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CONCEPTS

How Do They Know? Influencing the Relative Stereochemistry of the
Complex Units of Dinuclear Triple-Stranded Helicate-Type Complexes

Markus Albrecht*2]

~

Abstract: Dinuclear triple-stranded helicates or meso-
helicates are formed by self-assembly of linear ligand
strands with appropriate metal ions. Very often this self-
assembly proceeds with high diastereoselectivity leading
either to the helicate or the meso-helicate. The stereo-
selectivity of the self-assembly process can be influenced
by different factors such as the rigidity of the ligand
(—helicate), the number of methylene units in the alkyl
spacers (even number of CH, units — helicate; odd
number — meso-helicate), template effects, or chiral
substituents.

Keywords: coordination compounds - helicates -
Khelicates - stereochemistry )

meso-

Introduction

The interaction of two or more molecular moieties, each of
which contains stereochemical information, plays a crucial
role in the selectivity of self-assembly processes leading to
stereochemically defined supramolecular structures. This
means that the chiral units somehow have to communicate
to influence the formation of a specific structure. A simple
class of compounds in which the interaction of two different
chiral units can easily be investigated are triple-stranded
dinuclear coordination compounds: the helicates or meso-
helicates.

The first triple-stranded helicate was structurally charac-
terized in 1985 by Raymond and co-workers." 2 Tt forms by
self-assembly of three bis(1-hydroxy-2(1H)-pyridinone) li-
gands and two iron(i1) ions. In the solid state it encapsulates a
water molecule which by hydrogen bonding is fixed in the
interior of the dinuclear complex. Both of the complex units
were shown to possess the same configuration and therefore a
chiral triple-helical complex was obtained in its racemic
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form.B Ten years later, in 1995, we described the first example
for the alternative diastereoisomeric form of a dinuclear
triple-stranded complex which we termed “meso-helicate”* !
(in the meantime additionally the terms “side-by-side com-
plex”l or “mesocate”® were introduced for this kind of
coordination compound). In the helicates the ligands adopt a
more linear “S”-type conformation in which they are more or
less wrapped around the metal centers, while in the meso-
helicates a “C”-type conformation of the ligand is observed.

It could be shown that the formation of the dinuclear
complexes very often proceeds with high diastereoselectivity
and that in the solid state as well as in solution only one of the
two possible diastereoisomers is present (Figure 1).1% ]

meso-helicate

helicate

Figure 1. Schematic representation of the two enantiomeric forms of a
dinuclear triple stranded helicate (left: AA; center: A1) and of the achiral
meso-helicate (right: AA). In the helicates the ligands adopt an “S”-type
geometry in the meso-helicate a “C”-type geometry.

Which influences control the high diastereoselectivity of the
self-assembly processes of helicate-type coordination com-
pounds? Or to put it in more simply: How does one complex
unit know which configuration the other one possesses ? This is
the question which we address in this concept article. We will
discuss different approaches to how the stereoselectivity of
the formation of dinuclear complexes can be influenced and
which problems arise by the interaction of different control
mechanisms.

Control of the relative stereochemistry of two complex units
by rigid ligands

The tetraanionic di(catechol) ligands 14~ 1121 and 24 [3] are
very rigid ligand systems. In the ligands 1*- the rigidity is
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obtained upon complex formation due to intramolecular
hydrogen bonding between the amide protons and the
internal catecholato oxygen atoms. The ligands 24~ possess a
rigid linear oligo-p-phenylene structure.

Only triple-stranded helicates were observed for metal
complexes of the rigid ligands 1 and 2. Owing to the linear
geometry of the ligands, the chiral information of one
complex unit is transferred directly to the second one leading
to helicates such as [(1);Ga,]°~ and [(2);Ti,]* 1> A bent
(“C”-type) geometry of the ligand would be a requirement for
the formation of the meso-helicate. This is disfavored due to
steric strain.['”) However, for derivatives of [(1a);Ga,|°" the
meso-helicate was shown to be a high-energy intermediate in
the stepwise inversion (“racemization”) of the triple-stranded
helix.[%

Control of the relative stereochemistry of two complex units
by the ligand spacer (even versus odd)

If alkyl chains are introduced as spacers between ligand
moieties a transfer of the stereochemical information can
proceed through the alkyl chain. Hereby the control of the
relative stereochemistry of the complex units depends on the
number of methylene units in the spacer. In a linear alkyl
chain the preferred orientation of the alkyl substituents at a ¢
bond is antiperiplanar, leading to a zigzag conformation of the
strand. This zigzag influences the preferred conformation of
the ligand and thus its predisposition for complex formation.
The zigzag conformation of the alkyl chain leads in the case of

3486 ——
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an even number of methylene units to an “S”-type structure of
the ligand, supporting the formation of a dinuclear helicate.
On the other hand, an odd number of methylene units leads to
a “C”-type geometry of the ligand which is required for the
meso-helicate (Figure 2).

The ligands 3—6 have a CH, group as a spacer that connects
the metal binding units. The protons of this spacer act as a

m

n=12,3..
even odd

| |

helicate meso-helicate

Figure 2. Schematic representation of the preferred conformation of alkyl-
bridged ligands. Ligands with an even number of methylene groups in the
spacer lead to the formation of the helicates, while the assembly of a meso-
helicate is preferred if ligands with an odd number of CH, groups are used.

o°

ga* (n=1) o*
8b* (n=2)

]
134 © o°®
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stereochemical probe. In a helicate structure the two protons
would be homotopic and would show only one singlet by
'H NMR spectroscopy. If a meso-helicate is formed, the
protons would be diastereotopic and thus would lead to two
doublets. For all ligands 3—6, doublets are observed by NMR
spectroscopy of the metal complexes showing the formation
of meso-helicates!!*'% or in the case of the dinuclear Ga"!, Ti!V,
or Ga/Ti"V complexes of the directional ligand 53~ chiral
complexes (as racemates) with a meso relation of the two
complex units.l'”? For Li,[ (4):Ti,]" and K,[ (5);GaTi]l'"! X-ray
structures were obtained which show that meso-helicate-type
complexes are present in the solid state (Figure 3).

The ligands 7-9 possess ethylene linkages as spacers.
Owing to the zigzag conformation of the spacer, these ligands
lead to dinuclear or trinuclear helicates. For the trinuclear
nickel (i) complex of 7b,l'® the titanium(1v) and vanadium(tv)
complex of 8a,l' and the gallium(irr) complex of 9,2 X-ray
structures were obtained which show the triple-stranded
helical structures of the coordination compounds. However, a
differentiation of the helicate and the meso-helicate in
solution by simple 'H NMR spectroscopy is not possible for
(CH,),-bridged complexes. The helicate as well as the meso-
helicate lead to signals of diastereotopic spacer protons.
However, NMR spectroscopy reveals that only one of the two
diastereoisomers is present. A chiral derivative of 8a and its
dinuclear titanium(iv) complex were synthesized and NMR
spectroscopy indicates that the helical structure (which for
related complexes is observed in the solid state) also seems to
be the geometry in solution.!]

The ligands 10—12 with three carbon atoms in the spacer
lead to triple-stranded dinuclear complexes with meso-
helicate structure. For the complexes of [(10);Fe,]**
and [(11);Ti,]* this could be shown by NMR spectroscopy
by observing the diastereotopic protons of the central
methylene group of the spacer.* ¢l X-ray structures were
obtained for the meso-helicates Na,[(11);Ti,]¥ and
[Cs{(12);Ga,}]CLE2

In addition to the examples already discussed, the solid-
state structure of K,[(13);Ti,] with six methylene units in the
spacer was determined (Figure 3). Following the “zigzag”
concept, the complex adopts the helicate structure in the solid

[(8a)3Tig}*
Figure 3. The structures of the tetraanions of the meso-helicate [(4);Ti,]*", the helicate [(8a);Ti,]*", the meso-helicate [(11);Ti,]*", and the helicate

[(4)3Tig]4

state. However, owing to the very flexible and long spacers it
is assumed that a helicate/meso-helicate equilibrium is present
in solution.?

In summary, in linear ligands with two chelating binding
sites for metal ions which bear alkyl chains as spacers the
stereochemical information is transferred between the com-
plex units by the preferred zigzag conformation of the spacer.
An even number of methylene units in the spacer leads to the
helicate, while a meso-helicate is formed when an odd number
of CH, groups is present. However, there are some require-
ments for the control of the relative stereochemistry of the
dinuclear complexes by alkyl spacers: i) the aromatic ligand
units have to be attached linearly to the spacer (that means,
that the line connecting the two ligand donor atoms and the
vector of the o bond that attaches the aromatic ligand
moieties to the spacer have to be parallel), ii) the spacer
should be a “pure” alkyl chain: heteroatoms have to be
avoided, iii) other influences on the stereochemistry which are
discussed herein are capable of suppressing (overriding) the
control by the alkyl chain. Exceptions: Some representative
examples are discussed here to show the influence of factors
like i) or ii) on the relative stereochemistry of the complex
units (for iii) see below).

The ligands 14-18 all lead upon formation of metal
complexes to the homochiral helicates. In the case of 14 the
stereochemistry is influenced by the connection of the
methylene spacer to the ligand units. The attachment is not
linear and leads to a predisposition of the ligand which is ideal
for the formation of a helicate.?! Ligand 15 possesses two p-
phenylene units in the spacer which have some rotational
freedom and thus disturb the transfer of the chiral informa-
tion through the alkyl group of the spacer.” The dinuclear
iron(i1) complexes of the ligands 16 and 17 represent very
interesting examples. Both complexes show a helicate struc-
ture although one of the ligands has a (CH,), (even) the other
one a (CH,); group (odd) as spacer. However, again the
spacers are not connected to the ligand units in a linear
fashion.l?®l In the case of the ligand 18 the transfer of the chiral
information from one chelating unit to the other is disturbed
by the presence of the amide linkages which are able to freely
rotate around the o bonds.?”)

[(13)3Tig]+-

[(a1)3Tig]*

[(13);Ti,]* as found in the solid state (representation: SCHAKAL 97, E. Keller, Freiburg im Breisgau).

Chem. Eur. J. 2000, 6, No. 19
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Control of the relative stereochemistry of two complex units
by templates

Just recently an example was described in which the formation
of the helicate versus the meso-helicate was controlled by the
presence or absence of an appropriate template. Ligand 19*~
forms dinuclear triple-stranded meso-helicates [(19);M,]
(M =Al, Ga) with gallium(1r1) or aluminum(1r) ions in the
absence of water (Figure 4).18]

(0]
|
)
A _H
o} N~ 192
)
H.
N 0°
o/ = meso-helicate helicate

LN
Figure 4. Schematic representation of the meso-helicate (left) and the
helicate (right) which are formed from ligand 19*~ showing the different
sizes of the cavities of the two diastereomeric complexes (only one of the
three ligand strands is shown).

This again can be rationalized by the preferred zigzag
conformation of the spacer which possesses an odd number of
carbon atoms and is linearly attached to the amide of the
ligand unit which is planar and geometrically fixed by
intramolecular hydrogen bonding. If water is present, in
addition the helicate can be observed by NMR spectroscopy

3488
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(no diastereotopic CH; groups!) and the X-ray structure of
[(H,O) C {(19);Al,] was obtained. In the solid state, water is
encapsulated in the interior of the helicate and is fixed there
by hydrogen bonding. The interior of the meso-helicate seems
to be too big to effectively bind the water molecules;
therefore, the complex has to adjust its structure to the guest.
As shown schematically in Figure 4, this can take place by a
change from the meso-helicate to the helicate which possesses
a more condensed structure with a smaller cavity.’! In this
example switches between the diastereomeric complexes can
be made very elegantly by simply adding or removing a guest
such as water. Hereby either the spacer (— meso-helicate) or
the size of the template (— helicate) control the relative
stereochemistry of the two complex units. Inclusion of water
probably also is the driving force for the formation of an
analogous helicate that was described earlier.P!

A very similar control mechanism seems to be active in the
formation of iron(i) complexes from the ligands 20?>~ and
212, The two geometrically very similar ligands form either

O O o 0
iPro” N N NoiPr 1B N7 ‘ Nty
CN CN
21%
20%
Fe3* Fe*" /K*
helicate meso-helicate

[(20)sFe2] [Ke(21)3Fes]*

the dinuclear helicate [(20);Fe,] or the corresponding meso-
helicate [K C {(21);Fe,]" which encapsulates a potassium ion
in its interior.?8! Effective binding of the potassium ion seems
to be the driving force for the distortion of the rigid ligand 21
and the formation of the meso-helicate. Exception: The ligand
92~ forms the cryptate-type helicates [M C {(9);Ga,}]]* M=
Na, K, Rb) with gallium(11) ions in the presence of Na™, K™, or
Rb* ions. Although the NMR spectra of the three cryptates
are significantly different, it could be shown that the neutral
cryptand-type helicate [(9);Ga,] can adjust to the size of the
guest by simple stretching or compression using the complex
units as molecular hinges. A dramatic conformational change
which leads to the meso-helicate is not observed here.[*’]

Control of the relative stereochemistry of two complex units
by chiral spacers

Chiral groups in the ligand spacer are able to control the
stereochemistry of the neighboring complex units. Thus, an
enantiopure trinuclear triple-stranded helicate [(22);Ti;]
assembles from three ligands 22* and three titanium(v)
ions.?’!

The Cj-linked dicatechol ligand 23a*" bears two methyl
groups in the spacer, leading to two R configurated centers.
Upon coordination to gallium(iii) ions, these chiral centers
induce a /-configuration at the two complex units, leading to
the enantiopure helicate [(23a);Ga,]*~. The meso-helicate is

0947-6539/00/0619-3488 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 19
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probably formed if the corresponding meso-(R,S)-configurat-
ed ligand is used for complex formation. Surprisingly, the
analogous achiral (CH,);-bridged ligand 23b* also leads to
the helicate [(23b);Ga,]°~. However, the authors do not
comment on the possible inclusion of water in the interior of
this complex (see for comparison!®).1

Conclusion

In most cases the formation of triple-stranded dinuclear
helicates or meso-helicates is highly stereoselective. The
stereochemistry hereby is influenced by different control
mechanisms or combinations thereof. Herein we have dis-
cussed that rigid linear ligands prefer to form helicates, while
the relative stereochemistry in dinuclear complexes from
ligands with flexible spacers depends on the nature of the
spacer (even versus odd), spatial requirements of templates,
or chiral substituents.

Other mechanisms to control the stereochemistry of
dinuclear helicate-type complexes have not been found yet
but might also play an important role. For example, it should
be possible to influence the configuration of the complex units
by chiral counterions.?? Further investigations are necessary
to get a more detailed insight into the control mechanisms of
supramolecular stereochemistry.
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A Novel Classification of Lewis Acids on the Basis of Activity and Selectivity

Shi Kobayashi,* Tsuyoshi Busujima, and Satoshi Nagayamal?!

Abstract: Group 3-15 metal chlorides
(Lewis acids) were classified on the basis
of activity and aldehyde- and aldimine-
selectivity in an addition reaction of a
silyl enol ether. Based on the experi-
mental results, metal chlorides (Lewis

or B-1 (aldehyde-selective), A-2 or B-2
(aldimine-selective), and A-3 or B-3
(neutral). The final classification is as
follows: A-1, BCl;, AICl;, TiCl,, GaCls,
ZrCl;, SnCl,, SbCls, SbCl;, HfCl,,
ReCls; A-2, ScCl;, FeCl;, InCl;, BiCls;

A-3, NbCl;, MoCl;, MoCls, SnCl,,
TaCls, WCl5, WCl,, ReCl;, TICl;; B-1,
none; B-2, SiCl,, FeCl,, CoCl,, CuCl,
Cu(Cl,, GeCl,, YCI;, OsCl;, PtCl,; B-3,
ZnCl,, RuCly; C, VCl;, CrCl;, MnCl,,
NiCl,, RhCl;, PdCl,, AgCl, CdCl,,

acids) were classified as follows: A, active;
B, weak; C, inactive for the activation of
the aldehyde and/or aldimines. Groups

o : periodic table
A and B were further divided into A-1

Introduction

Lewis acid catalyzed reactions are now of great interest
because of their unique reactivity and selectivity, and the mild
conditions used.['l While various types of Lewis acids have
been employed in many reactions, they have been chosen
after experimental trial and error. This is because the
character of Lewis acids is just roughly understood on the
basis of the periodic table, etc. Evidently, fundamental
understanding and classifications of Lewis acids derived not
only from organic chemistry but also from inorganic and
general chemistry are expected to give a solution to this
problem; however, only limited examples have been reported
in the literature. For example, Pearson classified a number of
Lewis acids into two classes, “hard” and “soft.”[! It was also
reported that Lewis acidic activities followed the order
BCl; > AICL; > TiCl, > BF; > SnCl, > ZnCl, in the acylation
of olefins.”! On the other hand, Olah et al. classified Lewis
acids in the Friedel-Crafts alkylation reaction into four
categories: very active; moderately active; weak; very weak
or inactive. Furthermore, several attempts to scale the
strength of Lewis acidity based on nuclear magnetic reso-
nance (NMR) datal®! or theoretical background® were
reported. However, these efforts did not go far enough
because various types of Lewis acids including rare earth and

[a] Prof. Dr. S. Kobayashi, T. Busujima, S. Nagayama
Graduate School of Pharmaceutical Sciences
The University of Tokyo
CREST, Japan Science and Technology Corporation (JST)
Hongo, Bunkyo-ku, Tokyo 113-0033 (Japan)
Fax: (+81)3-5841-4790
E-mail: skobayas@mol.f.u-tokyo.ac.jp
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IrCl;, AuCl, HgCl,, HgCl, PbCl,. This
classification has revealed several new
fundamental aspects of elements (metal
chlorides) as Lewis acids.

late transition elements are now used in modern chemistry, 7]
while only traditional Lewis acids were investigated previ-
ously except for the Olah’s study. In addition, recent research
efforts have revealed that use of strong Lewis acids does not
necessarily promote reactions smoothly,®! and that selectiv-
ities, one of the most important issues in modern organic
synthesis, are strongly dependent on the Lewis acids used.”]
We now report here a novel classification of Lewis acids based
on the activity and selectivity in an addition reaction of a silyl
enolate to an aldehyde and an aldimine.

