical service at the Institut Charles Sadron (Strasbourg,
France). Molecular mechanics studies were performed with an SGI
Origin 200 calculator using the Discover 3 software from MSI
(www.msi.com). Partial atomic charges were evaluated by a MO-
PAC 6 — AM1 calculation.
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Compound 2: A solution of 1 (8.0 g, 16.8 mmol), glycine ethyl ester
hydrochloride (4.70 g, 33.7 mmol) and Et;N (4.7mL) in a 1:1
EtOH/THF mixture (240 mL) was stirred at room temp. in the
presence of molecular sieves (3 A) for 20 h. The resulting mixture
was cooled to 0 °C and NaBH, (1.27 g, 33.7 mmol) was added. The
reaction mixture was then slowly warmed up to room temp. and
stirred for 5 h. After addition of H,O, the mixture was extracted
with CH,Cl,. The organic layer was then dried (MgSQOy,), filtered
and the solvents were evaporated. Column chromatography (SiO,,
CH,Cl,/AcOEt, 85:15) gave 2 (7.47 g, 79%) as a colorless glassy
product. IR (neat): 1741 (C=0). 'HNMR (200 MHz, CDCl5): 0.88
(t, J = 6 Hz, 6 H), 1.27-1.31 (m, 39 H), 1.74 (m, 4 H), 1.87 (br. s,
1 H), 3.41 (br. s, 2 H), 3.76 (br. s, 2 H), 3.92 (t, J = 6 Hz, 4 H),
4.19(q, J = 7Hz, 2 H), 6.35 (t, J = 2Hz, 1 H), 6.47 (d, J = 2 Hz,
2 H). C35H3NO, (561.9): C 74.82, H 11.30, N 2.49; found C 74.49,
H 11.19, N 2.63.

Compound 3: An aq. 2 M KOH solution was added to a solution of
2 (4.63 g, 8.24 mmol) in a 1:1 EtOH/THF mixture (200 mL). The
resulting solution was stirred at room temp. for 24 h and concen-
trated. After addition of water, the pH of the aq. solution was ad-
justed to 7 by addition of an aq. 1 m HCI solution and the mixture
was extracted with CH,Cl,. The organic layer was then dried
(MgSO0,), filtered and concentrated to give 3 (4.40 g, 99%) as color-
less crystals. M.p. 184-185 °C. IR (CH,Cl,): 1701 (C=0). 'HNMR
(200 MHz, CDCl3): 0.88 (t, J = 6 Hz, 6 H), 1.27-1.31 (m, 36 H),
1.65 (m, 4 H), 3.21 (br. s, 2 H), 3.80 (m, 6 H), 6.32 (t, / = 2 Hz, 1
H), 6.51 (d, J = 2 Hz, 2 H). C33H59O4N (533.8): C 74.25, H 11.14,
N 2.62; found C 74.11, H 11.45, N 2.71.

Compound 4j: A mixture of 6 (1.03 g, 1.12 mmol) and MnO, (10 g)
in CH,Cl, (70 mL) was stirred at room temp. for 3 h. After addition
of MgSO, (30 g), the mixture was filtered and the filtrate concen-
trated to dryness. Column chromatography (SiO,, CH,Cl,/hexane,
3:7) gave 4j (0.890g, 87%) as a colorless liquid. "HNMR
(200 MHz, CDCls): 7.38-7.69 (m, 8 H), 8.04 (d, / = 7Hz, 1 H),
10.00 (s, 1 H). C;3H;00 (182.2): C 85.69, H 5.53; found C 85.76,
H 5.77.