Results and Discussion

As the model for our studies we chose the reaction of
benzaldehyde, N-benzylideneaniline, and the silyl enol ether
derived from propiophenone.l'> !l The precise experimental
conditions are as follows:['? In the presence of one equivalent
of a metal chloride, benzaldehyde (1 equiv) and N-benzyli-
deneaniline (1 equiv) were combined in dichloromethane at
—23°C. After the mixture had been stirred for 10 min at the
same temperature, the silyl enol ether derived from propio-
phenone (1 equiv) was added. The mixture was stirred for
12 h, and saturated aqueous sodium hydrogen carbonate was
added to quench the reaction. After usual workup, the crude
products were separated by using preparative TLC to
determine the yield and the ratio of the aldehyde adduct
and the aldimine —adduct. We screened Group 3-15 metal
chlorides, and the results are summarized in Table 1.1%
Based on the results in Table 1, metal chlorides (Lewis
acids) were classified as follows: A, active; B or C, weak or

0947-6539/00/0619-3491 $ 17.50+.50/0 3491
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Table 1. Effect of Lewis acids.[?]

o Nl OSiNes

+ +
Ph)kH Ph)LH %Ph
(1.0 equiv) (1.0 equiv) (1.0 equiv) oh

MCI, (1.0 equiv) oH o NHO
+
CH,Cl, 23 °Cor rt Ph% Ph~ Ph Ph
12h
A B

Entry M(l, Group T[°C] Yield [%)] A/B

1 ScCl, 3 -23 68 3/97
2 YCl, 3 -23 12 >1/>99
3be] YbCl, 3 It 28 >1/>99
4 TiCl, 4 -23 96 96/4
5 ZrCl, 4 -23 75 95/5
6 HfCl, 4 -23 47 79/21
7 NbCl; 5 -23 85 72/28
8 TaCls 5 -23 75 64/36
9 MoCl; 6 -23 70 43/57
10 MoCls 6 -23 64 59/41
11 WCl; 6 -23 72 50/50
12 WCl, 6 -23 69 43/57
13 ReCl; 7 -23 60 42/58
14 ReCls 7 -23 63 79/21
15 FeCl, 8 -23 quant 30/70
16 FeCl, 8 -23 2 16/84
171 RuCl, 8 rt 36 44/56
180 OsCl; 8 rt 34 28/72
1901 CoCl, 9 rt 36 9/91
200! PtCl, 10 rt 64 11/89
210 CuCl 11 rt 37 5195
2200 CuCl, 11 rt 60 9/91
23 ZnCl, 11 -23 23 49/51
24 BCl, 13 -23 67 93/7
25 AICl, 13 -23 92 88/12
26 GaCl, 13 -23 91 93/7
27 InCl, 13 -23 92 17/83
28 TICL, 13 -23 84 39/61
29 SiCl, 14 -23 8 25175
30 GeCl, 14 -23 27 17/83
31 SnCl, 14 -23 77 89/11
32 SnCl, 14 -23 66 52/48
33 SbCly 15 -23 53 76/24
34 SbCl, 15 -23 47 77123
35 BiCl; 15 -23 53 24/76

[a] The reaction proceeded sluggishly even at room temperature (rt) when
VCl;, CrCly, MnCl,, RhCl; IrCl;, NiCl,, AgCl, AuCl, CdCl,, HgCl, PbCl,,
or PCl; was used. [b] The reaction proceeded sluggishly at —23°C.
[c] YDCI; was used as a representative of LnCl;.

inactive for the activation of the aldehyde and/or aldimines.
Group A was further divided into A-1 (aldehyde-selective),
A-2 (aldimine-selective), and A-3 (neutral). For some metal
chlorides classified into Group B or C, the model reactions
were performed again at room temperature (the results are
also summarized in Table 1). Based on these results, group B
(weak) and group C (inactive) were separated. Group B was
divided into B-1 (aldehyde-selective, actually none), B-2
(aldimine-selective), and B-3 (neutral). The final classification
is shown in Table 2 and Table 3 (the criteria are shown in
legend a of Table 2).

Interestingly, all the Group 4 metal (Ti, Zr, Hf) chlorides
are active and give the aldehyde —adduct selectively, while the
Group 3 metal, rare-earth chlorides (ScCl;, YCl;, YbCly)
show different activities and selectivities. For the Groups 5—7
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Table 2. Classification of Lewis acids.[]

Group A (active)

Al BCl,, ACl,, TiCl,, GaCl,, ZrCl,, NbCls, SnCl,, SbCl;, SbCl;,
(aldehyde- HfCl,, ReCls

selective

A2 ScCl,, FeCly, InCly, BiCl,

(aldimine-

selective)

A3 MoCl;, MoCly, SnCls, TaCls, WCl,, WCl5, ReCl,, TiCl,
(neutral)

Group B (weak)

B-1 none

(aldehyde-

selective)

B-2 SiCl,, FeCl, ! CoCl,, CuCl,, CuCl, GeCl,, YCl;, YbCl;, OsCl;,
(aldimine- PtCl,

selective)

B-3 ZnCl,, RuCly

(neutral)

Group C (inactive)

PCls, VCL,, CrCl;, MnCl,, NiCl,, RhCly, PdCl,, AgCl, CdCl,, IrCl;,
AuCl, HgCl,, HgCl, PbCl,

[a] Active: Yield=>40% (—23°C, 12h). Weak or inactive: Yield=
<40% (—23°C, 12 h). Aldehyde-selective: A/B=> 2/1. Aldimine-selec-
tive: B/A =>2/1. Bold: A/B=>9/1 or B/A =>9/1. [b] See ref. [13].

a similar tendency is observed; that is the first transition series
(V, Cr, Mn) are classified into Group C (inactive), and the
second and third transition series are active and display no
selectivity, except for NbCls and ReCls which are active and
give the aldehyde-adduct selectively.'] As for the late
transition metal chlorides, most are weak or inactive, but
FeCl; is active and gives the aldimine —adduct selectively. On
the other hand, in the Group 13 metal chlorides, all are active.
For selectivities, the first three (B, Al, Ga) give the aldehyde —
selective adducts, while In gives the aldimine —adduct selec-
tively and Tl is neutral. A similar switch is observed between
Sb and Bi. In the case of Group 14, SiCl, and GeCl, give the
aldimine —adduct selectively, while SnCl, gives the aldehyde —
adduct selectively. As for the late transition metal chlorides,
most are weak or inactive, but FeCl; is active and gives the
aldimine —adduct selectively. Notably, most metal chlorides
divided into Group B give the aldimine —adduct selectively. In
the cases of NbCls, MoCl;, MoCls, SnCl,, TaCls, WCls, WClg,
ReCl;, and TICl;, the yields were greater than 40 % and the
aldehyde/aldimine selectivities were less than 2/1, and they
were classified into A-3 (active, neutral). Similarly, ZnCl, and
RuCl; were classified into B-3 (weak, neutral). For low/high-
valent elements, the same activities and selectivities are
observed in cases of Fe, Cu, Mo, Sb, and W, while different
selectivities are observed in the cases of Sn and Re. Notably, in
the latter two cases, high-valent metal chlorides which have
higher Lewis acidity give the aldehyde —adduct selectively.
The reaction courses of the aldehyde-selective or aldimine-
selective reactions are explained on the basis of Scheme 1.1
Metal chlorides (Lewis acids) coordinate an aldehyde and/or
aldimine under equilibrium conditions. Neither the aldehyde
nor the aldimine reacts with a silyl enol ether at all without the
coordination of the metal chlorides. On the other hand, if the
aldehyde and/or the aldimine are coordinated by metal
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Table 3. Classification of Lewis acids.
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Scheme 1. The reaction courses in the presence of a Lewis acid.

chlorides and sufficiently activated, the silyl enol ether attacks
the aldehyde and/or the aldimine to afford the aldehyde -
adduct and/or the aldimine-adduct. The yields and the
selectivities are dependent on the metal chloride (Lewis
acids) used. The selectivities also depend on the counter-
anions of Lewis acids and the amounts of Lewis acid. While
the aldimine selectivity increases when weakly basic counter-
anions (OTf-, ClO,", etc.) are used,'” the aldehyde —selec-
tivity increases when using large quantities of Lewis acids
(>1.0 equiv).** 17 While the methods used in this paper to
classify metal chlorides (Lewis acids) may seem to be simple,
the reaction conditions shown here were selected after several
trials.l'?! In addition, the classification shown in Tables 2 and 3
will be applied to many other nucleophilic addition reactions
of aldehydes and aldimines.["!

Conclusion

Metal chlorides (Lewis acids) were classified on the basis of
activity and aldehyde- and aldimine-selectivity in the addition

Chem. Eur. J. 2000, 6, No. 19
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reaction of a silyl enol ether. As regards the activities, while
some results obtained are comparable with other empirical
results shown in the literature, some other results, especially
on transition metals and the Group 14 and 15 elements, are
unexpected. On the other hand, many new findings have been
obtained in the aldehyde/aldimine selectivities. It is noted that
a classification of Lewis acids has been efficiently performed
from two dimensions (activity and selectivity). Moreover,
although the method for the classification shown here is based
on organic chemistry, it has contributed to general chemistry
to reveal basic characteristics of elements (metal chlorides).
These results will lead to a better understanding of metal
chlorides (Lewis acids) in inorganic chemistry and organo-
metallic chemistry as well as to providing a guide to the choice
of the appropriate Lewis acids in many synthetic organic
reactions.

Experimental Section

General: NMR spectra were recorded on a JEOL JNM-LA-300 FT-NMR
system. Tetramethylsilane (TMS) served as internal standard (6 =0) for
'H NMR, and CDCI; was used as internal standard (6 =77.0) for *C NMR.
Preparative thin-layer chromatography was carried out using Wakogel
B-5F. Dichloromethane was distilled twice from P,Os and CaH,, respec-
tively. Benzaldehyde and N-benzylideneaniline were purified before use.
All metal chlorides (anhydrous, >98% purity (mostly >99%)) are
comercially available. ReCl;, OsCl;, RhCl;, PdCl,, PtCl,, AuCl, and BCl,
were purchased from Aldrich. All other metal chlorides were purchased
from Soekawa Chemical. All glasswares were dried at 100°C under
reduced pressure to remove water.

Methods: To classify metal chlorides efficiently, we examined several
reaction conditions (temperature, solvent, concentration, quantities of
aldehyde, aldimine, and metal chloride, etc.), and finally selected the
following reaction conditions.

In the first screening, all metal chlorides were tested at —23°C. Under
argon atmosphere, a metal chloride (0.50 mmol), benzaldehyde
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(0.50 mmol), and N-benzylideneaniline (0.50 mmol) were combined in
dichloromethane (1.5 mL) at —23°C. After the mixture had been stirred
for 10 min at the same temperature, the silyl enol ether derived from
propiophenone (0.50 mmol) in dichlorometahne (1.5 mL) was added. The
mixture was stirred for 12 h, and saturated aqueous sodium hydrogen
carbonate (10 mL) was added to quench the reaction. After the organic
layer was separated, the aqueous layer was extracted with dichloro-
methane. The combined organic layers were dried over Na,SO,, filtered,
and evaporated. The crude products were separated by using preparative
TLC to determine the yield and the ratio of the aldehyde —adduct and the
aldimine —adduct. (Both adducts are known,[”! and 'H and *C NMR
spectra were consistent with those reported.)

Decomposition of the silyl enol ether was not observed under strict
anhydrous conditions except for the experiments using SiCl, and PCls. In
the reactions using SiCl, and PCls, decomposition of the silyl enol ether was
observed in TLC before quenching the reactions.

Based on the results obtained in the above experiments, metal chlorides
were classified into Group A (active) and Group B or C. For some metal
chlorides classified into Group B or C, the same reaction (the reaction of
benzaldehyde with N-benzylideneaniline) was performed at room temper-
ature. On the basis of all these experiments, metal chlorides were classified
into several groups shown in Tables 2 and 3 (see also text).
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Perfluorocarbon-Hydrocarbon Self-Assembly: Part X*

Interactions at the Outside Faces of Calix[4]arenes:

Two-Dimensional Infinite Network Formation with Perfluoroarenes

Maria T. Messina,*! Pierangelo Metrangolo,*! Sebastiano Pappalardo,™™
Melchiorre F. Parisi,*! Tullio Pilati,'!! and Giuseppe Resnati*?!

Abstract: Attractive m—m interactions
between two of the four outside cavity
faces of 1,3-bis-pyridylmethylcalix[4]ar-
ene (1) and both faces of 1,4-diiodote-
trafluorobenzene (2a) form infinite one-
dimensional non-covalent ribbons where

oarene 2a in another chain and the two-
dimensional supramolecular network 3a
is formed. A similar behaviour is also
shown by 14-dibromotetrafluoroben-
zene (2b). The halogen bonding and
the attractive ;t— 7 interactions occur in

directions which are nearly orthogonal
each other. Diiodotetrafluorobenzene,
being involved in both these interac-
tions, appears to be a particularly inter-
esting tecton. The ability of electron-
poor arenes to elicit the exo-receptor

the two modules alternate. These rib-
bons are cross-linked by electron do-
nor—acceptor interactions between pi-
colyl nitrogen atoms of calixarene 1 in
one chain and iodine atoms of perfluor-

Introduction

Recent developments in the host —guest chemistry and in the
supramolecular chemistry of calix[n]arenes have definitely
shown the great potential of these compounds both in
recognition processes and in the construction of highly
organised and complex architectures.!]

Calixarenes have frequently been used as versatile plat-
forms for the covalent insertion of appendages which drive
self-assembly processes by using weak forces such as hydro-
gen bonds,” co-ordination bonds,P! and van der Waals
interactions.l*l However, in most cases, calixarenes have been
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potential of calixarene module by con-
necting their outside faces through t—mn
interactions may be developed as a new
and general binding protocol in calixar-
ene self-assembly processes.

used as endo-receptorsl®! (concave molecules), a role they are
perfectly tailored to by the cone conformation they frequently
adopt. A wide variety of metal cations (alkaline, alkaline
earth, transition metal, lanthanide cations) have been com-
plexed in the solid state and in solution and the ion has
invariably been included in the calixarene cavity region.[’
Neutral molecules, as diverse as toluene, acetonitrile, acetone
and water, have also been included in the solid state within the
calixarene cavity.'>¢7] By connecting two or more calixarene
units into larger assemblies such as carcerands and holands,
cavities of nanosize dimensions have been formed hosting
even molecular clusters® and molecules as large as the
fullerene.l”) The m-basic character of the cavity significantly
contributes to the ability of calixarenes to work as effective
host molecules in inclusion and recognition processes. The
attractive cation «+,'°! C-H.- 7'l and O-H -+ xl'? interac-
tions which determine, or at least favour, the binding of the
guest involve the calixarene aromatic ring faces directed
inside the cavity. To the best of our knowledge, the outside
faces of calixarene rings have worked as m-basic motifs (exo-
receptors)P! only towards transition metal derivatives and
very few cases of this behaviour have been reported.['’]

Here we describe the first case where calixarenes work as
exo-receptors (convex molecules) of neutral molecules. Spe-
cifically, calixarene 1 forms infinite chains with perfluoroar-
ene 2a (Scheme 1) as the calixarene phenol ring faces directed
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3a

Scheme 1. Ortep views of the molecules 1 and 2 and of the two-
dimensional network 3a. Calixarene 1 has been symmetrized by using the
program SYMMOL.*®! Fluorine and hydrogen atoms and methyl groups
are omitted for clarity.

outside the cavity are involved in attractive st —m interactions
with the perfluoroarene 2a faces (Figure 1). These chains are
cross-linked by electron donor-acceptor interactions be-
tween picolyl nitrogen atoms of calixarene 1 in one chain and
iodine atoms of perfluoroarene 2a in another chain (Figure 2)
so that the two-dimensional infinite network 3a is formed. A
similar behaviour is also shown by 1,4-dibromotetrafluoro-
benzene (2b).

Results and Discussion

Crystallisation of equimolar amounts of bis-pyridylmethyl-
tetra-tert-butylcalix[4]arene (1) and 1,4-diiodotetrafluoro-
benzene (2a) or its 1,4-dibromo analogue 2b by slow solvent
diffusion (carbon tetrachloride/vaseline oil system) affords
white crystalline solid, 3a and 3b, respectively, which are
stable to air and moisture at room temperature. Microanal-
yses (C, H, N, I, Br) and '"H/"’F-NMR spectra in the presence
of 2,22-trifluoroethyl ether as internal standard (see Exper-
imental Section) reveal that the calixarene (CA) and per-
fluorocarbon (PFC) components 1 and 2 are present in a 1:1
ratio in co-crystal 3. IR spectra of these co-crystals (KBr,
pellets) are not the exact sum of the spectra of pure
components. Single absorption bands of the CA and PFC
modules are present in the spectra of the co-crystals, but some
interesting shifts in the absorption maxima also occur. For

3496 ——
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Figure 1. Crystal packing of the two-dimensional network 3a. Colours are
as follows: black, carbon; blue, oxygen; yellow, nitrogen; red, iodine; green,
fluorine. Hydrogen atoms and methyl groups of calixarene module are
omitted for clarity.

instance, the C—H and C—I stretching modes of the pure CA
and PFC modules are shifted to higher and lower frequencies,
respectively, in co-crystal 3a (the absorptions at 3056 and
761 cm~! of 1 and 2a appear at 3068 and 754 cm™! in 3a).
Similar spectral changes are typical for the electron donor—
acceptor interaction between nitrogen and iodine atoms of
hydrocarbon and PFC derivatives, respectively.l'> 16l For
instance, when dihaloperfluoroarenes 2a,b form co-crystals
with various pyridine derivatives, such as 2,2'-, 4,4'-bypiridine,
and 2,2":6',2"-terpyridine, a very similar trend is shown by the
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Figure 2. Crystal packing of the two-dimensional network 3a. Colours are as follows: black, carbon; blue,
oxygen; yellow, nitrogen; red, iodine; green, fluorine. Hydrogen atoms and methyl groups of calixarene module
are omitted for clarity. Dotted lines represent the intramolecular hydrogen bonds; dashed lines represent the

intermolecular N .- I halogen bonds.

absorption bands of the hydrocarbon and PFC modules in the

3050 and 760 cm~! region.['”]

'"H-NMR spectra show that the attractive interaction
between the picolyl nitrogen atoms and the fluoroaryl iodine,
or bromine, atoms exists also in solution!!¥ and gives rise to an
association equilibrium which is rapid on the NMR time scale.
On adding increasing amounts of 2a to a chloroform solution
of 1, the picolyl residue signals are increasingly shifted
downfield while the other signals show minor shifts, if any.
Dibromotetrafluorobenzene (2b) behaves similarly and gives,

Chem. Eur. J. 2000, 6, No. 19
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as expected,'” smaller shifts
than the diiodo analogue 2a.
Similar low-field shifts have
been observed also as a result
of the interaction between pyr-
idine derivatives and several
iodo- and bromoperfluoroal-
kanes. In these complexes the
electron donation from nitro-
gen to iodine, or bromine,
atoms has been characterised
by IR, Raman, and X-ray anal-
yses in the solid and by “F- and
N-NMR spectroscopy in solu-
tiOl’l.[MC‘d;”]

Single crystal X-ray analysis
(Table 1) of the noncovalent
assembly 3a revealed the struc-
tural features of the supramo-
lecular architecture. The CA
and PFC modules, 1 and 2a,
respectively, alternate and form
linear and infinite ribbons
where molecules of 2a (elec-
tron-poor motif) are in a sand-
wich arrangement between the
phenol rings of two distinct
molecules of 1 (electron-rich
motif) (Figure 1). Two adjacent
calixarenes are always oriented
up—down in the ribbon in such
a way that their more sterically
demanding tert-butyl substitut-
ed rims are directed on oppo-
site sides, thus forming linear
and infinite arrangements.?!

The CA and PFC modules
are bound through attractive
interactions involving
both faces of the electron poor
perfluoroarene rings and the
outside face of the electron rich
phenol rings. Benzene and hexa-
fluorobenzene have large mo-
lecular quadrupolar moments
that are similar in magnitude,
yet opposite in sign,?? and
numerous examples are report-
ed in the literature of aryl/per-

T—T

fluoroaryl complexes in which the electrostatic potentials

normal to the plane of the partner molecules interact

0947-6539/00/0619-3497 $ 17.50+.50/0

attractively. Interplanar distances between hexafluoroben-
zene and various aromatic hydrocarbons span from 3.4 to
3.8 A. Phenol/diiodotetrafluorobenzene interplanar distances
in co-crystal 3a are 3.51 and 3.53 A (values refer to the two
crystallographically independent molecules of 2a in 3a, see
below), thus proving unequivocally the occurrence of attractive
7t— 7 interactions in co-crystal 3a. This is the first time that
1,4-diiodotetrafluorobenzene 2a gives intermolecular m—m
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Table 1. Selected crystallographic and data collection parameters for co-

crystal 3a.