Compound 5a: A solution of 4a (129 mg, 0.555 mmol), Cy¢, (400 mg,
0.555 mmol) and 3 (590 mg, 1.11 mmol) in o-dichlorobenzene
(100 mL) was refluxed for 12 h. The mixture was cooled to room
temp., filtered and the solvents were evaporated to dryness under
reduced pressure. Column chromatography (SiO,, CH,Cl,/Hexane,
2:8) yielded Sa (288 mg, 37%) as a brown glassy product. UV/Vis
(CH,ClL,): 308 (39600), 430 (4300), 702 (350). '"H NMR (400 MHz,
100 °C, C,D,Cly): 0.97 (t, J = 7Hz, 6 H), 1.30-1.50 (m, 32 H),
1.58 (m, 4 H), 1.90 (m, 4 H), 3.75(d, J = 13.5Hz, 1 H), 4.12 (t, J
=7Hz,4H),4.31(d, J=9.5Hz, 1 H),4.49 (d, J = 13.5Hz, | H),
5.04 (d, J =9.5Hz, 1 H), 5.25 (s, 1 H), 6.56 (s, 1 H), 6.86 (s, 2 H),
7.73 (d, J = 7Hz, 2 H), 7.86 (d, J = 7THz, 2 H). 3C NMR
(50 MHz, CDCl): 13.75, 22.27, 25.72, 28.93, 29.06, 29.22, 31.48,
67.72, 68.16, 94.08, 135.20, 135.56, 135.83, 136.35, 136.46, 139.11,
139.16, 139.46, 139.66, 141.07, 141.15, 141.36, 141.52, 141.58,
141.64, 141.71, 141.79, 142.06, 142.18, 142.51, 142.65, 143.85,
143.93, 144.08, 144.21, 144.66, 14476, 144.84, 144.99, 145.03,
145.07, 145.18, 145.46, 145.60, 145.64, 145.70, 145.80, 145.89,
146.06, 146.81, 152.38, 152.46, 153.34, 155.70, 160.09. CooHeINO,
(1398.4): C 83.46, H 4.39, N 0.98; found C 83.33, H 4.61, N 1.10.
FAB-MS: calcd. for CooHg3INO, 1424.49; found 1424.5 [MH™].

Compound 5b: As described for 5a, with 4b (98 mg, 0.555 mmol),
Ceo (400 mg, 0.555 mmol) and 3 (590 mg, 1.11 mmol) in o-dichloro-
benzene (100 mL). Column chromatography (SiO,, CH,Cl,/hex-
ane, 2:8) yielded 5b (258 mg, 34%) as a brown glassy product. UV/
Vis (CH,Cl): 255 (130800), 320 (37800), 430 (4100), 704 (420). 'H
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NMR (300 MHz, CDCls): 0.88 (t, J = 7 Hz, 6 H), 1.16 (t, J = 7 Hz,
6 H), 1.30-1.43 (m, 32 H), 1.49 (m, 4 H), 1.83 (m, 4 H), 3.35 (q, J
= 7Hz, 4 H), 3.57 (d, J = 13.5 Hz, 1 H), 4.03 (m, 4 H), 4.12 (d, J
=9.5Hz, 1 H), 453 (d, J = 13.5Hz, 1 H), 4.88 (d, J = 9.5 Hz, 1
H), 5.31 (s, 1 H), 6.47 (s, 1 H), 6.72 (d, J = 9 Hz, 2 H), 6.99 (d, J
= 2.5Hz, 2 H), 7.68 (br. s, 2 H). *C NMR (50 MHz, CDCl,):
12.65, 14.15, 22.70, 26.15, 29.36, 29.49, 29.71, 31.92, 44.24, 56.40,
66.42, 68.14, 68.69, 81.06, 100.16, 107.09, 11.73, 122.91, 130.51,
135.79, 135.85, 136.49, 136.62, 139.56, 139.87, 139.97, 140.06,
140.59, 141.50, 141.58, 141.77, 141.96, 142.01, 142.05, 142.11,
142.25, 142.34, 142.51, 142.59, 142.91, 143.08, 144.38, 144.69,
145.06, 145.19, 145.22, 145.26, 145.38, 145.47, 145.54, 145.61,
145.76, 145.86, 146.06, 146.11, 146.15, 146.21, 146.24, 146.59,
146.85, 147.13, 147.23, 147.94, 154.09, 154.33, 154.38, 15691,
160.43. C103H7>N,0,-H,0 (1387.7): C 89.15, H 5.37, N 2.02; found
C 89.24, H 5.61, N 1.95. FAB-MS: calcd. for C,o3H72N,0, 1369.72;
found 1369.6 [M*].