G. Resnati et al.

molecular formula

(C56H66N204) ° (CﬁFAIZ) * (CC14)

M 1386.8
crystal colour colourless
dimension [mm?] 0.48 x 0.36 x 0.20
crystal system triclinic
space group P1

a[A] 10.9306(7)
b[A] 15.9053(10)
c[A] 19.2587(14)
a[°] 89.080(6)
A1 83.319(6)

v [°] 83.401(6)
U [A%] 3323.9(4)
V4 2

T [K] 291(1)
Pertca [gem ] 1388

20 [°] 50

data collected 12360

unique data (Ry,)
observed data

11690 (0.0162)
7713 [I>26()]

transmission factors 0.595-0.737
No. parameters (No. restraints) 865 (670)
R, Rops 0.0923, 0.0560
WR,, WR s 0.1566, 0.1356
weighting scheme,® a, b 0.0771, 3.5631
goodness-of-fit (restrained) 1.004 (1.045)
AP minmax [6 A7) —0.626, 1.163

[a] w=1/[c*(F,)*+ (aP)*+ bP] where P=(F2+22)/3.

interactions and its s-electron acceptor ability seems similar
to that of hexafluorobenzene. As far as m—m interaction is
concerned, calixarene 1 behaves as a bidentate electron donor
(the two phenol rings are stacked face-to-face with two
distinct perfluorobenzene modules) and perhalobenzene 2a
behaves as a bidentate electron acceptor (the attractive w—mx
interactions occur on both faces of the electron-poor ring).

The two phenol ether rings of 1 are not involved in
attractive st— g interactions with 2a. The high cohesion of the
co-crystal 3a probably also derives from the attractive Ne--1
interaction between the nitrogen atoms of the picolyl residues
of the CA module 1 and the iodine atoms of the PFC module
2a (Figure 2). This interaction, whose features in solution
have been discussed above, has been named “halogen
bonding”? and its ability to drive the self-assembly of
hydrocarbon and perfluorocarbon modules has already been
proven in various systems.!'> 7] In the crystallographic cell of
3a two independent units of diiodotetrafluorobenzene (2a)
alternate. For one of these independent molecules no N---1
interaction is observed while for the other the distance
between the iodine atoms and the nitrogen atoms of two
distinct picolyl residues (belonging to two adjacent infinite
chains) is 2.90 A, significantly shorter than the sum of the
nitrogen and iodine van der Waals radii (1.55 and 1.98 A).
These halogen bondings secure the cross linking of the one-
dimensional infinite ribbons, assembled via attractive m—u
interactions, into a two-dimensional network. Similar to other
cases,l' 7l the N -.- T interaction in 3a is highly directional and
occurs nearly on the extension of the C—I bond (the N-:-I-C
angle is 169°). As far as halogen bonding is concerned,
perfluoroarene 2a behaves, on average, as a monodentate
electron acceptor (one molecule forms two bonds, the other is

3498

not bonded) and calixarene 1 also works as a monodentate
donor (only one out of the two picolyl residues of any
calixarene is halogen bonded).

Conclusion

When involved in intermolecular interaction processes, CAs
typically work as endo-receptorst! and give in most cases
dimeric aggregates.l" %7 Polymeric structures (infinite one-
dimensional networks) have been obtained only when CAs
undergo self-inclusion processes,” when metal ions bridge
calix[4]arenes in the 1,3-alternate conformation,! or when
neutral molecules connect calixarene dimers through a double
inclusion process.*! Here, we have reported a new approach
to the formation of infinite networks where calixarene 1 acts
as an exo-receptor in relation to both 7 — interactions, which
form linear ribbons, and halogen bondings, which cross-link
the ribbons.

CA 1 prefers in this case to work as an exo- rather than an
endo-receptor probably in order to maximise ;—7 interac-
tions. If perfluoroarene 2a entered the cavity of 1 parallel to
the phenol ether rings, the size and shape of the cavity would
prevent the perfluoroarene ring from diving into the cavity
deeply enough to face the two phenol ether rings and create
effective ;- stabilisation. If perfluoroarenes 2a entered the
cavity of 1 normal to the phenol ether rings, the two phenol
rings could not lay stacked and parallel on its two faces being
nearly orthogonal to each other. In contrast, a perfectly
aligned face-to-face disposition occurs in the sandwich
arrangement allowed by the exo-receptor behaviour of
calixarene 1 in co-crystal 3a.

Iodine atoms of PFC 2a already have formed halogen
bondings with iodide, bromide, and chloride anions?” giving
trimeric and oligomeric assembles. Here iodine atoms of PFC
2a form halogen bondings with neutral electron donors (the
picolyl nitrogen atoms) and the electron poor fluorobenzene
rings form attractive ;t— interactions with the electron rich
calixarene phenol rings so that two-dimensional infinite
networks result. From the geometric point of view, the
halogen bondings and the ;—m interactions occur in direc-
tions which are roughly orthogonal each other and 2a is
shown to be a particularly interesting tecton.?s!

Attractive m—m interactions similar to those given by
hexafluorobenzene?? have been observed between electron-
rich arenes and various benzene derivatives bearing electron
withdrawing residues, for example picric acid, trimethyl 1,3,5-
benzenetricarboxylate, and fluoroanil.?! The ability of elec-
tron-poor arenes to elicit the exo-receptor potential of CA
modules by connecting their outside faces through mw-m=
interactions may be developed into a general heuristic
principle in calixarene self-assembly. Studies are presently in
process in our laboratory to test how general this ability is.

Experimental Section

General methods: All materials were obtained from commercial suppliers
and were used without further purification. Reagent grade solvents were
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used without further purification. ’F-NMR spectra were recorded with a
Bruker AV 500 spectrometer. 'H- and *C-NMR spectra were recorded
with a Bruker ARX 400 spectrometer. The IR spectra were recorded with a
Perkin—Elmer 2000 FT-IR spectrophotometer. Selected IR and NMR
spectral properties of starting materials 2 are reported to show the changes
occurring on adduct 3 formation.

25,27-Dihydroxy-26,28-bis(2-pyridylmethyl) oxy-5,11,17,23-tetra-tert-butyl-
calix[4]arene (1): An anhydrous DMF solution of p-tert-butylcalix[4]arene
was stirred at 60 °C with 2-(chloromethyl)pyridinehydrochloride (4 equiv)
in the presence of NaH for 3 h. A mixture of proximal bis[(2-pyridylme-
thyl)oxy]calix[4]arene (m.p. 204—206 °C, major product) and of monol[(2-
pyridylmethyl)oxy]calix[4]arene (m.p. 275-277°C), distal[(2-pyridylme-
thyl)oxy]|calix[4]arene (1), and tris[(2-pyridylmethyl)oxy]calix[4]arene
(m.p. 219-222°C) was formed. Product ratio was depending on reaction
time and temperature, the last three compounds being formed in minor
amounts. Chromatography (SiO,, column) with AcOEt/cyclohexane 1:2 as
the eluent gave pure 1 as a white solid. M.p. 250-252°C; 'H NMR
(400 MHz, CDCl;, 25°C): 6 =8.61 (d,/=4Hz,2H, H,), 8.29 (d, /=7 Hz,
2H, Hy), 7.60 (t, J=7Hz, 2H, H,), 725 (t, /=7 Hz, 2H, Hy), 7.20 (s, 2H;
OH), 7.08 (s, 4H; ArH), 6.80 (s, 4H; ArH), 5.20 (s, 4H; OCH,Py), 4.31 (q,
J=13.1Hz, 4H; ArCH,Ar), 3.35 (q, /=13.1 Hz, 4H; ArCH,Ar), 1.30 (s,
18H, CH;), 0.94 (s, 18H, CH;); *C NMR (100 MHz, CDCl;, 25°C): 0 =
157.7, 150.6, 149.5, 148.9, 147.3, 141.7, 1372, 132.3, 127.6, 125.6, 125.1, 122.5,
121.3,78.1, 33.9, 33.8, 31.7, 31.5, 30.9; IR (KBr pellets): 7 = 3056, 2953, 1487,
761 cm™!; elemental analysis calcd (%) for CssHgeN,O, (831.1): C 80.93, H
8.00, N 3.37; found C 80.57, H 8.01, N 3.64.

1,4-Diiodotetrafluorobenzene (2a): ’F NMR (470 MHz, CDCl;, 25°C):
0=-119.3; IR (KBr pellets): 7=1468 (C=C), 944 (C—F), 761 (C—1) cm™".

1,4-Dibromotetrafluorobenzene (2b): ’F NMR (470 MHz, CDCl;, 25°C):
0 =—132.7; IR (KBr pellets): 7= 1497 (C=C), 956 (C—F), 789 (C—Br) cm~.
Synthesis of infinite chain 3a: Compounds 1 (0.05 g, 0.06 mmol) and 2a
(0.025 g, 0.06 mmol) were dissolved in carbon tetrachloride (2.0 mL) at
room temperature in a clear borosilicate glass 5 mL vial. The open vial was
placed in a closed cylindrical wide-mouth bottle (50 mL) containing
vaseline oil (10 mL). Volatiles were allowed to diffuse slowly at room
temperature. After five days, colourless crystals of 3a (0.04 g) were filtered,
washed with cold carbon tetrachloride, and analysed. 'H NMR (400 MHz,
CDCl; 0.06 M, 25°C): 6=8.61 (d,/=4Hz,2H, H,), 8.29 (d,/=7 Hz, 2H,
H,), 761 (t,J=7 Hz, 2H, H,), 725 (t, /=7 Hz, 2 H, Hy), 720 (s, 2H; OH),
7.08 (s, 4H; ArH), 6.80 (s, 4H; ArH), 5.20 (s, 4H; OCH,Py), 431 (q, /=
13.1 Hz, 4H; ArCH,Ar), 3.35 (q,/=13.1 Hz, 4H; ArCH,Ar), 1.30 (s, 18 H,
CHs), 0.94 (s, 18 H, CH;);"F NMR (470 MHz, CDCl;, 25°C): 6 = —119.3;
IR (KBr pellets): 7 =23068, 2961, 1464, 943, 754 cm~'; elemental analysis
caled (%) for CssHgsN,O, - CoF, 1, - CCl, (1386.8): C 54.56, C110.23, H 4.80, 1
18.30, N 2.02; found C 54.17, C1 10.51, H 4.86, 1 18.67, N 2.29.

Synthesis of infinite chain 3b: Compounds 1 (0.05 g, 0.06 mmol) and 2b
(0.018 g, 0.06 mmol) were dissolved in carbon tetrachloride (1.5 mL) at
room temperature in a 5 mL clear borosilicate glass vial. The open vial was
placed in a closed cylindrical wide-mouth bottle (50 mL) containing
vaseline oil (10 mL). Volatiles were allowed to diffuse slowly at room
temperature. The evaporation to dryness of the solvent gave colourless
crystals of 3b (0.065 g) which were filtered, washed with cold carbon
tetrachloride, and analysed. YF NMR (470 MHz, CDCl;, 25°C): 6=
—132.7; '"H NMR (400 MHz, CDCl; 0.06M, 25°C): 6 =8.61 (d, J=4 Hz,
2H, H,), 8.29 (d, /=7 Hz, 2H, Hy), 7.60 (t, /=7 Hz, 2H, H,), 725 (t, J =
7 Hz, 2H, Hy), 720 (s, 2H; OH), 7.08 (s, 4H; ArH), 6.80 (s, 4H; ArH), 5.20
(s,4H; OCH,Py), 4.31 (q,/ = 13.1 Hz, 4H; ArCH,Ar), 335 (q,/ = 13.1 Hz,
4H; ArCH,Ar), 1.30 (s, 18H, CH3), 0.94 (s, 18H, CH;); IR (KBr pellets):
7=3067, 2960, 955 cm~!; elemental analysis calcd (%) for CssHgN,O,.
C¢F,Br,- CCl, (1283.7): Br 12.45, C 58.94, C111.05, H 5.18, N 2.18; found Br
12.76, C 58.59, C1 11.30, H 5.12, N 2.45.

Single crystal X-ray analyses: The crystal used for data collection was
completely coated with a glue to prevent loss of tetrachloromethane. Data
were collected with a Siemens P4 diffractometer, Moy, radiation, 1=
0.71069 [A], graphite monochromator, w/20 scans; data were corrected
for absorption on the basis of i scan.’) The structure was solved by
SIR92 1?1 and refined on all 11690 independent reflections F2 by full-matrix
least-squares by using by SHELX97.?2 Heavy atoms were anisotropic, H
atoms isotropic; disordered tert-butyl groups and carbon tetrachloride were
refined with constraints (see text). The highest peaks on the final Fourier
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map (<12 e A-3) were located near the two independent iodine atoms;
they are probably due to an insufficient absorption correction.

Crystallographic data (excluding structure factors) for the structure 3a
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-138256.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).

The crystal packing of 3a has cavities in the region where the tert-butyl
residues of different calixarene molecules are facing. In these lypophylic
cavities crystallisation solvent molecules are hosted (one carbon tetra-
chloride molecule per calixarene molecule). These solvent molecules show
disorder which was modelled by splitting carbon and chlorine atoms over
two locations 0.57 A apart each other with occupancy factor 0.5 and then
refined with restraints to make the two models about tetrahedral. Both in
Scheme 1 and in Figures 1 and 2 the solvent molecules have been omitted
to allow a better comprehension of the overall packing structure but the
related data can be found in the Cambridge Crystallographic Data Centre
publication no. CCDC-138256. Also tert-butyl pendants on calixarenes 1
show rotational disorder which has been modelled by splitting each methyl
group over two locations with occupancy factor 0.5. In this case the
restraints that the C—CH; bond distances and the CH;-C-CH; dihedral
angles of the two locations are about the same have been added. The
disorder of carbon tetrachloride and of the tert-butyl residues has been
modelled by using the SADI and SIMU subroutines of SHELX97.3

NMR experiments: To establish the 1:2 ratio in co-crystals 3a,b, their 'H-
and YF-NMR spectra were registered in the presence of 2,2,2-trifluoroethyl
ether as an internal standard. On calibrating integration parameters so that
in the 'H-NMR spectrum the CH,O quartet of 2,2,2-trifluoroethyl ether
was corresponding to four and in the Y’F-NMR spectrum the CF; triplet of
2,2 2-trifluoroethyl ether was corresponding to six, the ratio of the OCH,Py
singlet area (deriving from 1) and the CF singlet area (deriving from 2) is
one thus revealing that also the 1:2 ratio in 3a,b is one.

Experiments proving the N«--I and N --- Br halogen bonding in solution: A
0.06 M deuterochloroform solution of 3a showed: Ady (Ppm) = O.qduct 32 —
6pure aatixts AOn.c.on=0.0031, Adx.ci.cn.cn =0.0061, A6()4‘;12 =0.0031. On
changing the 1:2a molar ratio of this solution from 1:1 to 1:10 (by addition
of 2a), the same shifts became: Ady.c.cy=0.0263, Adx.ch.cu.cy = 0.0324,
Adg.cu,=0.0231. A deuterochloroform solution 0.06m in 1 and 0.6m in 2b
showed the following shifts: Ady.c.cy=0.0197, Adn.cr.cu.cr=0.0240,
Adg.cy, = 0.0092.
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Abstract: Cyclotriveratrylene (CTV)
derivatives substituted with 9 (1) or 18
(2) long alkyl chains have been pre-
pared. Whereas no liquid crystalline
behavior has been observed for 1, the
CTV derivative 2 has mesomorphic
properties. Indeed, at room temperature
compound 2 exhibits a nematic phase
characterized by cybotactic groups with
a local lamello-columnar order. Both
CTYV derivatives 1 and 2 are able to form

the solid state. In both cases, the 2:1
host—guest species have been obtained
as brown compounds. No liquid crystal-
line behavior was observed for the
supramolecular complex [Cy, C (1),]. In
contrast, observation of the brown prod-
uct obtained from Cg and the CTV

Keywords: fullerenes - host—guest
chemistry - liquid crystals - supra-
molecular chemistry

derivative 2 directly after preparation by
polarized optical microscopy revealed a
fluid birefringent phase at room temper-
ature. When the sample is heated above
70°C, the birefringence of the texture
under the microscope disappears and
the X-ray diffraction pattern is trans-
formed into a pattern characteristic of a
cubic phase. For the first time in ther-
motropic liquid crystals, the space group
of this cubic phase can be assigned as

supramolecular complexes with Cg, in

Introduction

The self-assembly of nanoscale architectures on the basis of
instructions stored in the building components and the self-
organization of the resulting discrete assemblies into more
ordered systems such as liquid crystals, micelles, and colloids
is a field of growing interest with unlimited possibilities for
fundamental discoveries and practical applications.["? Full-
erenes and their derivatives have shown a wide range of
chemical and physical properties that make them attractive
candidates for a variety of interesting features in supra-
molecular chemistry and materials science.’] An important
issue for applications of this new carbon allotrope appears to
be the incorporation of Cg, into well-ordered structures.> 4
Although the incorporation of fullerenes in thin, ordered
films has been achieved with success during the past few
years,[*3] liquid crystal ordering of fullerenes has been inves-
tigated to a much lesser extent.[’) In fact, the Cg, subunit does

[a] Dr. J.-F. Nierengarten, D. Felder, Dr. B. Heinrich, Dr. D. Guillon,
Prof. J.-F. Nicoud
Groupe des Matériaux Organiques
Institut de Physique et Chimie des, Matériaux de Strasbourg
Université Louis Pasteur and CNRS
23, rue du Loess, 67037 Strasbourg (France)
Fax: (+33)388-10-72-46
E-mail: niereng@michelangelo.u-strasbg.fr
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14,32.

not behave as a mesogenic unit, and therefore the preparation
of fullerene-containing liquid crystals would appear to be
difficult.l> 77 The only examples of fullerene derivatives with
liquid crystalline behavior have been reported by R. Desche-
naux and co-workers, and are mainly based on the function-
alization of the Cg sphere with mesogenic cholesterol
subunits.®!

As a part of this research, we became interested in a
supramolecular approach for fullerene-containing liquid crys-
tals based on the formation of an inclusion complex of Cg,
with a macrocyclic derivative. In fact, several recent studies
have shown that the cyclotriveratrylene (CTV) macrocycle is
a good candidate for the formation of inclusion complexes
with Cg.> ') Furthermore, the CTV core appears to be
appropriate to produce mesophases when functionalized;
indeed, several liquid crystalline CTV derivatives have al-
ready been described.'!l Therefore, a CTV substituted with
long alkyl chains is virtually programmed for self-assembly in
a discrete inclusion complex with the fullerene sphere and for
self-organization of the resulting aggregates into an extended
lattice with liquid crystalline properties. Here we report the
synthesis of the CTV derivatives 1 and 2 for the complexation
of Cs. Whereas no liquid crystalline behavior has been
observed for the 2:1 host — guest complex obtained from 1 and
Ce, the corresponding supramolecular species obtained from
2 and Cy4, shows mesomorphic properties.
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C12Hp50: COCI
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CTED g omd >
HO OH
HO HO OH OH

NEt; / DMAP

CTV(OH) toluene

Scheme 1. Synthesis of CTV derivatives 1 and 2.

Results and Discussion

Synthesis and solution studies: The synthetic route leading to
the CTV derivatives 1 and 2 is shown in Scheme 1. CTV(OH);
was prepared in three steps from vanillyl alcohol according to
the procedure described by A. Collet and co-workers.['!
Treatment of CTV(OH); with 3,4,5-tridodecyloxybenzoyl
chloride™! (3) in the presence of 4-dimethylaminopyridine
(DMAP) and NEt; in dry toluene afforded compound 1 in
76 % yield. CTV derivative 2 was prepared under similar
conditions by reaction of commercially available CTV(OH),
with acid chloride 3. In spite of the presence of an excess of 3,
the esterification of CTV(OH), was difficult to complete,
probably due to steric crowding, and compound 3 was
obtained in a low yield (15%). When the reaction mixture
was heated at 80°C for a prolonged period of time,
degradation took place and no further effort was made to
optimize the conditions.

Abstract in French: Des derives du cyclotriveratrylene (CTV)

substitues par 9 (1) ou 18 (2) longues chaines alkyles ont ete

synthetises. Alors qu’aucune propriete cristal liquide n’a pu étre
observée pour le composé 1, le CTV 2 presente des proprietes
mesomorphes. De fait une phase nematique, caracterisée par

des groupes cybotactiques de type lamello-colonnaire, a ete

mise en evidence d temperature ambiante pour le compose 2.
Les CTV 1 et 2 forment des complexes supramoleculaires avec
le Cyy. Aucune propriete meésomorphe n'a ete observee pour le
complexe [CyyC (1),]. Par contre, Uobservation du complexe
[Cs C (2),] au microscope polarisant révele une phase fluide
birefringente a temperature ambiante. Lorsque 'échantillon est
chauffe, la birefringence disparait a 70°C et le diagramme de
diffraction des rayons X montre les caracteristiques d’une
phase cubique de groupe de symetrie 14,32. C’est la premiere
fois qu’un tel groupe de symetrie est mis en évidence pour une
phase mesomorphe thermotrope de type cubique.
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The formation of host—guest complexes in CsHg solutions
between Cg and 1 or 2 was followed by the continuous
changes observed in the UV-visible spectra upon successive
additions of the host to the fullerene solutions (Figure 1).

0.8
0.6 50 equiv
T 0.4 0 equiv

"400 450 500 550 600 650

A/nm ——»

Figure 1. Absorption spectra of Cg, in the presence of 2 in C4Hg at 298 K.

Specifically, each new addition of 1 or 2 to the Cq, solution in
C¢Hg led to an increase in the absorption in the whole visible
region, with the most pronounced effect at approximately
430 nm. These observed spectral changes are similar to those
previously described in the literature for the addition of other
CTV derivatives to fullerene solutions'”! and are character-
istic of complexation.[' 14

During the UV-visible titrations of Cg, solutions (0.5-2 x
10~*mM, fixed concentration) with 1 or 2 in C¢Hg, no isobestic
points were observed. Furthermore, the Job plots!™ were
poorly reproducible and the low variations in absorbance
made their interpretation particularly difficult. Treatment of
the titration data with the Benesi— Hildebrand equation'® 7]
gave the association constant values (230 +30m~! for 1 and
3304+ 30m~! for 2 at 298 K), which are in good agreement with
the formation of solvated 1:1 complexes. The binding
isotherms also provide a good fit for a 1:1 stoichiometry.l'”)
The stoichiometry of the host—guest complexes obtained by
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crystallisation between 1 or 2 and Cg,, however, is 2:1. This
apparent contradictory host—guest ratio has also been
observed in several recent examples of fullerene-based
supramolecular assemblies, and it is quite reasonable to have
a different (lower) complexa-
tion ratio in dilute solution to
that in the solid state. Further-

as smectic or columnar, but not developed on a large scale.['®]
However, in the present work, the number and position of the
diffuse reflections (Table 1) could not be interpretated by
assuming only a smectic or a columnar order within the

Table 1. Description of the X-ray pattern of the nematic phase of CTV derivative 2 at 25°C and proposition of
indexation for a lamello-columnar lattice.

more, the binding behaviour

. . Signal  20,[°]  dmes [A A20[] L[A] N [l hkl 200000 [ dewea [A
observed in solution for both 1 18nd ] - [A] 0 (Al ra [ ra [A]
and 2 s in good agreement with 225 393+£1 045 170 45 vs 001
those of other examples of sub- u 4.5 1961 07 ©) w 002

) 'ples 111 6.7 132405 19 40 30M 110/170 6.7 132
stituted CTV  derivatives al-  yy 10.4 85403 19 40 s M 200 10.4 8.5
ready reported in the literature. Vv 14 63+05 2 40 6 VW 22012207, h,? 134 6.6
Effectively, solvated 1:1 com- VI 21.0 42+£01 45 18 43 S Dy

plexes have usually been ob-
served.!%

Liquid crystalline properties of CTV derivative 2: Whereas
CTV derivative 1 does not exhibit any liquid crystalline
behavior, compound 2 shows mesomorphic properties. These
have been deduced from optical and X-ray diffraction
properties. Polarized optical microscopy revealed a fluid
birefringent phase at room temperature for 2 (Figure 2) and

[ (1] I LT
14 e
Figure 2. Top: Optical texture observed with a polarizing microscope at
25°C for the CTV derivative 2. Bottom: X-ray diffraction pattern of the
nematic mesophase recorded at 25°C for compound 2.

the clearing temperature was determined to be 75°C. The
X-ray diffraction patterns in the liquid crystalline phase
contain only diffuse reflections both in small- and wide-angle
regions; this suggests that this phase is nematic in nature
(Figure 2). These diffuse reflections indicate the presence of
cybotactic groups. These generally correspond to groups of
molecules locally arranged in a more ordered structure such

Chem. Eur. J. 2000, 6, No. 19
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[a] VS: very strong, S: strong, M: medium, W: weak, VW: very weak.

cybotactic groups. Indeed, they correspond to a lamello-
columnar order,! that is, smectic layers with the existence of
columns oriented parallel to the smectic planes. Thus, the
reflections I and IT in the small-angle region would result from
the local lamellar stacking, corresponding to a layer spacing,
d, of about 39 A. From the width of the (001) reflection, one
can estimate a correlation distance, L, of about 170 A, in a
direction parallel to the layer normal; this corresponds to
about four to five molecular layers. The reflections III and IV
were considered to correspond to the (110)/(110) and (200)
reflections, respectively, of a centered rectangular columnar
lattice (a=17.1+0.6 A; b=20.942.5 A). The resulting col-
umnar area (s,,; = /2 = 180 + 25 A?) is consistent with the one
calculated from the ratio of the molecular volume (V,,) to d,
by assuming a density of 1.0+0.1 gem™ (s, ~ 180 +£20 A?).
This value is larger than the molecular area found in the
smectic A phase for other CTV derivatives that contain only
six aliphatic tails (84 +8 A2),1l but is close to the minimum
value imposed by the bulkiness of nine stretched alkyl chains
oriented parallel to the normal of the layer, when half of the
18 chains are rejected on each side of the CTV core (9 x
21.3=192 A?). This index is therefore much more likely than
the alternative index (III=200; IV =110/110), which would
imply a much too small columnar area (s,; =s/2=120+
20 Az) with respect to the bulkiness of the chains. The
correlation distances, L,?% associated to the columnar order-
ing within the cybotactic groups are about four times smaller
than that associated with the smectic ordering, but they also
correspond also to about four molecular layers. The very weak
diffuse signal, V, may correspond to the reflection [(220)/
(220)] of the bidimensional lattice, that is, to the second order
of the reflection III. However, it cannot be excluded that it
occurs from a repetition distance associated to the piling of
the molecular cores, although an intracolumnar spacing of
4.7 A can be deduced from the columnar area variation for an
homologous series of other CTV derivatives that have the
hexagonal columnar phase.l'l The reflection VI is attributed
as usual in mesophases to the lateral interactions between the
alkyl tails; its position and width being typical for molten
aliphatic moieties. There is no significant change in the shape
of these reflections as a function of temperature. Only small
shifts in the position of the wide-angle reflections could be

0947-6539/00/0619-3503 $ 17.50+.50/0 3503





FULL PAPER

J.-F. Nierengarten et al.

observed. When cooling down from 25 to —100°C, the
repetition distance associated to the reflection VI decreases
by 0.2 A, which is in agreement with the value determined
from the volume contraction for liquid paraffins (0.20 A).2!
The spacing for III decreases by about 0.15 A, but the spacing
for I'V increases by about 0.3 A; this corresponds to a decrease
in b of 1.3 A and to an increase in a of 0.5 A, respectively.
It should be noted that the

geometry of the local columnar

lattice deviates considerably

i — from the hexagonal symmetry

i condition (a/b = 3°%). This indi-

cates an important tilt of the

molecular cores with respect to

£ the lattice normal, the main in-

b plane component of the tilt

Figure 3. Schematic view of lying along a (Figure 3).
the local molecular packing
within the smectic layers of
the cybotactic groups of the

nematic mesophase for com-
pound 2.

The supramolecular complexes
of C4 with the CTV deriva-
tives: Slow evaporation of C¢Hg
solutions of mixtures of Cg, and
CTV derivative 1 or 2 in various
proportions afforded the corresponding supramolecular
host—guest complex. For both 1 and 2, the 2:1 host—guest
species have been obtained as brown compounds. It should be
noted that in the presence of an excess of Cy, the host —guest
complexes were obtained together with crystalline Cg,. On the
other hand, with an excess of the CTV derivative 1 or 2, non-
homogeneous mixtures were obtained. In fact, two phases
were present, a colorless one corresponding to pure 1 or 2 and
a brown one corresponding to the 2:1 host —guest complexes.
The formation of the 2:1 complexes is in apparent contra-
diction with the X-ray crystallographic analysis of the
inclusion complex obtained from a CTV derivative bearing
six unsubstituted benzoyl arms [CTV(OBz),] and Cg, descri-
bed by H. Matsubara and co-workers,['! where effectively a
1:1 complex was obtained in the solid state. However, close
analysis of the crystal packing shows that two kinds of Cy,
molecules are present, one is encapsulated within a cavity of
two host molecules, the other is located without hosts between
two inclusion complexes. In other words, this structure could
be considered as a 2:1 host—guest inclusion complex “sol-
vated” with a fullerene sphere. In our case, it is reasonable to
assume that such a structure can not be obtained due to the
presence of the 18 or 36 long aliphatic chains around the 2:1
inclusion complexes, the fullerenes and the alkyl chains being
amphipathic.

No liquid crystalline behavior could be observed for the
supramolecular complex [Cq C (1),], and furthermore, this
complex was not thermally stable. At about 60°C, precipita-
tion of small Cg, crystals from a colorless liquid, presumably
pure 1, was observed; this phase separation was irreversible.
In contrast, such behavior was not observed with the supra-
molecular complex [Cy C (2),] even on repeated heating—
cooling cycles. Observation of the product obtained from
Cg and CTV derivative 2 directly after solvent evaporation by
polarized optical microscopy revealed a fluid, birefringent
phase at room temperature.

3504
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The X-ray diffraction patterns are similar to those of the
lamello-columnar ordering registered with the pure CTV, with
the same reflections I to VI. The reflections I and II
correspond to smaller distances, indicating a reduction of
the layer spacing (of about 10 % ). On the other hand, the two-
dimensional lattice area deduced for the complex is somewhat
larger than that measured for the pure CTV. This would be
consistent with the incorporation of some Cg, in the sublayer
formed by the molecular cores, thereby increasing the area
reported for one CTV molecule and the area of the
rectangular lattice.

When the sample was heated above 70 °C, the birefringence
of the texture under the microscope disappears and the X-ray
diffraction pattern transformed into a pattern characteristic of
a cubic phase (Figure 4). This phase transition was irrever-

600000 I
T4ooooo-
I
200000 F 0|
m
l K/ IX
VI

O 1 1 1
0 5 10 15 20 25 30

20° —>

Figure 4. X-ray diffraction pattern of the cubic mesophase recorded at
25°C for [Cg C (2),] (the reflections V, VI, and VII could not be extracted
from background on the counter patterns or on the scans of film patterns,
although they are clearly distinguished on the original long-exposure
photographic film patterns).

sible. This was confirmed by differential scanning calorimetry
(DSC). During the first heating run, DSC analysis of the
supramolecular complex [Cq, C (2),] gave one endotherm at
70°C. The enthalpy value associated with this phase transition
was found to be 13.6Jg!. During the cooling run, no
exotherm could be seen, which indicates the irreversibility
of the phase transition, and the endotherm observed during
the first heating run could not be observed anymore during
the second run. Finally, no additional endotherm could be
detected at higher temperature.

In the X-ray pattern of the cubic phase obtained upon
heating, the small-angle region contains seven sharp reflec-
tions, which correspond to the following integer square
spacing ratios: 1:3:4:5:6:7:8, labelled I to VII, (the reflections
V, VI and VII could not be extracted from background on the
counter patterns or on the scans of film patterns, although
they are clearly distinguished on the original long-exposure
photographic film patterns). The wide-angle region contains
two diffuse reflections VIII and IX at about 8.240.1 A and
444005 A, respectively. The 4.4 A reflection corresponds to
the lateral distance between alkyl tails, while the 8.2 A
reflection is probably related to a repetition distance between
the complexes formed by the CTV molecular cores and the
fullerene molecules. Table 2 lists the indexation of reflections
I to VII for the smallest possible primitive, body-centered and
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Table 2. Indexation of the sharp small-angle reflections in the X-ray pattern of the cubic mesophase obtained at
20°C for the CTV derivative 2/Cy, mixture 2:1, within the smallest primitive, body-centered and face-centered

lattices possible.

irreversible evolution, it was
not possible to determine the
clearing temperature. This is

Primitivel

Body-centered!!

Face-centered!? also consistent with the DSC

. 12 a] 2 2 2 2 2 2 . . .
Signal  [dy/d] i hkl RAIR+E bkl B4R+ P hkl R4+ P analysis, effectively, no transi-
- - - - - - - 11 3 tion corresponding to the clear-
; I ;/S 1(1)8 ; 116 ; 3(2]8 g ing point could be detected for
_ _ B _ _ _ _ 311 1 [Ceo C (2),]. Tt should be point-
_ _ _ 11 3 _ _ 222 12 ed out that the covalent full-
- - - 200 4 200 4 400 16 erene derivatives with liquid
- - - - - - 331 19 crystalline properties reported
- R N 210 5 N ~ 420 20 by R. Deschenaux are thermal-
I 3 M 211 6 211 6 422 24 y R X
_ _ _ _ _ _ _ 511333 27 ly stable.[®l However, in contrast
11 4 M 220 8 220 8 440 32 to the supramolecular complex
- - - - - - - 531 35 [CoC (2),], which is stable
- B N 2217300 J - - 6007442 36 from room temperature up to
v 5 M 310 10 310 10 620 40 ° o
N N _ N N B B 533 3 80°C, these Cg, derivatives do
_ _ _ 311 1 _ _ 622 44 not show mesomorphic proper-
\4 6 VW 222 12 222 12 444 43 ties at room temperature.
- - - - - - - 711/551 51
- - - 320 13 - - 640 52
A% 7 VW 321 14 321 14 642 56 .
_ _ _ _ _ _ _ 553/731 59 Conclusions
vii 8 VW 400 16 400 16 800 64

[a]1 VS: very strong, S: strong, M: medium, W: weak, VW: very weak. [b] At 20°C: d,;,=31.9 A,a=451A, V=
91.8 x 103 A3, [c] At20°C: dy0=319 A, a =451 A, V=91.8 x 10° A3. [d] At 20°C: dypy=31.9 A, a=902 A, V=

734.5 x 10° A3,

face-centered cubic lattices. However, the body-centered
lattice is probably the relevant one, as no particular extinction
rules could explain the number of missing low-angle reflec-
tions for both alternate types of cubic lattices. In this case, it
should be emphasized that the reflection (200) is missing.
Since a rather high intensity would have been expected from
its location between reflections I and II, the absence of this
reflection probably results from a particular extinction rule.
This exists only for two body-centered cubic space groups:
14,32 (no. 214) and I43d (no. 220), whereby the presence of
the (222) reflection excludes the 143d space group. Although
specific features of the structure factor may also lead to the
same extinctions of the symmetry-allowed reflections, the
space group [4,32 is the only one that fits the observed
reflection series, based on the extinction rules which results
from the space group symmetry, and is, therefore, the most
probable one. To our knowledge, this is the first time that the
space group /4,32 has been assigned for a cubic mesophase. It
should be pointed out that such behavior has already been
theoretically predicted.!

No evolution of the X-ray patterns was observed over
several days at temperatures below 80°C. Above this temper-
ature, the X-ray patterns changed irreversibly, with additional
sharp reflections appearing continuously in the small-angle
region, while optical microcope observations gave evidence of
the presence of small birefringent crystallites appearing in the
overall isotropic texture. This irreversible evolution may
occur from a macroscopic segregation of the Cg molecules
within the CTV matrix, the resulting variation of local
concentration leading to the coexistence of different phases.
Such phases were not studied further. Due to this slow and

Chem. Eur. J. 2000, 6, No. 19
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Our findings provide further
insight into the construction of
supramolecular assemblies of
Cyo- Initially, host — guest chem-
istry with fullerenes was used
for the efficient separation of fullerenes.” >4 In the prep-
aration of the first example of a liquid crystalline host — guest
complex of Cq, we have shown that the supramolecular
chemistry of fullerenes can also be used in the formation of
ordered fullerene assemblies that are easy to process for
future applications in material science.

Experimental Section

General: Reagents and solvents were purchased as reagent grade and used
without further purification. Toluene was distilled over sodium and
benzophenone. Compounds 3,4,5-tridodecyloxybenzoyl chloride (3)!"3
and CTV(OH);!'” were prepared as previously reported. All reactions
were performed in standard glassware under an inert Ar atmosphere.
Evaporation and concentration were achieved at water aspirator pressure
and drying in vacuo at 102 Torr. Column chromatography: silica gel 60
(230-400 mesh, 0.040-0.063 mm) was purchased from Merck. Thin-layer
chromatography (TLC) was performed on glass sheets coated with silica
gel 60 Fys, purchased from Merck, visualization by UV light. Melting points
were measured on an electrothermal digital melting point apparatus and
are uncorrected. UV/Vis spectra were measured on a Hitachi U-3000
spectrophotometer. IR spectra were measured on an ATI Mattson Genesis
Series FTIR instrument. NMR spectra were recorded on a Bruker AC200
with solvent peaks as reference. DSC analyses were performed on a DSC 7
Perkin - Elmer apparatus at a scan rate of 10°Cmin~'. Elemental analyses
were performed by the analytical service at the Institut Charles Sadron,
Strasbourg. X-ray patterns were recorded on samples filled in Lindemann
glass capillaries with two setups based on focalised, linear CuK,; beams
produced with sealed tubes and bent quartz monochromators. Patterns
were systematically recorded as a function of temperature by using a home-
made oven controlled by an INSTEC unit (residual temperature fluctua-
tions of £0.02°C) and an INEL CPS120 counter. For a better signal to
background ratio of the higher order reflections of the cubic lattice, long-
exposure patterns were registered at a few temperatures on KODAK
scientific imaging films, with a second setup equipped with a home made
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vacuum stand alone oven (residual temperature fluctuations of +1°C). The
films were scanned with an EPSON GT-7000 scanner and the image
background corrected and integrated in order to get intensity versus 26
files. A 6-6 diffractometer was also used. This third setup based on a
parallel CuK, beam produced by a sealed tube, a secondary beam
monochromator and a Xe counter (Philips X-PERT system) was used to
verify the diffuse signals found with the INEL counter and to follow the
shifts in their location (Lorentzian fits) in subambient conditions, whereby
the sample was introduced as a few hundred um thick film in a TK450
vacuum oven (Anton Paar).
2,7,12-Tri(3,4,5-tridocyloxybenzoyloxy)-3,8,13-trimethoxy-10,15-dihydro-
SH-tribenzo[a,d,g]cyclononene (1): A solution of 3 (3.31 g, 4.77 mmol) in
toluene (10 mL) was added dropwise over 1h to a stirred solution of
CTV(OH); (0.5 g, 1.22 mmol), DMAP (0.673 mg, 5.5 mmol), and NEt;,
(0.665 mL, 4.77 mmol) in toluene (40 mL) under Ar at 0°C. The reaction
mixture was warmed slowly to room temperature (over 1 h) and stirred for
24 h at room temperature, then 2 h at 80°C. The resulting mixture was
poured into water. The organic layer was washed with saturated aqueous
NaHCO;, dried (Na,SO,), filtered, and evaporated. Column chromatog-
raphy (SiO,, CHCl;) followed by recrystallisation from acetone yielded
223 g (0.937 mmol, 76%) of 1. Colorless solid; m.p. 60°C; 'H NMR
(CHCl;, 200 MHz): 6=0.89 (t, J=6 Hz, 27H), 1.35 (m, 162H), 1.80 (m,
18H), 3.67 (d, /=14 Hz, 3H), 3.80 (s, 9H), 4.03 (t, /=6 Hz, 18 H), 4.82 (d,
J=14 Hz, 3H), 6.94 (s, 3H), 713 (s, 3H), 7.40 (s, 6H); *C NMR (CHCl;,
50 MHz): 6 =14.08, 22.66, 26.06, 29.29, 29.37, 29.61, 29.65, 30.31, 31.90,
36.52, 56.22, 69.14, 73.51, 108.56, 114.18, 123.79, 124.07, 131.48, 137.86,
138.66, 142.74, 149.92, 152.86, 164.48; IR (CH,Cl,): #=1732 cm~' (C=0);
elemental analysis calcd (%) for C,5;H,5,045 (2379.7): C 7722, H 10.67;
found C 77.03, H 10.78.
2,3,7,8,12,13-Hexakis(3,4,5-tridocyloxybenzoyloxy)-10,15-dihydro-5 H-tri-
benzo[a,d,g]cyclononene (2): A solution of 3 (738 g, 10.64 mmol) in
toluene (20 mL) was added dropwise over 1h to a stirred solution of
CTV(OH); (0.50 g, 1.36 mmol), DMAP (1.5g, 12.28 mmol), and NEt;
(1.48 mL, 10.64 mmol) in toluene (60 mL) under Ar at 0°C. The resulting
mixture was warmed slowly to room temperature (over 1 h) and stirred at
this temperature for 24 h, then 2 h at 80°C before being poured into water.
The toluene solution was washed twice with saturated aqueous NaHCO;,
dried (Na,SO,), filtered, and evaporated. Two successive column chroma-
tographic separations (SiO,, CHCly/hexane 6:2) yielded 0.9 g (0.21 mmol,
15%) of 2. Colorless liquid crystalline product (see text); 'H NMR (CDCl;,
200 MHz): 6 =0.88 (t, /=6 Hz, 54 H), 1.26 (m, 324H), 1.72 (m, 36 H), 3.79
(t,J=6Hz, 12H), 3.80 (d, /=12 Hz, 3H), 3.95 (t, /=6 Hz, 24 H), 4.90 (d,
J=12Hz,3H), 7.20 (s, 12H), 7.41 (s, 6H); *C NMR (CDCl;, 50 MHz): 6 =
14.08, 22.67, 26.06, 26.15, 29.37, 29.51, 29.69, 29.75, 30.37, 31.93, 69.00, 73.42,
108.28, 123.18, 124.84, 137.17, 141.15, 142.84, 152.79, 163.97; IR (CH,CL,):
7=1731cm™! (C=0); elemental analysis calcd (%) for C,;0H,0s5
(4308.81): C 77.77, H 11.09; found C 77.50, H 11.21.