Compound 5c: As described for 5a, with 4¢ (74 mg, 0.555 mmol),
Cgo (400 mg, 0.555 mmol) and 3 (590 mg, 1.11 mmol) in o-dichloro-
benzene (100 mL). Column chromatography (SiO,, CH,Cl,/hex-
ane, 2:8) yielded 5S¢ (310 mg, 42%) as a brown glassy product. 'H
NMR (400 MHz, 100 °C, C,D,Cly): 0.97 (t, J = 7 Hz, 6 H), 1.30-
1.50 (m, 32 H), 1.58 (m, 4 H), 1.90 (m, 4 H), 2.34 (s, 3 H), 2.37 (s,
3 H), 373 (d, J=13.5Hz, | H), 4.12 (t, J = 7Hz, 4 H), 4.28 (d,
J=9.5Hz 1 H), 455, J=13.5Hz, 1 H), 5.02 (d, J = 9.5 Hz,
1 H), 5.24 (s, 1 H), 6.55 (s, 1 H), 6.90 (s, 2 H), 7.26 (d, J = 7 Hz,
1 H), 7.69 (m, 2 H). '*C NMR (50 MHz, CDCls): 14.14, 19.66,
20.02, 22.71, 26.16, 26.91, 29.38, 29.50, 29.66, 29.71, 30.19, 31.94,
43.47, 56.54, 66.51, 68.20, 68.76, 81.06, 100.31, 107.34, 136.88,
140.07, 141.99, 142.02, 142.11, 142.57, 145.25, 145.26, 145.29,
145.32, 145.49, 145.51, 14593, 146.09, 146.28, 146.29, 147.30,
153.70, 156.63, 160.51. FAB-MS: calcd. for C;5;Hg;NO, 1326.65;
found 1326.3 [M*].

Compound 5d: As described for 5a, with 4d (92 mg, 0.555 mmol),
Cego (400 mg, 0.555 mmol) and 3 (590 mg, 1.11 mmol) in o-dichloro-
benzene (100 mL). Column chromatography (SiO,, CH,Cl,/tolu-
ene, 4:6) yielded 5d (150 mg, 40%) as a brown glassy product. UV/
Vis (CH,Cl,): 255 (100700), 309 (40600), 430 (4700), 704 (230). 'H
NMR (400 MHz, 100 °C, C,D,Cly): 0.97 (t, J = 7 Hz, 6 H), 1.31-
1.52 (m, 32 H), 1.56 (m, 4 H), 1.90 (m, 4 H), 3.77 (d, J = 14 Hz, 1
H), 391 (s, 6 H), 4.12 (t, J = 7Hz, 4 H), 431 (d, J = 9.5Hz, 1 H),
4.57(d, J = 14Hz, 1 H), 5.03 (d, J = 9.5Hz, 1 H), 5.25 (s, | H),
6.56 (t, J = 2Hz, 1 H), 691 (d, J = 2Hz, 2 H), 7.01 (d, J = 8 Hz,
1 H), 748 (dd, J =8, J=2,1H) 7.60 (d, J = 2Hz, 1 H). 13C
NMR (50 MHz, CDCls): 14.14, 22.69, 26.12, 29.36, 29.46, 29.63,
29.70, 31.92, 55.79, 60.08, 56.41, 66.45, 68.17, 68.62, 76.81, 80.77,
100.22, 107.27, 129.36, 135.90, 136.41, 136.62, 139.80, 139.89,
140.05, 140.13, 141.55, 141.78, 141.86, 141.98, 142.08, 142.13,
142.21, 142.26, 142.54, 142.65, 142.96, 143.13, 144.35, 144.39,
144.68, 145.11, 145.25, 145.49, 145.54, 145.70, 145.92, 146.07,
146.15, 146.21, 146.28, 146.44, 146.90, 147.28, 149.04. FAB-MS:
caled. for C;oHg7NO,4 1358.65; found 1358.7 [M*].