[Ce C (2),]: A solution of 2 (100 mg, 0.0185 mmol) and Cq, (0.5 equiv) in
C¢H, (100 mL) was allowed to stand at room temperature until complete
evaporation of the solvent. The resulting mixture was further dried under
high vacuum for 12h. A homogeneous dark brown product was thus
obtained. Elemental analysis calcd (%) for (Cy0H,74030)2 " (Ceo)1 - (CeHe)s
(9799.4): C 80.10, H 10.11; found: C 80.23, H 10.34.

Determination of the association constants: Binding studies were per-
formed in C¢Hy solution at 298 +1 K. In a typical experiment, a 1 mL
volume of a 1.39 x 10~*m Cg, solution was placed in the sample cell. An
aliquot of a 6.93 x 10~3M stock solution of compound 1 (or 2) was added to
the sample cell, and, after homogenization, the absorption spectrum was
recorded. Additional aliquots of 1 (or 2) were added to the sample cell, and
the spectrum was recorded after each addition. The association constant
was calculated from the absorption intensities changes observed at 430 nm
compared to pure Cg using the Benesi-Hildebrand equation.l') All
experiments were performed at least in triplicate.
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Methane Formation by Reaction of a Methyl Thioether with a Photo-Excited
Nickel Thiolate—A Process Mimicking Methanogenesis in Archaea

Luca Signor,®! Carola Knuppe,®! Robert Hug,™ Bernd Schweizer,!?!
Andreas Pfaltz,®! and Bernhard Jaun*!@!

Abstract: The formation of a sulfuranyl
radical intermediate followed by methyl
transfer to the nickel(l) center of coen-
zyme F430 and generation of the disul-
fide has been proposed as a possible
mechanism for the formation of meth-
ane catalyzed by methyl coenzyme M
reductase in methanogenic archaea. In
order to test this hypothesis, a sterically
shielded, bifunctional model substrate
that contained a methyl thioether and a
sulthydryl functional group, which could
form a five-membered cyclic sulfuranyl
radical according to the postulated
mechanism, was synthesized. The corre-

Introduction

Methyl coenzyme M reductase
(MCR) is the key enzyme in
methane formation by metha-
nogenic archaea.l'l Tt catalyzes
the reaction between the thio-
ether methyl coenzyme M (1,
MeCoM) and the thiol N-(7-
mercaptoheptanoyl)-O-phos-

pho-L-threonine (2, HS-HPT,

sponding thiolate reacted with Ni" salts
to give a diamagnetic, square-planar Ni'!
dithiolate complex, which was charac-
terized by X-ray diffraction. Upon irra-
diation of this complex with light of 1 >
300 nm, methane and the cyclic disulfide
were formed, whereas irradiation of the
thiolate in the absence of nickel gave
only traces of methane and no cyclic

disulfide. The observed products are

Keywords: enzyme mimetics -
methanogenesis - nickel - photo-
chemistry - thiolate

consistent with the postulated mecha-
nism via a sulfuranyl radical, and the
role of light is interpreted as the for-
mation of a Ni'/thiyl radical pair upon
excitation of a charge-transfer band of
the Ni'" dithiolate. In the presence of a
large excess of thiolate, the diamagnetic
complex was transformed into a para-
magnetic, five- or six-coordinate com-
plex that proved to be more active in the
generation of both methane and the
cyclic disulfide, than the square-planar
diamagnetic dithiolate.

Me-CoM reductase

Hs ™~~~ A AL 0P

CH3— 2

[CoF430]
1

CHy

g~-SOs )
S o coo O
RN
H o Ch, OH
CoM-S-S-HTP
3

2e/2H*

s~ SO03

CoM-S-S-HTP reductase

CoM

Coenzyme B) to give methane
and the mixed disulfide CoM-S-

Scheme 1. The last step of biological methane formation in methanogenic archaea. Methyl coenzyme M
reductase catalyzes the conversion of methyl coenzyme M (1) and N-(7-mercaptoheptanoyl)-O-phospho-L-
threonine (2, HS-HTP) to methane and the mixed disulfide 3.

S-HTP (3)? (Scheme 1). Each
of the two symmetry-equivalent
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active sites of MCR contains one molecule of the hydro-
porphinoid nickel complex coenzyme F430 (4).5- The nickel
center of free coenzyme F430 and its penta-ester or penta-
amide derivatives can be reduced reversibly to the Ni! valence
state, which exhibits a characteristic quasi-axial EPR spec-
trum and UV-visible absorption maxima at 380 and
750 nm.[*¥1 Whereas conventional purification of MCR leads
to an inactive enzyme that contains the metal in the Ni'
valence state, the first isolation of highly active enzyme
preparations from reductively preconditioned cells® % and,
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more recently, the reductive reactivation of the so-called
MCR,,, state to active enzyme (MCR,)"! by Thauer and
co-workers demonstrated that the enzyme is active only if the
metal center of coenzyme F430 is in the Ni! form.

We have previously shown that the Ni' form of coen-
zyme F430 pentamethyl ester (5) reacts with electrophilic
methyl donors such as iodomethane, methyl tosylate, and
methyl-dialkyl sulfonium ions according to a two-electron
mechanism (SN, or oxidative addition) to give methane via a
methyl-Ni! F430M intermediate.l'>'“l The natural substrate,
methyl coenzyme M, or simple methyl thioethers, however,
did not react with Ni' F430M. This prompted us to propose
and study a different catalytic mechanism in which the
addition of a thiyl radical to the sulfur atom of the thioether
giving a sulfuranyl radical intermediate is the central step
(Scheme 2).! The same mechanism has been proposed
independently by Berkessel.['®]

HTP\S HTP(
N;|7N A > N——
N//—NIlIN/ - Né/ NIlN/
CHa ’035/\/S\CH3 5
D
HTP-SH HTP\?
CHa 0,57 S:CHg
N/:N‘-ILQ'N—7N :Nil7
HTP\?
05N

Scheme 2. The mechanism proposed by us!™! and independently by
Berkessel.l!*!

While this mechanistic proposal explains the activation of
the carbon —sulfur bond towards attack by Ni! as well as the
formation of the disulfide, we found only one precedent for
the crucial step in the literature. Anklam and Steenken
observed the formation of a metastable intermediate, identi-
fied as the cyclic sulfuranyl radical 7, when thiyl radicals of the

Chem. Eur. J. 2000, 6, No. 19
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n=3

R
R-S—(CHp)-S' ——— i_j
—S—(CHy)—
6 7

type 6 with n=3 were generated by flash photolysis in
acetonitrile.l'’l We therefore decided to try to experimentally
observe the reaction shown in Scheme 2 using a suitable
bifunctional substrate and a nickel model complex. Here we
describe the design and synthesis of a substrate that contains
both an aliphatic thiol and a methyl thioether function, and
the photo-induced cleavage of the corresponding nickel
thiolates to give methane and the cyclic disulfide. During
the course of our work, Tada and Masuzawal'¥l reported a
similar but bimolecular reaction between sodium p-toluene
thiolate and thioanisole catalysed by the nickel complex 19.
We have repeated part of their work and will compare the
results of the two systems in the discussion.

Results and Discussion

Design and synthesis of the model substrate: Since formation
of cyclic sulfuranyl radicals has been observed only for five-
membered rings, we selected the partial structure of an S-
methyl-1,3-propanedithiol for the model substrate. In order to
promote attack of the Ni! center at the methyl carbon rather
than at the divalent sulfur of the cyclic sulfuranyl radical, we
selected structure 12 in which the cyclohexane ring was
expected to shield the divalent sulfur against nucleophilic
attack by Nil.

M'S S

SH SH
14

S——S
15

12c M =Na
12d M = BEMPH
12e M =TEA 13

Starting from cyclohexanone, 1-[2-(methylthio)ethyl] cyclo-
hexanethiol (12a) was synthesized in seven steps according to
Scheme 3. Thiomethylation with NaSCD; gave the corre-

OH OH
Oro s O O
e)
9

a, b, c,d)
8 10aR = CHs
10b R=CDj
Ph

s—/ SH
e O e 08

f) 9) 78
11aR =CHs 12aR =CHs
11b R=CD; 12b R =CD;

Scheme 3. Synthesis of componds 12a and 12b. a) i-Pr,NH, n-BuLi, THF,
—70°C; EtOAc, THF, —70°C; b) LiAlH,, Et,0, reflux; c¢) PhSO,Cl, Py,
0°C; d) KBr, 18-crown-6, acetone, 50°C; e¢) NaSCH; (—10a), NaSCD;
(—10b), MeOH, RT.; f) BnSH, BF;-OEt,; g) Na (1.1 equiv), NH;(1),
EtOH, —40°C.
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sponding trideuteromethylated compound 12b. Thiol 12a was
oxidized to the symmetric disulfide 13 according to the
method of Aida.l"]

For reference purposes, the cyclic disulfide 1,2-dithiaspiro-
[4.5]decane (15) was synthesized from the benzyl-protected
intermediate 11a by exhaustive dealkylation in Na/NHj;(1) at
—40°C, followed by oxidation of the resulting dithiol 14.

Methane formation by photolysis of 12¢ in the presence of
nickel complexes: According to Anklam and Steenken,!'”) the
lifetime of sulfuranyl radicals lies in the microsecond range.
The thiyl radical should therefore be generated so close to the
nickel that no diffusion step is necessary for the reaction of the
sulfuranyl radical with Nil. Our approach was to try to
generate a Ni'/thiyl-radical pair by excitation of the ligand-to-
metal charge-transfer band of a suitable Ni!! thiolate complex.

The two isomers of Ni! tetramethylcyclam, [(R,S,R,S)-
Ni'(tmc)]** (16) and [(R,R,S,S)-Ni"(tmc)]** (17), have been

N N
) N” ] - [ N Ni i ] - HsC” :Nif'

[ | 2X I 2X s .S,CHg

/ v \

16 (R,S,R,S)-Ni'"tm¢®* 17 (R,H,S,S)—Nl”tmcz* 18

thoroughly studied by several

—70°C or at room temperature with a 200 W high-pressure
mercury lamp through a 320 nm cut-off filter, both bands
diminished with time and disappeared after approximately 1 h of
irradiation. Analysis of the head-space gas by gas chromatog-
raphy revealed the formation of about 15% of methane, based
on nickel. Analysis of the liquid phase by gas liquid chromatog-
raphy (glc) after workup demonstrated the formation of both
the spirodisulfide 15 and the symmetric disulfide 13.

Substitution of the sparingly soluble perchlorate by the
more soluble triflate salt of 16[OTf] and in situ generation of
the thiolate 12d by deprotonation of 12a with the strong base
BEMP®! allowed for better control of the stoichiometry
owing to the reaction between the two homogeneous sol-
utions. Irradiation at room temperature, with or without a cut-
off filter, and in the presence or absence of excess thiol 12a,
consistently gave methane and the two disulfides as the major
products, although with different yields under varying con-
ditions. In a series of parallel experiments, product analysis

after different irradiation times
(Table 1) showed that the yield
of methane increased with irra-

/N\ AN diation time. On the other
Nl Clos~ hand, the yield of spirodisulfide
W 15 was at its maximum when
O\H,.O only 20 % of methane (based on

nickel) had been formed and

19 Ni'{DOH(DO)pn}CIO, e ..
i (DO)PNICIO, diminished thereafter. This in-

Table 1. Results obtained with the system that exhibited the UV/Vis spectrum shown in Figure 1.0

groups.[zo’ 21 In terms of reac- Ni catalyst Thiolate Thiol Irrad. Irrad. Methane 15

tivity, they are surprisingly added (¢ =[mwm]) (equiv)P! (equiv)  sourceld  time [min]  yield [% )" yield [% ]9
good models for coenzyme 1 160Tf (0.17) 12d (5) 12a (5) Hg 4 20 84

F430 despite the large differ- 2 160Tf (0.17) 12d (5) 12a(5)  Hg 60 48 14

ences in structure and charge of 3 160Tf (0.35) 12b/BEMP (5) 12b(5) Hg 30 116 n.d.0

o 4 160Tf (0.17) 12d (5) 12a(5) Xe 290 6 43
the macrocyclic ligand. The g 45579 17) 12d (10) 12a (20) Xe 650 16 13
Ni"/Ni' redox potential of 17is ¢  Ni(CE:SOs), (0.17) 124 (5) 122a(5) Xe 740 25 83
very close to that of F430 pen- 7 Ni(CF;S0,), (0.17) 124 (5) none Xe 305 125 30
tamethyl ester (5).[6‘ 2] Like 8 18 (0.17) none none Ray 4 12 32
coenzyme F430, both Nilltme 9 18 (0.17)' none 12a (2) Xe 250 45 82
isomers have a pronounced Control experiments:

. . 10 160Tf (0.17) 12d (5) 12a (5) none 0 not found not found
tendency to axially coordinate 11  none 12d (0.85mwm) none Xe 380 <0.5 not found
additional ligands to form high- 12 160Tf (0.17) none 12a (5) Hg 60 <05 not found
Spin Complexes. Paramagnetic 13 none 12d (0.85mm) none Ray 180 <15 not found

methyl-nickel(tly  derivatives
have been described for 5 as
well as for 16 and 170132324
Ram etal. have reported the
formation and X-ray structure
of pentacoordinated thiophenolate complexes of both 16 and
1722 We therefore planned to generate the Nil/thiyl radical
pair from the five-coordinate complex between the thiolate
derived from 12a and 16.

When a fivefold excess of sodium 1-[2-(methylthio)ethyl]
cyclohexane-thiolate (12¢, prepared from 12a by reaction
with sodium metal) and 16[ClO,], both as suspensions in dry
degassed tetraydrofuran, were mixed inside a Schlenck
apparatus with an attached UV-visible cell, the salts dissolved
slowly to give a clear, light orange solution with two strong
UV bands at 316 and 370 nm. Upon irradiation of this solution
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[a] Conditions: in dry THF under vacuum, irradiation with stirring at RT. [b] Based on total Ni'. [c] Hg: 200 W
high-pressure mercury lamp with cut-off filter <320 nm; Xe: 150 W high-pressure xenon lamp with pyrex/H,O
filter <300 nm; Ray: Rayonett reactor with 350 nm lamps. [d] Yield based on the methane formed. [e] Glc/MS:
>90% CHDs;. [f] Not determined.

dicated that disulfide 15 is itself photolabile, which was
confirmed by irradiation of the disulfide 15 alone under
otherwise identical conditions (see Experimental Section).

It was shown that the source of methane is indeed the
methyl group bound to sulfur. The use of the S-trideutero-
methyl derivative 12b gave methane containing >75%
CHD;, as determined by GC/MS. In control experiments, in
which either thiol 12a, the thiolate generated in situ, or the
nickel complex 16 were irradiated alone under otherwise
identical conditions, only traces (< 0.4 %) of methane and no
cyclic disulfide were detected (Table 1).
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Identification, independent synthesis, and X-ray structure
analysis of the photolytically active nickel thiolate species:
When different nickel complexes were examined as potential
catalysts in the newly discovered photo-induced reaction, we
observed that plain nickel triflate reacted with the thiolate
12d [generated from 12a in situ with tert-butyliminodiethyl-
aminodimethyl-perhydrodiazaphosphorine (BEMP)] or with
preformed TEA-thiolate (TEA =tetracthylammonium) 12e
to give exactly the same characteristic UV-visible spectrum as
observed with 16. This demonstrated that the macrocyclic
tetramethylcyclam ligand can not be a constituent of the
photo-active species that exhibits this absorption spectrum.
When the reaction between 16 and the thiolate was monitored
by NMR spectroscopy in a vacuum-sealed reaction system
with attached NMR tube and UV-visible cell, the signals of
free tetramethylcyclam were indeed detectable in the
'H NMR spectrum shortly after mixing the two solutions,
and they increased with time in parallel with the development
of the bands at 316 and 370 nm in the UV-visible spectrum.
The same result was obtained with the (R,R,S,S)-stereoisomer
17. Clearly, the thiolate had displaced the nickel ion from the
macrocyclic complexes and a new nickel thiolate complex had
been formed. Attempts to synthesize this complex by reaction
of NiCl, - 6 H,O with thiol 12a in methanol/triethylamine were
successful and yielded a brown-orange, diamagnetic, oxygen-
sensitive solid that was soluble in hexane; its UV-visible
spectrum is shown in Figure 1 (solid trace). Recrystallization

0 ‘ : = ‘
220 370 520 670 820
Alnm

Figure 1. Solid line: UV-visible spectrum of complex 18 (0.23 mm in THF
under vacuum). Broken lines: development of the spectrum during
irradiation with a xenon lamp (4 > 300 nm, times of irradiation: 2, 15, 35,
75, 135, 190, 250 min).

from hexane gave crystals suitable for X-ray analysis, which
confirmed the structure as the neutral square-planar complex
18 (Figure 2). In 18, each of the two thiolate ligands is
coordinated to the nickel through both, the thiolate and the
methyl thioether sulfur atoms. Nickel alkyl thiolates are
notoriously difficult to prepare because of their pronounced
tendency to form refractory polynuclear aggregates. Only a
small number of mononuclear complexes, mostly with tri- or
tetradentate thioether/thiolate ligands bearing bulky alkyl
substituents, have been described in the literature.?28 In
complex 18, the cyclohexane ring, which we incorporated into

Chem. Eur. J. 2000, 6, No. 19
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Figure 2. X-ray structure of bis{1-[2-(methylthio)ethyl]cyclohexanethiola-
to}nickel(ir) (18). Plot generated with ORTEP.!