Compound 5e: As described for 5a, with 4e (190 mg, 0.555 mmol),
Ceo (400 mg, 0.555 mmol) and 3 (590 mg, 1.11 mmol) in o-dichloro-
benzene (100 mL). Column chromatography (SiO,, CH,Cl,/hex-
ane, 2:8) yielded Se (324 mg, 389%) as a brown glassy product. UV/
Vis (CH,Cl,): 230 (94400), 309 (38300), 430 (4900), 705 (330). 'H
NMR (400 MHz, 100 °C, C,D,Cly): 0.97 (t, J = 7 Hz, 6 H), 1.30—
1.50 (m, 32 H), 1.58 (m, 4 H), 1.90 (m, 4 H), 3.68-3.79 (m, 12 H),
3.89-3.95 (m, 5 H), 4.13 (t, J = 7 Hz, 4 H), 424 (t, J = 5 Hz, 4
H), 4.30 (d, J = 9.5Hz, 1 H), 4.57 (d, J = 13.5Hz, 1 H), 5.02 (d,
J=9.5Hz 1 H), 524 (s, 1 H), 6.56 (t, / = 2Hz, 1 H), 6.90 (d, J
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=2Hz,2H),7.03(d,J=8Hz 1 H),749(dd, J=8,J=2,1H),
7.59 (d, J = 2 Hz, 1 H). 3C NMR (50 MHz, CDCls): 14.10, 22.65,
26.10, 29.32, 29.44, 29.60, 29.66, 31.87, 56.42, 66.37, 68.11, 68.56,
68.75, 69.05, 69.44, 69.54, 70.65, 70.74, 76.75, 80.66, 100.22,
107.20, 129.69, 135.71, 135.83, 136.32, 136.41, 139.62, 139.78,
139.98, 140.06, 141.55, 141.75, 141.84, 141.97, 142.16, 142.22,
142.47, 142.58, 142.89, 143.06, 144.32, 144.62, 145.05, 145.21,
145.43, 145.66, 145.87, 146.00, 146.05, 146.16, 146.41, 146.83,
147.22, 149.05, 153.40, 153.82, 154.05, 156.42, 160.46.
Ci99Hg NOg-2H,O (1568.9): C 83.45, H 5.46, N 0.89; found C
83.18, H 5.70, N 1.12. FAB-MS: calcd. for C;poHg;NaNOg 1555.84;
found 1555.6 [MNa*].

Compound 5f: As described for 5a, with 4f (82 mg, 0.555 mmol),
Cgo (400 mg, 0.555 mmol) and 3 (590 mg, 1.11 mmol) in o-dichloro-
benzene (100 mL). Column chromatography (SiO,, CH,Cl,/hex-
ane, 1:9) yielded 5f (350 mg, 47%) as a brown glassy product. UV/
Vis (CH,Cl,): 256 (105900), 309 (36700), 431 (3700), 702 (330). 'H
NMR (400 MHz, C,D,Cl,): 0.91 (t, J = 7Hz, 6 H), 1.21-1.44 (m,
32 H), 1.48 (m, 4 H), 1.83 (m, 4 H), 2.28 (s, 3 H), 2.62 (s, 3 H),
3.24 (s, 3 H), 3.55 (d, J = 13.5Hz, 1 H), 4.03 (t, / = 7 Hz, 4 H),
4.10(d, J=9.5Hz, 1 H), 448 (d, J = 13.5Hz, 1 H), 498 (d, J =
9.5Hz, 1 H), 5.70 (s, 1 H), 6.5 (t, /=2 Hz, 1 H), 6.78 (d, / = 2 Hz,
2 H), 6.97(s, 1 H), 6.99 (s, 1 H). 3C NMR (50 MHz, CDCls):
22.71, 26.14, 29.36, 29.49, 29.65, 29.71, 31.93, 57.11, 66.50, 68.19,
68.91, 76.57, 100.19, 106.94, 127.24, 127.96, 128.00, 128.13, 129.92,
130.21, 130.51, 134.13, 134.96, 135.76, 136.24, 136.97, 139.29,
139.46, 140.00, 140.04, 140.48, 141.04, 141.58, 141.62, 141.74,
141.79, 141.92, 142.01, 142.05, 142.19, 142.22, 142.49, 142.53,
142.57, 142.61, 142.84, 143.07, 144.09, 144.25, 144.33, 144.50,
144.58, 145.08, 145.21, 14537, 145.40, 145.45, 145.67, 145.89,
145.92, 146.00, 146.04, 146.08, 146.20, 146.23, 146.48, 146.87,
147.22, 147.25. C01Hs7NO,2H,O (1362.7): C 88.11, H 5.20, N
1.02; found C 88.14, H 5.38, N 0.98. FAB-MS: calcd. for
Ci01Hg7NO, 1340.68; found 1340.1 [M™*].

Compound 5g: As described for 5a, with 4g (74 mg, 0.555 mmol),
Cgo (400 mg, 0.555 mmol) and 3 (590 mg, 1.11 mmol) in o-dichloro-
benzene (100 mL). Column chromatography (SiO,, CH,Cl,/hex-
ane, 1:9) yielded 5g (270 mg, 37%) as a brown glassy product. UV/
Vis (CH,Cl,): 255 (147700), 305 (54400), 431 (5100), 704 (410). 'H
NMR (400 MHz, C,D,Cl,): 0.88 (t, J = 7 Hz, 6 H), 1.12-1.51 (m,
36 H), 1.83 (m, 4 H), 2.39 (s, 3 H), 2.53 (s, 3 H), 3.66 (d, J =
13.5Hz, 1 H), 4.03 (t, J = 7Hz, 4 H), 426 (d, J = 9.5Hz, 1 H),
441 (d, J=13.5Hz, 1 H), 493 (d, J=9.5Hz 1 H), 549 (s, 1 H),
6.49 (s, 1 H), 6.76 (s, 2 H), 7.05(d, J=8 Hz, | H), 7.14 (d, J = 8
Hz, 1 H), 8.03 (s, 1 H). 3C NMR (50 MHz, CDCl5): 14.15, 19.10,
21.46, 22.71, 26.14, 29.36, 29.47, 29.65, 29.70, 31.93, 56.32, 66.27,
68.14, 69.02, 75.95, 76.54, 100.22, 107.48, 128.80, 130.33, 130.97,
134.27, 134.66, 135.47, 135.87, 135.95, 136.49, 136.59, 139.46,
139.65, 139.78, 140.05, 140.21, 141.52, 141.62, 141.84, 141.98,
142.01, 142.09, 142.14, 142.21, 142.33, 142.53, 142.56, 142.59,
142.62, 142.94, 143.12, 144.30, 144.38, 144.62, 145.14, 145.22,
145.26, 145.30, 145.37, 145.45, 145.49, 145.56, 145.73, 145091,
146.07, 146.10, 146.15, 146.24, 146.42, 146.63, 147.28, 153.73,
154.10, 154.16, 156.81, 160.46. C1o;H¢7NO; (1326.6): C 91.44, H
5.09, N 1.06; found C 91.58, H 5.43, N 1.12. FAB-MS: calcd. for
C01HggNO, 1327.65; found 1327.1 [MH™].

Compound 5h: As described for 5a, with 4h (92 mg, 0.555 mmol),
Cgo (400 mg, 0.555 mmol) and 3 (590 mg, 1.11 mmol) in o-dichloro-
benzene (100 mL). Column chromatography (SiO,, CH,Cl,/tolu-
ene, 2:3) yielded 5h (410 mg, 54%) as a brown glassy product. UV/
Vis (CH,Cl,): 255 (141700), 320 (51400), 430 (4900), 704 (430). 'H
NMR (400 MHz, CDCls): 0.90 (t, J = 7Hz, 6 H), 1.24-1.55 (m,
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36 H), 1.84 (m, 4 H), 3.66 (d, J = 13.5 Hz, 1 H), 3.72 (s, 3 H), 3.83
(s, 3 H),4.04 (t, J = 7Hz, 4 H), 422 (d, J = 9.5Hz, 1 H), 4.54 (d,
J=13.5Hz, 1 H), 491 (d, J = 9.5Hz, 1 H), 5.81 (s, 1 H), 6.49 (t,
J = 2Hz, 1 H), 685 (m, 4 H), 7.77 (d, J = 3 Hz, 1 H).
C101Hg7NO4H>0 (1376.7): C 88.11, H 5.05, N 1.02; found C 88.12,
H 5.43, N 1.03. FAB-MS: calcd. for C;y;HgsNO,4 1359.65; found
1359.7 [MH™].