12 in order to sterically shield the sulfur from attack by Ni, is
apparently bulky enough to prevent formation of bridged
polynuclear aggregates and thus led to the fortuitous discov-
ery of a new mononuclear, diamagnetic, nonpolar nickel(ir)
thiolate.

Subsequently, the experiments on the photo-induced cleav-
age of the methyl thioether were repeated with pure
compound 18. Qualitatively, the same results described above
with complex 16 as the starting material were obtained
(Table 1). In these experiments, no excess thiol 12a was
present during the irradiation, and hence the yield of methane
was consistently 13-15% based on the nickel complex.
Methane formation, as followed by head-space analysis at
different irradiation times, showed the same Kinetics as the
disappearance of the UV bands at 316 and 370 nm (Figure 3).

methane /nmol
40 }

20

¢ g
N R I -
0 a 8 12 16
Time of irradiation / h

Figure 3. Kinetics of methane formation during irradiation with a xenon
lamp (4 > 300 nm). a) Ni" (CF;SO;), (0.73mwm), thiol 12a (3.65mm), BEMP
(3.65mMm) (@); b) thiol 12a (3.65mm), BEMP (3.65mm) (o); c) thiol 12a
(3.65mMm) (o). The total amounts of methane in the reactor are plotted
versus the irradiation time.

In principle, the proposed mechanism would be compatible
with a catalytic system as depicted in Scheme 4. In practice,
however, we have not been able to obtain yields of methane
larger than 100% (based on the nickel complex). No dark-
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Scheme 4. Mechanistic interpretation of the photo-induced methane
formation from complex 18. Cyclisation of the photochemically generated
thiyl radical to a sulfuranyl radical, followed by transfer of a methyl group
to nickel(). Competing side reactions of the thiyl radical reduce the
methane yield and lead to irreversible destruction of the complex.

recovery of the UV bands at 316 and 370 nm, which should be
expected for a regeneration of 18 according to Scheme 4, was
observed when a large excess of free thiol 12a was present.
Either the kinetics of ligand exchange are too slow or, more
likely, competing side reactions of the generated thiyl radical
lead to irreversible destruction of the catalyst complex.

In situ generation of a more reactive species upon addition of
excess thiolate to complex 18: Upon addition of a 10- to 20-
fold excess of preformed tetraethylammonium thiolate 12 e to
either nickel triflate or complex 18, a new species with a UV-
visible band at 420 nm was generated (see Figure 4, solid
trace). This species proved to be extremely oxygen-sensitive,

0.5+
044
03]
0.2-]

0.1

%0 450 550 650 750 850

Alnm
Figure 4. Solid line: UV-visible spectrum observed with nickel complex 18
(1.5mm) in the presence of ten equivalents (15 mm) of thiolate 12e. Broken
lines: development of the spectrum during irradiation with a xenon lamp
(A>300 nm, times of irradiation: 4, 9, 35, 21, 41, 86, 126, 186 min).
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formula CisHyy Ni S,
M, 218.70
crystal system monoclinic
space group P2,/n

a[A] 8.975(2)

b [A] 11.412(1)
c[A] 9.984(2)
AN 92.002(1)

V [AY] 1021.93)
Peaea [Mgm~] 1.422

u [mm~1] 5.143

V4 2

F(000) 468

crystal size [mm] 0.10 x 0.10 x 0.10
T [K] 180(2)

2 [A] 1.54184

6 range 5.89 to 66.94

index ranges 0<h<10,0<k<13, -11<I<11
reflections collected 2044

independent reflections 1822 [R(int) = 0.0320]

absorption correction PSI scan

transmission max/min 0.998/0.938

refinement method full-matrix least-squares on F?
goodness-of-fit (on F?) 0.884

final R indices [ >3 o([)] R1=0.0292, wR2=0.0933

R indices (all data) R1=0.0428, wR2 =0.1054
Largest diff. peak and hole [e A3 0.477; —0.387

[a] Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-138626.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).

but stable in solution if the glass reactors were sealed under
high vacuum before mixing the previously well-degassed
solutions of thiolate and nickel complex. When the addition of
excess thiolate to complex 18 was monitored by NMR
spectroscopy, the well-resolved 'H NMR spectrum of dia-
magnetic 18 changed to a spectrum that exhibited large isotropic
shifts and very broad lines as expected for a paramagnetic
(high-spin) Ni'! complex. Although attempts to isolate and
structurally characterize the species absorbing at 420 nm have
not yet been successful, the observed paramagnetism and
absorption spectrum point to a five- or six-coordinate com-
plex with at least one axially coordinated thiolate.

In irradiation experiments, under the conditions used for
complex 18, the species absorbing at 420 nm proved to be
more reactive than 18 (Figure 4 and Table 3).

Comparison of the reactivities of nickel complexes 18 and 19:
During the course of our work, Tada and Masuzawa reported
a similar, but bimolecular photo-induced reaction based on
the nickel complex 19 and p-toluene thiolate/thioanisole
reactants.'® This prompted us to also investigate the activity
of complex 19 with the bifunctional substrate 12 a. In addition,
we were interested in checking whether the nickel ion in
complex 19 would also be labile in the presence of an aliphatic
thiolate. When excess thiolate 12d was added to complex 19
under the same conditions described above, the UV-visible
spectrum changed, and new absorption bands at 587, 460, and
340 nm, very similar to those described in ref. [18] were
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Table 3. Results obtained with the system that exhibits the UV/Vis spectrum shown in Figure 4.1

The results presented here

Ni catalyst Thiolate Thiol Irrad. Irrad. Methane Cyclic disulfide indicate that, once formed, a

added (c = [mm]) (equiv)®! (equiv)®  sourceld  time [min] vyield [%]®  yield [%] Nil/thiyl radical pair is reactive
1 160Tt (0.17) 12 (60) none Xe 60 30 16 towards a methyl thioether
2 Ni(CF;S0;), (0.73)  12e (10) none Xe 360 21 20 functional group and gives
Control experiments: methane and the disulfide.
3 none 12e (73 mM) none Xe 360 <4 not found Our interpretation does not
4 none 12e (15.0mM) none none 0 <0.1 not found

imply, however, that a state in

[a] Footnotes: see Table 1.

observed. However, no excess methane (compared with the
traces found in the control reaction) and no disulfide 15 were
formed upon irradiation of this solution in the rayonett with
350 nm light. Workup by reacidification led to the near-
quantitative recovery of complex 19. Hence, in contrast to 18,
complex 19 was stable towards decomplexation by thiolate,
but inactive in methane formation.

Since the yield of methane had not been reported in the
work of Tada and Masuzawa, we repeated their experiment
with complex 19, preformed sodium p-toluene thiolate, and
thioanisole in degassed acetonitrile. Both methane and the
mixed disulfide were found as described in ref. [18] (see
Table 4). In our hands, however, the corresponding control
reaction in the absence of the nickel complex consistently
gave more methane and mixed disulfide than in the presence
of the nickel complex 19 (Table 4).

Table 4. Results obtained with [Ni'{(DOH)(DO)pn)}]CIO, (19)/thioanisole/sodium toluene p-thiolate.*9]

which the thiolate of coen-

zyme B is coordinated to the Ni!!

form of coenzyme F430 occurs
in the catalytic cycle of the enzymatic reaction. If the X-ray
structure of the enzyme in the inactive (Ni'") MCR . ijen fOrm
is considered as a structural model for the active site, such a
coordination would actually be impossible for geometric
reasons. Scheme 2 reproduces the original mechanistic pro-
posal as presented long before structural information on the
active site was available.'’) While our experimental studies
are consistent with steps B, C, and D in Scheme 2, the question
of how the Ni'/thiyl radical pair could be generated in vivo
remains open. Experiments from our laboratory, which will be
described elsewhere, in fact show that in homogeneous
solution, coenzyme F430 is not reduced to the Ni! form by
aliphatic thiolates.

At present, we do not have an explanation for the different
results obtained by Tada and Masuzawa, and by our labo-
ratory for the blank experiments in which thioanisole and p-
toluene thiolate were irradiated
without nickel catalyst. Sulfur—

carbon bonds in aliphatic meth-

Ni catalyst Na Foluene Thioanisole  Irrad. I-rrad. 4 Methan‘e Mixed disulfide yl thioethers have bond disso-
p-thiolate source  time [min]  [mMm] (yield [%])®  [mm]t .. .
ciation energies that are ap-
1 190.5mm 1.5mm 1.5mm Ray 255 0.041 (0.27) 0.146 proximately 4 kcal mol~! higher
2 190.5mm 1.5mMm 1.5mm Ray 255 0.216 (1.44) 0.674 . .
than in aryl methyl sulfides such
Control experiments: as thioanisole. In the experi-
3 none 1.5mm 1.5mm Ray 255 10.89 0.539 > p
4  none 1.5mm 1.5mm Ray 255 16.05 0.716 ments  described here, the

[a] In acetonitrile under vacuum, irradiated with rayonett reactor (350 nm lamps). [b] Yield of CH, based on the
Nil' complex. [¢] Phenyl p-tolyl disulfide. [d] Diphenyl disulfide, di-p-tolyl sulfide, and methyl p-tolyl sulfide were

not detectable.

Conclusion

The formation of methane and, in particular, of spiro-
disulfide 15 upon irradiation of either nickel dithiolate
18 or the five- or six-coordinate species absorbing at 420 nm
are consistent with the postulated reaction via a cyclic
sulfuranyl radical. The moderate methane yields and the
irreversible change in the UV-visible spectra upon irra-
diation indicate that no true catalytic turnover accord-
ing to Scheme 4 takes place. Reaction channels, other than
the postulated cyclization to the sulfuranyl radical fol-
lowed by methyl transfer to nickel, evidently compete
efficiently for the thiyl radicals formed upon irradiation. This
interpretation is corroborated by the observed varia-
tions in methane yield under different conditions and by the
degradation of complex 18 with a parallel increase of free
thiol during irradiation, as observed by NMR spectros-

copy.
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cleavage of the carbon-sulfur
bond of aliphatic sulfide 12a
occurred only in the presence of
nickel and after excitation of
the Ni!! thiolate charge-transfer
band. With thioanisole and p-toluene thiolate, the system used
by Tada and Masuzawa, direct photolytic cleavage of the
carbon sulfur—-bond with light of wavelength >300 nm
occurred in the absence of nickel. Since methyl coenzyme M,
the natural substrate of MCR, is an aliphatic thioether, the
experiments with thiol 12 reported here constitute the most
direct analogy to the enzymatic conversion found in homoge-
neous solution so far.

Whether a methyl-Ni'" species is indeed an intermediate in
the observed reaction remains to be demonstrated. Methyl-
Ni'l-L, derivatives have been shown to dissociate to methane
and Ni'-L, through protonation, whereas a free methyl
radical would be expected to abstract a hydrogen atom from
the solvent or from one of the reaction partners in the
medium. Deuterium incorporation studies distinguishing
between protonation and radical processes,['” as well as laser
flash photolysis experiments with the goal to directly observe
the primary intermediates, are under way in our laboratory.
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Experimental Section

General:®! Air- and/or moisture-sensitive reactions were performed under
N, in oven-dried glassware and with standard syringe/septa techniques.
THF was triply distilled from potassium directly prior to use. Synthetic
reactions were monitored by thin-layer chromatography (TLC) on pre-
coated silica gel 60 F254 plates (thickness =0.25 mm, Merck) and visual-
ized with UV light and aqueous KMnO, (1 % ). Commercial reagents were
used as received, unless otherwise stated. Products were purified by flash
chromatography on silica gel 60 (particle size 40-63 um, Merck). 'H and
13C NMR spectra were recorded on Varian Gemini (200 MHz, 300 MHz)
spectrometers at 25°C with TMS as the internal standard. UV/Vis spectra
were recorded on a Uvikon 860 spectrophotometer (Kontron Instruments).
Electron ionisation (EI) mass spectra were recorded at 70 eV on a VG
TRIBRID spectrometer. Microanalyses were carried out by the micro-
analytical laboratory at the ETH, Ziirich.

Materials: THF (J. T. Baker, >99%), CH;CN (Riedel de Héen, min.
99.5%). [(R,S,R,S)-Ni"(tmc)][(CF;SO;),](16) and [Ni"{DOH(DO)pn}]-
ClO, (19) were synthesized as described in the literature.’”* BEMP
(2-tert-butylimino-2-diethylamino-1,3-dimethyl-perhydro-1,3,2-diazaphos-
phorine) (>98%), thioanisole (>99.0%), and p-thiocresol (>98.0) were
purchased from Fluka Chemie (Switzerland). Di-p-tolyl disulfide (>98 %)
and methyl p-tolyl sulfide (>99 %) were purchased from Aldrich Chemie
(Switzerland). Phenyl p-tolyl disulfide and di-p-tolyl sulfide were synthe-
sized according to literature procedures.! 3]

1-(2-Bromoethyl)cyclohexanol (9): Synthesized in four steps (71 % overall)
according to a slightly modified procedure of Kabalka et al.l’]

1-[2-(Methylthio)ethyl]cyclohexanol (10a): A solution of 1-(2-bromo-
ethyl)cyclohexanol (9) (1.08 g, 4.9 mmol) and CH;SNa (0.67 g, 9.5 mmol)
in methanol (10 mL) was stirred at room temperature for 16 h. After
addition of saturated aqueous NaCl (5mL), the reaction mixture was
extracted with fBuOMe (10 mL). The organic layer was dried over MgSO,
and evaporated to dryness to give a yellow oil (0.814 g). Chromatography
on silica gel (ethyl acetate/hexanes 1:9) gave 10a as a colorless oil (0.80 g,
94%). '"H NMR (300 MHz, CDCl;): 6 =2.61 (t, 2H; H,C8), 2.12 (s, 3H;
H,C9), 1.76 (t,2H; H,C7), 1.73 (s, 1H; OH), 1.7-1.2 (m, 10H; cyclohexyl-
H); 3CNMR (75 MHz, CDCL;): 6 =71.4 (C1), 40.8 (C7), 37.5 (C2,C6), 28.3
(C8), 25.7 (C4), 22.1 (C3,C5), 15.5 (C9); IR (CHCL,): 7 =3597, 3442, 3002,
2935, 1448, 1174, 966 cm~'; MS (EI): m/z (%): 174 (13) [M]*, 176 (0.8)
[M+2]%, 156 (36), 141 (29), 109 (23), 108 (23), 99 (52), 81 (72), 61 (100).
1-[2-([D;]Methylthio)ethyl]cyclohexanol (10b): This compiiound was
prepared as described for 10a by using CD;SNa (prepared from CDsl
and thiourea according to a slightly modified procedure of Urquhart
et al.B¥)."H NMR (300 MHz, CDCl;): 6 =2.61 (t, 2H; H,C8), 1.76 (t, 2H;
H,C7), 1.73 (s, 1H; OH), 1.7-12 (m, 10H; cyclohexyl-H); *C NMR
(75 MHz, CDCL): 6 =714 (C1), 40.8(C7), 37.5(C2,C6), 28.3 (C8), 25.7
(C4),22.1 (C3,C5); MS (EX): m/z (%):177 (21) [M]*, 179 (1.2) [M+2]*, 159
(45).

Benzyl 1-[2-(methylthio)ethyl]cyclohexyl sulfide (11a): BF;-OEt,
(0.45 mL, 3.58 mmol) was added dropwise to a solution of 10a (0.31 g,
1.78 mmol) and benzylmercaptan (0.21 mL, 1.79 mmol) in CHCl; (2 mL).
The reaction mixture was heated at reflux with a preheated oil bath (60°C)
for 10 min, then rapidly cooled with ice to 0°C. After the dropwise addition
of saturated aqueous NaHCO; (12 mL), the reaction mixture was extracted
with ethyl acetate. The combined organic layers were washed with water,
dried over Na,SO,, and evaporated to give an oil (0.51 g) that contained
benzylmercaptan (18 %), 2-(methylthio)ethyl-1-cyclohexene (24%), and
11a (48 %) according to glc. This crude product was directly used for the
next step. For characterization, 11a was purified by chromatography on
silica gel (CH,Cly/hexanes 1:9 — 1:1) to give pure 11a (210 mg). 'H NMR
(300 MHz, CDCly): 6 =7.35-7.15 (m, 5H; Ar-H), 3.59 (s, 2H; ArCH,S),
2.66 (m, 2H; H,C8), 2.10 (s, 3H; H;C9), 1.82 (m, 2H; H,C7), 1.8-1.2 (m,
10H; cyclohexyl-H); *C NMR (75 MHz, CDCL;): d =138.3, 128.9, 128.5,
126.8 (Ar), 50.6 (C7), 39.8 (C1), 36.2 (C2,C6), 31.7 (ArCH,S), 28.9 (C8),
25.9 (C4), 21.8 (C3,C5), 15.8 (C9); MS (EI): m/z (%): 280 (0.8) [M]", 265
(0.4), 189 (100), 157 (6), 141 (8), 109 (54), 91 (39), 67 (33).

Benzyl 1-[2-([D;]methylthio)ethyl]cyclohexyl sulfide (11b): This com-
pound was prepared by the procedure described for 11a. 'H NMR
(300 MHz, CDCL,): 6 =735-7.15 (m, 5H; Ar-H), 3.59 (s, 2H; ArCH,S),
2.66 (m, 2H; H,C8), 1.82 (m, 2H; H,C7), 1.8 - 1.2 (m, 10H; cyclohexyl-H);
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13C NMR (75 MHz, CDCL,): 6 =138.3, 128.9, 128.5, 126.8 (Ar), 50.6 (C7),
39.8 (C1), 36.2 (C2,C6), 31.7 (ArCH,S), 28.9 (C8), 25.9 (C4), 21.8 (C3,C5);
MS (EI): m/z (%): 283 (1.0) [M]*, 285 (0.1) [M+2]*, 265 (0.5), 192 (100),
160 (4.5).

1-[2-(Methylthio)ethyl]cyclohexanethiol (12a): Na (85 mg) was dissolved
in liquid NHj; (ca. 15 mL) at —78°C to give a dark blue solution. A solution
of the crude product from the preceding step (0.51 g containing 0.87 mmol
11a) in Et,0O/EtOH (2:1) was added to the sodamide solution. Within 2 min
the reaction mixture had turned colorless. After the addition of another
portion of Na (8 mg), the solution stayed blue for 5 min. The reaction
mixture was worked up by the dropwise addition of aqueous HCl (2N,
5 mL), evaporation of NHj3, and extraction with ethyl acetate. The organic
layer was washed with water, dried over Na,SO,, filtered, and evaporated
to dryness. After chromatography on silica gel (pentane/CH,Cl, 30:1), pure
12a (0.31 g, 0.68 mmol, >98.5% by glc) was obtained as a colorless oil
(overall yield from 10a: 38.4%). '"H NMR (300 MHz, CDCl;): 6 =2.67 (m,
2H; H,C8), 2.13 (s, 3H; H;C9), 1.88 (m, 2H; H,C7), 1.75-1.2 (m, 11H;
cyclohexyl-H, SH); *C NMR (75 MHz, CDCl,): 6 =49.2 (C7), 45.0 (C1),
40.0 (C2,C6),29.0 (C8),25.8 (C4),22.3 (C3,C5),15.6 (C9); IR (CHCL): 7=
2998, 2933, 2858, 1448, 1102 cm~'; MS (EI): m/z (%):190 (94) [M]*, 192 (9)
[M+2]*, 175 (14), 157 (41), 141 (33), 109 (100), 81 (51), 67 (94).