Compound 5i: As described for 5a, with 4i (103 mg, 0.555 mmol),
Ceo (400 mg, 0.555 mmol) and 3 (590 mg, 1.11 mmol) in o-dichloro-
benzene (100 mL). Column chromatography (SiO,, CH,Cl,/hex-
ane, 1:9) yielded 5i (390 mg, 51%) as a brown glassy product. UV/
Vis (CH,Cl,): 256 (128100), 309 (44500), 431 (4200), 702 (370). 'H
NMR (400 MHz, C,D,Cl,): 0.89 (t, J = 7 Hz, 6 H), 1.18-1.53 (m,
36 H), 1.83 (m, 4 H), 3.68 (d, J = 13.5Hz, 1 H), 4.04 (m, 5 H),
429 (d,J=9.5Hz, 1 H),4.38 (d, J=13.5Hz, 1 H),4.93 (d, J =
9.5Hz, 1 H), 5.86 (s, 1 H), 6.49 (broad s, 1 H), 6.79 (d, J = 2 Hz,
2 H), 7.22-7.34 (m, 1 H), 7.45-7.52 (m, 1 H), 7.66 (d, J = 8§ Hz, 1
H), 8.30 (d, J = 8 Hz, 1 H). 3C NMR (50 MHz, CDCl;): 14.15,
22.71, 26.14, 29.36, 29.49, 29.71, 31.93, 56.51, 66.10, 68.19, 68.96,
76.07, 78.23, 100.30, 107.31, 125.74, 128.04, 129.85, 131.80, 133.59,
135.23, 136.16, 136.27, 136.32, 136.75, 139.70, 141.63, 141.70,
141.79, 141.94, 142.02, 142.09, 142.17, 142.21, 142.53, 142.57,
142.62, 142.99, 144.38, 144.57, 145.13, 145.32, 145.62, 145.96,
146.05, 146.08, 146.13, 146.20, 146.56, 146.71, 147.31, 153.27,
153.65, 153.97, 156.70, 160.56. CooHg,BrNO,H,O (1395.5): C
85.21, H 4.62, N 1.00; found C 85.22, H 4.87, N 0.95. FAB-MS:
caled. for CooHg3BrNO, 1378.49; found 1378.7 [MH"].

Compound 5j: As described for 5a, with 4j (101 mg, 0.555 mmol),
Cyo (400 mg, 0.555 mmol) and 3 (590 mg, 1.11 mmol) in o-dichloro-
benzene (100 mL). Column chromatography (SiO,, CH,Cl,/hex-
ane, 1:9) yielded 5j (380 mg, 50%) as a brown glassy product. UV/
Vis (CH,Cl,): 256 (108500), 308 (37100), 431 (3600), 704 (250). 'H
NMR (400 MHz, C,D,Cly): 0.89 (t, J = 7 Hz, 6 H), 1.18-1.53 (m,
36 H), 1.83 (m, 4 H), 3.53 (d, J = 13.5Hz, 1 H), 4.00 (d, J =
9.5Hz, 1 H), 4.05(d, J = 7Hz, 4 H), 4.66 (d, J = 13.5Hz, 1 H),
4.86 (d, J =9.5Hz, 1 H), 5.55 (s, 1 H), 6.49 (s, 1 H), 6.93 (s, 2 H),
7.25-7.45 (m, 7 H), 7.54 (t, J = 7 Hz, 1 H), 8.41 (d, J = 8 Hz, 1
H). 13C NMR (50 MHz, CDCl5): 14.15, 22.71, 26.14, 26.36, 29.49,
29.65, 29.71, 30.03, 31.93, 51.11, 66.50, 68.19, 68.91, 76.57, 77.46,
100.19, 106.94, 127.24, 127.96, 128.00, 128.13, 129.92, 134.13,
134.96, 135.76, 136.24, 136.97, 139.29, 139.46, 140.00, 140.04,
140.48, 141.04, 141.58, 141.62, 141.74, 141.79, 141.92, 142.01,
142.05, 142.19, 142.22, 142.49, 142.53, 142.57, 142.61, 142.85,
143.07, 144.09, 144.25, 144.33, 144.50, 144.58, 145.08, 145.21,
145.37, 145.40, 145.45, 145.67, 145.89, 14592, 146.00, 146.04,
146.08, 146.20, 146.23, 146.48, 146.87, 147.22, 147.25, 153.30,
153.55, 153.79, 156.86, 160.57. C9sH7NO,H,0 (1392.7): C 90.55,
H 5.00, N 1.01; found C 90.15, H 5.46, N 0.98. FAB-MS: calcd.
for C9sHg;NO, 1374.69; found 1374.7 [M*].
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