1-[2-([D;]Methylthio)ethyl]cyclohexanethiol (12b): This compound was
prepared by the procedure described for 12a. 'H NMR (300 MHz, CDCL):
0=2.67 (m, 2H; H,C8), 1.88 (m, 2H; H,C7), 1.75-1.2 (m, 11H; cyclo-
hexyl-H, SH); *C NMR (75 MHz, CDCl;): 6 =49.2 (C7), 45.0 (C1), 40.0
(C2,C6), 29.0 (C8), 25.8 (C4), 22.3 (C3,C5); MS (EI): m/z (%):193 (74)
[M]*, 195 (7) [M+2]*, 175 (10), 160 (30).

Tetraethylammonium{1-[2-(methylthio)ethyl]cyclohexanethiolate} (12e):
Et,NOH (1.05 mmol, 700 pL of a 25% sol. in MeOH; 1.5M) was added
to 12a (200 mg, 1.05 mmol) under N, and the solution was stirred for
30 min. The methanol was evaporated under vacuum and the residue dried
at 1072 Torr overnight to give the pure tetracthylammonium thiolate as a
pale-yellow oil. 'H NMR (300 MHz, CD;0D): 6 =1.32 (tt, H;J=1.86,
7.26 Hz, 12H; 4-CH; of Et,N*), 1.20-1.7 (m, 10H; cyclohexyl-H), 1.79 (m,
2H; CH,-7), 2.09 (s, 3H; CH;-9), 2.79 (m, 2H; CH,-8), 3.33 (q, H; /=
7.26 Hz, 8H; CH, of Et,N*); 'H NMR (300 MHz, [Dg]THF): 6 =1.31 (tt,
J=1.66; 726 Hz, 12H; 4-CH; of Et,N*), 1.20-1.62 (m, 10H; cyclohexyl
ring-H), 1.68 (m, 2H; CH,-7), 2.02 (s, 3H; CH;-9), 2.90 (m, 2H; CH,-8),
3.47 (q, /=726 Hz, 8H; 4-CH, of Et,N*); *C NMR (75 MHz, CD,;0D):
0=8.01 (CH; of Et,N*); 15.89 (C9); 24.51 (C3,C5); 28.02 (C4); 31.44 (C8);
44.87 (C2,C6), 47.07 (C1), 47.50 (C7), 53.59 (CH, of Et,N*); BC NMR
(50 MHz, [Dg]THF): 6 =4.33 (CH; of Et,N*), 11.88 (C9), 20.65 (C3,C5),
24.77 (C4), 27.93 (CB), 41.65 (C2,C6), 43.02 (C1), 45.79 (C7), 49.72 (CH, of
Et,N*).

Bis{1-[2-(methylthio)ethyl]cyclohexyl} disulfide (13): DMSO (1.8 mL,
25mmol) and I, (13mg, 51 umol) was added to a solution of 12a
(0.811 g, 43 mmol) in dry benzene (10 mL). After stirring at room
temperature for 18 h, the reaction mixture was purified by chromatography
on silica gel (hexanes/CH,Cl, 4:1) to give 13 (0.771 g, 95%) as a colorless
oil which crystallized upon standing at 5°C.

1-[2-(Mercaptoethyl)cyclohexanethiol (14): Benzyl 1-[2-(methylthio)-
ethyl]cyclohexyl sulfide (11a) (0.133 g, 0.47 mmol) was dissolved in liquid
NH; (4 mL) at —40°C. Addition of Na metal (30 mg, 1.3 mmol) gave a
deep blue solution which slowly faded upon stirring. Further portions of Na
(10 mg, 0.4 mmol after 1 h; 15 mg, 0.7 mmol after 1.5 h) were added. After
the disappearance of the blue color, the ammonia was allowed to evaporate
by warming to room temperature overnight. The residue was diluted with
HCI (2N, 10 mL) and extracted with fBuOMe. The combined organic layers
were washed with water, dried over MgSO,, and evaporated to dryness.
Chromatography on silica gel (hexane/CH,Cl, 9:1) gave a colorless oil
(73 mg, 81%) that contained the dithiol and approximately 9% of the
corresponding cyclic disulfide 15.

1,2-Dithiaspiro[4.5]decane (15): The dithiol was oxidized to the spirodi-
sulfide 15 as described above for 13. Yield after chromatography on silica
gel (hexanes): 81 %. 'H NMR (300 MHz, CDCl;): 6 =3.18 (t, 2H; CH,-8),
2.09 (t, 2H; CH,-7), 2.0-1.85 (m, 2H; cyclohexyl-H), 1.68-1.51 (m, 7H;
cyclohexyl-H), 1.35-1.20 (m, 1H; cyclohexyl-H); *C NMR (75 MHz,
CDClLy): 6=66.9 (C1), 47.5 (C7), 37.5 (C2,C6), 373 (C8), 25.8 (C4), 25.1
(C3,C5); MS (E): m/z (%): 174 (35) [M]*, 176 (3.2) [M+2]", 141 (2.7), 109
(84), 81 (19), 67 (100).
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Bis{1-[2-(methylthio)ethyl]cyclohexanethiolato}nickel() (18): Compound
12a (123 mg, 100 pL, 0.648 mmol) was added dropwise to a stirred solution
of NiCl,-6H,0 (77 mg, 0.324 mmol) in MeOH (2 mL) under N, at RT.
Upon addition of Et;N (90.3 uL, 0.648 mmol), the greenish solution turned
dark-brown. After stirring at room temperature for 40 min, the solvent was
evaporated, and the dark-brown residue extracted with toluene. The
extract was filtered and evaporated to dryness giving crude 18 (96.8 mg).
Recrystallization from warm n-hexane gave dark brown prismatic crystals
(473 mg, 0.108 mmol, 33%), some of which were selected for X-ray
analysis. 'H NMR (300 MHz, CDCl,): 6 =2.392 (m, 4H; CH,-8), 2.263 (s,
6H; CH;-9), 1.85 (m, 4H; CH,-7), 1.80—1.05 (m, 20 H; cyclohexyl ring-H);
'H NMR (500 MHz, [Dg]THF): d =2.42 (m, 4H;CH,-8), 2.30 (s, 6H; CH;-
9), 1.89 (m, 4H; CH,-7), 1.85-1.00 (m, 20H; cyclohexyl-H); C NMR
(125 MHz, [D4]THF): 6 =43.31 (C1), 42.49 (C7), 42.31 (C2,C6), 31.577
(C8), 26.48 (C4), 22.74 (C3,C5), 18.88 (C9); UV/Vis (THF): Ay, (€) =370
(8472), 316 (7889), 262 nm (10362); elemental analysis caled (%) for
CsH3,SyNi: C 49.43, H 7.83, S 29.32; found C 49.40, H 7.73, S 29.34; MS
(ESI): caled for CgH3,S,Ni [M+H]" 437.0974; found 437.1 (100 %), 439.0
(61.2%), 441.0 (20.1%).

X-ray structure determination of 18: From a crystal of size 0.10 x 0.10 x
0.10 mm, 2044 reflections were measured on an Enraf-Nonius CAD-4
diffractometer® with Cug, radiation (graphite monochromator, A=
1.54184 A). The structure was solved by direct methods with SHELXS-
96.° The non-H atoms were refined anisotropically with SHELXL-97.1%°l
H-atoms were obtained from a difference Fourier map and refined
isotropically. Drawings of the molecule were done with PLUTO,
ORTEP.* *! For final R values and experimental data see Table 2.

Photolysis experiments: For concentrations, irradiation times, and light
sources in the individual experiments, see tables and legends to figures.
Typically, the photolysis experiments were run in a pyrex-glass reactor
consisting of two cylindrical, round-bottomed arms joined at the top (total
volume ca. 20 mL). The outlet was equipped with a Young valve. A UV-quartz
cell sealed to the reactor allowed for the UV/Vis spectral changes to be
followed. Solutions of the Ni!! complexes (16 or 19) and the thiol - thioether
substrates (12 or thioanisole and p-thiocresol) were introduced into one of
the side-arms, and a solution of the base BEMP was introduced into the
other. The solutions in both arms were thoroughly degassed by four freeze-
pump-thaw cycles (10~ to 5 x 10-° Torr), and, after closing the valve and
warming to room temperature, the two solutions were mixed to give a total
volume of liquid of approximately 3 mL. Photolysis was carried out with the
system under the partial pressure of the solvent, except for the experiments
in which the CH, formation was monitored during the irradiation, where
the system was flushed with N, before starting the irradiation.

Photochemical irradiation: Photolysis experiments were carried out at
room temperature with continuous stirring. The following lamps were used
as excitation sources: a) high-pressure Xenon lamp (OSRAM XBO 150W/
1); b) high-pressure Mercury lamp (OSRAM HBO 200 W); c¢) Rayonett
photoreactor equipped with 350 nm lamps (Srinivasan-Griffin, The
Southern New England Ultraviolet Company, USA). With the xenon or
mercury lamps, the light beam was focused through a quartz lens and
passed through a double-walled pyrex cut-off filter filled with circulating
water. The irradiated area on the reaction vessel was approximately 3 cm?.
For irradiations with the rayonett (circular array of rod-shaped lamps), the
reaction vessel was positioned in the center of the rayonett and cooled with
a stream of air generated by a fan.

Product analysis: In order to determine the thiol (12), the spirodisulfide
(15), and the disulfide (13) at the end of the photochemical irradiation, the
reaction mixture was worked up as follows. A standard solution of n-
octadecane (3.93mwm, 50 uL) was added as the internal standard. The
solvent was evaporated with a slow stream of N, until the volume of the
sample had been reduced to about one third. After the addition of n-
hexane (5 mL) and aqueous HCI (10mm, 3 mL) the two-phase system was
vigorously stirred for 1 h. The organic phase was separated and passed
through a silica gel microcolumn (100 mg, SiOH-Chromabond, Macherey —
Nagel, Germany) and the column was eluted with n-hexane/EtOAc (4:1,
6 mL). The solvents were evaporated with a stream of N, and the residue
dissolved in n-hexane (500 uL). Aliquots (2 uL) of this solution were
injected into the capillary gas chromatograph for analysis.

Capillary gas-liquid chromatography (glc): Hewlett Packard HP-5890A;
FID-detector; integrator: Hewlett Packard HP-3396A, H, =140 KPa,
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synthetic air=230 KPa, carrier=200 KPa, column head-pressure=
50 KPa; column: Supelco 2-4034, stationary-phase: SPB-5 (bonded; poly
[5% diphenyl/95% dimethylsiloxane]), 30 m, diameter =0.25 mm, film
thickness =0.25 pm. Measurement conditions: injector temperature =
180°C, detector temperature =250°C, initial temperature 60°C (1 min),
temperature gradient = from 60 to 250 °C (10°Cmin~), final temperature =
250°C (30 min), volume of sample injected =2 pL (split-mode). Retention
times (min): 15: 13.5, 12a: 15.4, n-octadecane: 17.6, 13: 44.6.

Determination of methane in the head-space by gas chromatography: At
the end of the photochemical irradiation, the outlet of the Young valve was
closed with a septum cap and the dead volume flushed with N, through two
fine needles. The valve was then opened, and the vacuum was broken with
N, through a fine needle. The head-space gas was sampled with a 250 uL
gastight syringe (Hamilton—Bonaduz, Switzerland). Samples (50 uL) were
injected into the gas-chromatograph (Carlo Erba Fractovap Mod. G1 with
electrometer Mod. 180, FID-detector; N, = 0.8 kgecm2; H,=0.6 kgem2;
synthetic air: 1 kgem=2; column: packed pyrex-column, 1= 60 cm, diame-
ter=2 mm; stationary phase: Porapak Type R, 80-100 mesh, Waters
Associates). The column was preconditioned overnight at 200°C and held
at 100 °C for the measurements. The response factors of the detector were
determined from a calibration curve obtained with a methane/ethane (1:1)
standard mixture. The distribution of methane between the gas phase and
the solution was determined by a series of calibration experiments in which
the concentration of CH, in the solution was measured relative to an
internal standard (C¢Hg) by NMR spectroscopy. The distribution coef-
ficient [pmol CH,; per mL (gasphase) per pumol CH, per mL (THF
solution)] was 1.05 £ 0.05 over two orders of magnitude in total CH,. The
yields given in the tables and in Figure 3 are corrected for the methane in
solution and were calculated based on the total volume of the reactor as
determined by filling with water and weighing.

Determination of [D;]methane after irradiation of the Ni thiolate formed
from 12b: The head-space gas was analysed by GC/MS and compared with
samples of natural abundance methane and of trideuteromethane (synthe-
sized from CD;I [>99.5% D] by reduction with Zn powder in CH;COOH).
Using the ratio of m/z 19 to total ion current for the range m/z 14-20, and
assuming that the reference sample was >98 % CHDj;, the CHD; content
of the head-space sample was calculated to be >75.2+5% (average over
3 samples). For the natural abundance sample, the peak at m/z =19 was
below the detection limit.

Degradation of 15 under irradiation: A degassed solution of spirodisulfide
(15) in [Dg] THF was irradiated with the Xenon lamp in a sealed NMR tube
and the decay of the signals of 15 with irradiation time was followed by
'H NMR spectroscopy. I [% of the initial signal] (total irradiation time
in min): 100 (0), 91.7 (20), 65.9 (60), 36.6 (120), 16 (180), 7.2 (270).
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Highly f-Selective Epoxidation of AS-Unsaturated Steroids

Catalyzed by Ketones

Dan Yang* and Guan-Sheng Jiao!!

Abstract: A general catalytic and environmentally friendly method for $-epoxida-
tion of A’-unsaturated steroids has been developed, which uses ketones as the

catalysts and Oxone as the terminal oxidant. A whole range of A’-unsaturated
steroids, which bear different functional groups such as hydroxyl, carbonyl, acetyl, or
ketal, as well as different side chains, were conveniently converted to the

Keywords: f-selectivity - dioxiranes
- epoxidations - ketones - steroids

corresponding synthetically and biologically interesting 53,53-epoxides with excellent

B-selectivities and high yields.

Introduction

Steroid epoxides are an important class of oxysterols (oxy-
genated derivatives of cholesterol), which regulate cell
proliferation and cholesterol homeostasis.!l They are versatile
intermediates for steroid synthesis and useful probes for
biochemical studies of enzymes. For example, a- and (-
epoxides of cholesterol are autoxidation products of choles-
terol in vivo, and both are cytotoxic and mutagenic.P! These
isomeric a- and -epoxides are hydrolyzed by cholesterol 5,6-
epoxide hydrolase to cholestane-38,5a,653-triol,*! which has
potent hypocholesterolemic activity. On the other hand, both
epoxides inhibit cholesterol 7a-hydroxylase,! which catalyzes
the rate-determining step of bile acid synthesis. As Sa,6a-
epoxides are readily available through the epoxidation of A’-
unsaturated steroids with peracids,[! there have been exten-
sive studies on the biological actions of these epoxides and
their derivatives.”! In contrast, much less is known about the
5p6,65-epoxides and their derivatives, because they are diffi-
cult to obtain with high selectivity. More importantly, the
5B,68-epoxy functionality is found in a number of naturally
occurring steroids with antitumor activities, for example,
jaborosalactone A% withaferin Al and withanolide D.[
Thus it is of significant importance to develop efficient
methods for the synthesis of 58,653-epoxides of steroids. Up to
now, the use of metal-based oxidants has met with some
success.’l However, a truly general catalytic and environ-
mentally friendly method for the S-epoxidation of A’-

[a] Dr. D. Yang, G.-S. Jiao
Department of Chemistry, The University of Hong Kong
Pokfulam Road, Hong Kong (China)
Fax: (+852)2859-2159
E-mail: yangdan@hku.hk
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unsaturated steroids remains an elusive target.'”! Here we
report a highly f-selective epoxidation of A’-unsaturated
steroids catalyzed by ketones.

Results and Discussion

Common organic oxidants such as 3-chloroperoxybenzoic
acid (mCPBA)I*l generally give a-epoxides as the major
products for epoxidation of 3f3-substituted A’-steroids and
show poor selectivities for epoxidation of 3a-substituted A3-
steroids other than epi-cholesterol.'!l This is because peracid
epoxidation follows a concerted pathway via spiro transition
states!'” (a- and B-TS (TS = transition state), see Scheme 1).
In the B-TS there are steric interactions between the peracid
and the C10 angular methyl group during epoxidation of 33-
substituted A’-steroids, while similar steric hindrance occurs
in both the B- and the a-TS during epoxidation of 3a-
substituted A’-steroids. Dioxiranes!'¥! are new-generation
reagents for epoxidation under mild and neutral conditions.
Unfortunately, poor selectivities were reported in the epox-
idation of 3B-substituted A’-steroids by both isolated!*] and
in situ-generated#<! dioxiranes. While dioxiranes also epox-
idize olefins via a spiro TS, 5] their steric environment is
different from that of peracids. To minimize steric interac-
tions, dioxiranes prefer to approach the C5=C6 double bond
of A3-steroids from the less-substituted side, that is, away from
the C10 angular methyl group and the C-ring of steroids
(Scheme 1). Therefore, it is the potential steric interactions
between the a-substituents of dioxiranes and the 3a- and 4-
substituents of steroids that determine the facial selectivity of
epoxidation.'¥) We reasoned that high S-selectivity could be
achieved by increasing the steric size of either the a-
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Top view Side view

Cl

mCPBA R® Rre
epoxidation

R R4 5 ketone 6a-21a (a-epoxide)
R®  Oxone/NaHCO;
_I. RS
K1 \ R DMM/CH3CN/H,0
2 cl 2 m, pH 7.0-7.5
R® mcrea R PREEEE
o-TS
6-21
HaC s ¥ HaG s <Y 6b-21b  (P-epoxide)
S Scheme 2. Reactions of steroids 621 that lead to a- and S-epoxides.
1 R?
R k2 B2
) ) Table 1. Stereoselective epoxidation of 3p-substituted A’-steroids by dioxi-
B-epoxide a-epoxide e
ranes generated in situ.
Ketone Substrate Catalyst loading Reaction Yield pf/a-Epoxide
dioxirane R o catalyst [equiv] time[h]® [%]] ratiolde]
epoxidation R 1 2m 6 20 15 91 1/1.1 (1/4.0)
2 3 6 0.05 15 93 111
3 4 6 0.1 3 92 1/1.1
4 5 6 0.3 16 82 15.111
5 5 7 0.2 9 91 10.4/1 (1/3.9)
)\ 6 5 8 0.2 20 88 9.0/1 (1/3.1)
R ) R R 7 5 9 0.2 16 85 8.8/1 (1/3.1)
R ’ 8 5 10 0.2 9 93 11.6/1 (1/4.3)
! B-TS a-TS 9l 5 10 0.2 12 89 11.4/1
dioxirane 10 5 1 0.2 20 83 8.5/1 (1/3.7)

Scheme 1. Top and side views of the attack of mCPBA and dioxirane on —— - —
the A’-steroid with « and § transition states and products. Areas of steric [a] Unless otherwise indicated, reaction conditions were as follows: room
hindrance are indicated. temperature, 0.3 mmol of substrate, indicated amount of ketone, 1.5 mmol of

Oxone, 4.65 mmol of NaHCOj;, 9 mL of dimethoxymethane (DMM), 3 mL of
CH;CN, and 6 mL of aqueous Na,- EDTA solution (4 x 10~*m). [b] Time for
complete epoxidation as shown by thin-layer chromatography. [c] Isolated

substituents of dioxiranes or the 3a- substituents of AS-  Yield. [d] The ratio of B/a-epoxides was determined by "H NMR spectroscopy

teroids. O . tal It fi d thi ‘act (500 or 300 MHz). [e] The value in parentheses was the ratio of f/a-epoxides
sterowds. Dur experimental resuits contirme 1S comjecture. i ined with mCPBA as the oxidant. [f] The epoxidation reaction was carried

We first examined four efficient ketone catalysts 2507 for gyt at 0—1°C. [¢] On a 10 mmol scale.
the in situ epoxidation of cholesterol 6. A modified homoge-
neous solvent system (dimethoxymethane (DMM)/CH;CN/

reported in the literature,['*" ketone 5, with the most bulky a-
substituent, gave the best f-selectivity (f/a epoxide ra-

o] tio 15.1:1; entry 4). A variety of 33-substituted A’-steroids
o 7-11 were then subjected to in situ epoxidation conditions
with 20-30 mol % of ketone 5.1 The results revealed that
O//S\\o ketone 5 generally gave high S-selectivities (5/a epoxide ratio
2 3

. /Euj\ CgHi7
. _
N7 ppOTf

0 0
o o
OO o /\ HO HO

Oéﬂ
7
O,
OH
H,O, 3:1:2) was used to increase the solubility of steroid
O

substrates (Scheme 2). The results are summarized in Ta-

MeO

. o o R
ble 1.1 While ketones 2 -4 exhibited poor S-selectivities (5/a HO 10R=H
epoxide ratio ca.1:1; entries 1-3), similar to the results 9 11R = MOM
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>8.5:1) and high yields (entries 4—10). It is interesting to note
that A’-steroids with a free C3—OH group were directly
converted to their 54,64-epoxides with high selectivities and
yields (entries 4, 5, and 7-9).)l Meanwhile, a wide range of
other functional groups, such as methoxyl, methoxymethyl
ether (MOM), and carbonyl, were well tolerated under the
mild and neutral reaction conditions (room temperature,
pH 7-175).

Epoxidation reactions of 3a-substituted A’-steroids 1221
were also carried out with ketone catalysts 1-5 (Table 2). For
epi-cholesterol 12 with a 3a-OH group, the epoxidation
reactions catalyzed by ketones 2 and 5 gave much higher §-
selectivities than those catalyzed by ketones 1, 3, and 4
(entries 1-5), because ketones 2 and 5 have larger a-
substituents.?!! For substrates in which the 3a-substituents
are larger than the OH group (13-21), the in situ epoxidation
catalyzed by ketones 1-5 produced almost exclusively a

Table 2. Stereoselective epoxidation of 3a-substituted A’-steroids by
dioxiranes generated in situ.[?

Ketone Substrate Catalyst loading Reaction Yield S/a-Epoxide

[equiv] time [h]® [%] ratiold<l
11 12 20 5 90 3:1(1:9.5)
2 2l 12 20 2 90 19:1
33 12 0.05 2 93 5:1
4 4 12 0.1 35 91 4:1
55 12 0.2 8 92 90:1
63 13 0.05 4 82 72:1 (2:1)
75 13 0.3 18 84l >99:1
81 14 20 5 94 >99:10 (1:1)
9 2f 14 20 1 86 >99:1
10 3 14 0.05 2 94 96:1
11 4 14 0.1 1.5 93 49:1
12 5 14 0.3 12 84 >99:1
13 1 15 20 6 93 >99:1 (1:1)
14 3 15 0.05 35 95 >99:1
15 5 15 0.3 18 86l >99:1
16 3 16 0.05 2 88 79:1 (1:1)
17 5 16 0.2 10 83 86:1
18 1 17 20 3.5 93 >99:1 (1:1)
19 3 17 0.05 3 95 91:1
20 § 17 0.2 12 82 >99:1
21 3 18 0.05 1 91 84:1 (1:1)
225 18 0.2 15 81 66:1
23 1 19 20 6 92 >99:1 (1:1)
24 3 19 0.05 35 96 92:1l
25 5 19 0.2 12 84 61:1
26 1 20 20 5 91 43:1 (1:1)
27 3 20 0.05 2 92 51:1
28 5 20 0.2 9 91 50:1
29 3 21 0.05 2 92 85:1 (1:1)
30 5 21 0.3 12 82 62:1

[a] Unless otherwise indicated, reaction conditions were as follows: room
temperature, 0.3 mmol of substrate, indicated amount of ketone, 1.5 mmol
of Oxone, 4.65 mmol of NaHCO;, 9 mL of DMM, 3 mL of CH;CN, and
6 mL of aqueous Na, - EDTA solution (4 x 10-*m). [b] Time for complete
epoxidation as shown by thin-layer chromatography. [c] Isolated yield
unless otherwise noted. [d] The ratio of f/a-epoxides was determined by
'"H NMR spectroscopy (500 or 300 MHz). [e] The value in parentheses was
the ratio of f/a-epoxides obtained with mCPBA as the oxidant. [f] The
epoxidation reaction was carried out at 0—1°C. [g] Based on recovered
starting material (82% conversion). [h] In another run, the ratio of f/a-
epoxides was >99:1 with acetone and water (3:1) as solvents. [i] Based on
recovered starting material (61 % conversion). [j] On a 10 mmol scale, the
ratio of f/a-epoxides was >99:1.
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single 58,68-isomer,?! while mCPBA gave approximately a
1:1 ratio of f/a-epoxides for epoxidation of all substrates
except 13. The epoxidation reactions catalyzed by ketone 3
were highly efficient as only Smol% of the catalyst was
needed, even on a preparative scale.’?! These results clearly
demonstrate the power of the ketone-catalyzed epoxidation
method. In addition, the easy access of the ketone catalysts,
especially acetone (1), makes the present method very
practical and useful for preparation of 53,6-epoxides.

Conclusion

In summary, by proper steric tuning of either ketone catalysts
or A’-steroids, we have developed a general catalytic and
environmentally friendly method for the highly S-selective
epoxidation of A’-unsaturated steroids. With this method in
hand, a library of 53,63-epoxides and their derivatives®! can
be readily constructed and then screened for potential ligands
that would bind to orphan nuclear receptors.?”! This is crucial
to the elucidation of the biological functions of these
receptors, as well as for drug discovery.

Experimental Section

General techniques: The 'H and *C NMR spectra were recorded in
deuteriochloroform (CDCl;) with tetramethylsilane (TMS) as internal
standard at ambient temperature on a Bruker Avance DPX 300 or 500
Fourier transform spectrometer. Infrared absorption spectra were recorded
as a solution of the epoxide in CH,Cl, on a Bio-Rad FTS 165 Fourier
transform spectrophotometer. Mass spectra were recorded with a Finnin-
gan MAT 95 mass spectrometer for both low- and high-resolution mass
spectra.

General procedure for epoxidation of AS-unsaturated steroids with the
dioxiranes generated from ketones: Aqueous Na,- EDTA solution (6 mL,
4 x 10~*m) was added to a solution of steroid (0.3 mmol) and an indicated
amount of ketone in DMM (9 mL) and CH;CN (3 mL) at room temper-
ature. A mixture of Oxone (922 mg, 1.5 mmol) and sodium bicarbonate
(391 mg, 4.65 mmol) was added to this mixture in portions over the reaction
period. The reaction mixture was poured into water and extracted with
ethyl acetate three times. The combined organic layers were dried over
anhydrous MgSO, and filtered through a pad of silica gel. A crude residue
was obtained by removal of the solvent under reduced pressure. The ratio
of Bla-epoxides was then determined by 'H NMR spectroscopic analysis of
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this residue.'® Pure products were obtained after flash column chroma-
tography on silica gel.

Compounds 8a and 8b (as a mixture in a ratio of 1:9): 'H NMR (500 MHz,
CDCl,): 0 =3.48-3.37 (m, YioH; C3-H), 3.34 (s, 3H; OCHj;), 3.30—3.20 (m,
%0H; C3-H), 3.11 (d, J =2.4 Hz, %0 H; C6-H), 2.95 (d, / = 4.4 Hz, ioH; C6-
H), 1.18 (s, %0 H; C19-H;), 1.17 (s, %o H; C19-H;), 1.08 (s, %0 H), 1.02 (s,
24H), 0.87 (s, 20H; C18-Hj), 0.85 (s, ¥oH; C18-H;); C NMR of 8b
(75.5 MHz, CDCl,): 6 =225.00 (C17), 77.70, 63.15, 63.04, 55.71, 51.37, 48.52,
48.01, 45.15, 38.63, 37.82, 36.75, 35.54, 32.30, 31.66, 28.93, 27.27, 27.02, 25.95,
21.08, 17.13, 14.08; IR (CH,CL): #=1730 cm™! (C=0); EIMS (20 eV): m/z
(%): 346 (100) [M]*, 314 (15), 123 (31), 108 (22); HR-MS (EI, 20 V) calcd
for C,H;3,0; [M]*: 346.2508; found 346.2508; elemental analysis calcd (%)
for C,H;,05: C 76.26, H 9.89; found: C 76.14, H 9.90.

Compounds 11a and 11b (as a mixture in a ratio of 1:8.5): 'H NMR
(300 MHz, CDCl;): 6 =4.73-4.64 (m, 2H; OCH,0), 3.83-3.74 (m, %vH;
C3-H), 3.65-3.55 (m, 9H; C3-H), 3.36 (s, *¥i9sH; OCH,;), 3.35 (s, %9H;
OCHs;), 3.08 (d, J=2.3 Hz, /1w H; C6-H), 2.91 (d, J=4.3 Hz, %+H; C6-H),
2.13 (s, %19H; COCHs;), 2.11 (s, *¥19H; COCHy), 1.06 (s, %9 H; C19-H;), 1.00
(s, Y1y H; C19-Hs), 0.60 (s, 19 H; C18-Hs), 0.56 (s, %9 H; C18-H;); B*C NMR
of 11b (75.5 MHz, CDCl;): 6 =209.35 (C20), 94.67, 74.18, 63.67, 63.44,
62.82,56.33, 55.26, 51.08, 43.88, 39.43, 38.84, 37.07, 35.16, 32.48, 31.45, 29.74,
28.13, 24.35, 22.77, 21.94, 17.07, 13.11; IR (CH,Cl,): #=1700 cm~! (C=0);
EIMS (20 eV): m/z (%): 376 (100) [M]*, 314 (90), 133 (36), 95 (33); HR-MS
(EIL 20 eV) caled for C,3Hz40, [M]*: 376.2614; found 376.2617; elemental
analysis calcd (%) for C,;3H;0,4: C 73.37, H 9.64; found C 73.11, H 9.68.

Epoxides 6a and 6 b (as a mixture in a ratio of 1:15.1), 7 a and 7bP"! (as a
mixture in a ratio of 1:10.4), 9a and 9b?®! (as a mixture in a ratio of 1:8.8),
10a and 10b?” (as a mixture in a ratio of 1:11.6), 12a,*! 12b,*% 13p B3
14b,P1 15b,F2 16b,3 17b,1181 18b,34 19b,I'81 20b,*) and 21bP have
spectroscopic data which are identical with those reported in literature.
General procedure for epoxidation of AS-unsaturated steroids with
mCPBA : Sodium bicarbonate (0.4 mmol) and mCPBA (0.2 mmol) were
added to a solution of substrate (0.1 mmol) in CH,Cl, (3 mL). The resulting
mixture was stirred at room temperature for 2h and quenched with a
solution of saturated aqueous Na,S,0;. The reaction mixture was diluted
with ethyl acetate and washed with a solution of saturated aqueous
NaHCO; and brine. The organic layer was dried over anhydrous MgSO,
and filtered through a pad of silica gel. The product analysis was performed
as above.
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Formation, Structure and Conformational Dynamics of Highly Substituted

Diphenylcarbonates

Adelheid Godt,* Omer Unsal, and Volker Enkelmann!®!

Abstract: The symmetrical carbonates
5-8 were prepared from ethyl 4-hydroxy-
benzoates with aryl-, 4-(arylethynyl)-
phenyl-, arylethynyl- or arylbutadiynyl-
substituents in the 3- and 5-positions, by
reaction with triphosgene. The choice of
base (pyridine, DMAP, NaH) had a
strong influence on the conversion: For
the synthesis of the carbonates 5 and 6, it

that the substituents point towards the
corners of a distorted tetrahedron with
the carbonate group sitting in the middle
of the tetrahedron and the two angular
phenolic building blocks intersecting
with an angle of 51-71°. In solution at
room temperature, all four substituents
are magnetically equivalent as a conse-
quence of conformational flexibility.

The two enantiomeric conformers of
carbonate 5a interconvert rapidly, prob-
ably via a perfect trans conformation
with the plane of the Ar, perpendicular
to the carbonate plane. In the case of
carbonates 6 —8 this process is inhibited
by unfavourable interaction of the long
substituents at the benzoate moiety. The
dynamic process, which has an energy

was sufficient to use pyridine as the base.
However, for the synthesis of the carbo-
nates 7 and 8, NaH had to be used
instead. Single-crystal X-ray structure
analysis of these carbonates revealed

Introduction

Recently we reported on diphenyl carbonate as a covalent
template in the synthesis of a [2]catenane.l'l The formation of
a mixture of entwined and non-entwined rings questioned the
proposed geometrical organisation of the ring precursors by
the carbonate linkage. Therefore, it was of pivotal importance
to know the conformation of a carbonate derived from 3,5-
disubstituted ethyl 4-hydroxybenzoates. X-ray structure anal-
ysis revealed the structure of such carbonates in the solid
state. The higher molecular symmetry that was derived from
NMR spectra of the carbonates in solution at room temper-
ature raised the question about the conformational dynamics
at the carbonate group. This was studied by NMR spectros-
copy at different temperatures and provided insight into the
influence of substituents on the carbonates’ dynamics, partic-
ularly the energy barriers and the type of conformational
interconversion. The conformational dynamics in carbonates
is of significant interest for the correlation of the properties
with the molecular structure and dynamics of polycarbon-
ates.>-8!

[a] Dr. A. Godt, Dr. O. Unsal, Dr. V. Enkelmann
Max-Planck-Institut fiir Polymerforschung
Ackermannweg 10, 55128 Mainz (Germany)
Fax: (+49)6131-379100
E-mail: godt@mpip-mainz.mpg.de

3522

Keywords: carbonates - conforma-
tion dynamics - conformation anal-

ysis - template synthesis
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barrier of 810 kcalmol~!, is described
in a simplified manner as a continuous
rotation of the angular building blocks
around the carbonate unit with the
C,,y—O bonds as the axes of rotation.

Results and Discussion

Synthesis: Diarylcarbonates are well-known compounds and
synthetic difficulties were not expected.[”) Indeed, carbonates
5 and 6!' could be prepared from the corresponding phenols
1 or 2 and triphosgene!'l with pyridine (1.5-3 molequiv) as
the base (Scheme 1). The extent of the conversion was
determined by 'H NMR spectroscopy to be 85-91%.
Surprisingly, the transformation of the phenols 3 and 4 into
the carbonates 7 or 8, respectively (Scheme 1), with triphos-
gene and pyridine (2—4 molequiv) failed. The yields ranged
from 0-25 % . Heating to 60 °C overnight did not increase the
conversion of 4c. When 4-dimethylaminopyridine (DMAP;
1.01 - 1.05 mol equiv) was used instead of pyridine, the degree
of conversion of the phenols 3b, 4b and 4 ¢ into the carbonates
7b, 8b and 8c was 10, 59 and 21%, respectively. High
conversion (82-99 %) was finally achieved by preparation of
the sodium phenolates from phenols 3b,c or 4b,c with sodium
hydride in THF prior to the addition of triphosgene.['?!

The low conversion of the phenols 4 in the presence of
pyridine or DMAP is most probably correlated with the
instability of the corresponding carbonates 8 in the presence
of pyridine or DMAP. When the carbonate 8b or 8¢ (<0.01m)
was stirred in pyridine at room temperature for 24/48 h
followed by aqueous work-up, mixtures of carbonate and the
corresponding phenol were obtained. 'H NMR spectroscopy
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Scheme 1. Synthesis of carbonates 5-8. a) With 1 or 2: triphosgene,
pyridine, THF, room temperature; with 3 or 4: i) NaH, THEF, ii) triphos-
gene, room temperature.

revealed the cleavage of 38/73 % of 8b and the cleavage of 78/
100% of 8c. With DMAP (6 molequiv) in THF at room
temperature, carbonate 8b was quantitatively converted into
phenol 4b within 6 h. Also, 6¢ (<0.01Mm) proved unstable in

pyridine: after 24/48 h at room temperature 16/32% of the
carbonate had been cleaved. The successful formation of
carbonate 6 from 2 (91 % conversion) and triphosgene in the
presence of pyridine (3 molequiv) is only an apparent contra-
diction. Evidently, in the equilibrium carbonate + pyridine =
phenolate + phenyloxycarbonylpyridinium, the carbonate
side is favoured in the case of carbonates 6, while it is
disfavored in the case of carbonates 8. The lability of the
carbonates 6 and 8 in pyridine may be ascribed to the
vinylogous anhydride structure.¥] The parent compound
bis[4-(ethyloxycarbonyl)phenyl]carbonate, however, was
much more stable: after 24/48 h in pyridine at room temper-
ature, 7/25% of ethyl 4-hydroxybenzoate had been formed.
Moreover, contrary to carbonates 6 ¢ and 8b,¢, the carbonates
5a or 7b did not react with pyridine (24 h, room temperature,
<0.01M solution) and only about 7% of carbonate 7b was
cleaved by DMAP (51 molequiv) over a period of 20 h in
THF at room temperature. Therefore, the failure of the
preparation of carbonates 7, as described above, cannot be
attributed to their lability in pyridine or DMAP.

Molecular structure of substituted diphenylcarbonates in the
crystal: X-ray structure analysis of single crystals revealed
very similar structures for the carbonates 5a, 6¢, 7¢ and 8¢.['¥]
Selected structural data are summarized in Table 1. For
comparison, data of diphenylcarbonate (9)['""! and of the
diphenylcarbonate of bisphenol-A (10)!' are included in
Table 1. As an example, the structure of 7¢ in the crystal is
shown in Figure 1.

The carbonate groups O-CO-O are planar. All carbonates
show a trans,trans or W-shaped conformation!!” of the C,,,;-O-
CO-O-C,,y unit with deviations from an ideally planar W

Table 1. Selected angles and torsion angles of carbonates 5a, 6¢, 7¢, and 8¢.['¥l For comparison, corresponding data of diphenylcarbonate (9)!"* and of the

diphenylcarbonate of bisphenol-A (10)!'%) are shown.[?!

5a 6c¢- CHCL 7c¢ (Te- CH,CL) 8c- CH,Cl, 9 1001
ATO = Cyppony-OAT 1052 103.4 105.6 (105.2) 105.2 104.6 106.5/105.5
Caryi~O-Cearpony1 116.2; 1152 113.1; 116.1 117.3; 1158 119.5; 118.8 118.3; 118.8 119.3; 115.4/
(116.0; 118.4) 116.8; 117.2
Cayi-Cary-O 1164, 119.2; 121.7, 118.9; 117.7, 118.9; 117.6, 121.2; 115.7, 121.2; 122.9, 115.6;
119.4, 116.3 117.4,119.0 119.0, 117.5 120.1, 117.0 121.3,116.1 118.9, 119.6/
(117.3,117.9; 117.9, 120.0;
117.0, 120.9) 118.3, 120.0
@(Coary-O-Cearpony-Ocarbony) —42;-35 8.8:2.6 —11.1; —182 0.9;2.9 43;-55 59;1.8/
(62;1.8) ~13;7.6
B(Caryi=O-Coprpony-OAT) 176.4;175.8 —173.6; —175.1 160.8; 169.9 —1784; -1778  —176.1;175.0 —173.45; —179.0/
(~176.0; —176.1) —171.0; 1773
7(Cargi-Carg-O-Cearbonyt) —108.5,71.5; —82.3,99.6; —90.9,96.1; — 1153, 69.8; —132.8,53.8; —479,135.5;
725, —108.3 109.3, —74.7 785, —103.4 715, —111.4 —589,128.0 89.2, —93.9/
(~73.5,105.7; 89.1, —96.2;
105.7, —72.3) —102.3, 82.8
[ 71.1; 69.9 78.1;713 93.8; 69.6 69.1; 673 53.0; 58.7 432917/
(79.9; 71.5) 79.3: 89.1
el 713 62.4 54.9 (55.0) 50.8 224 65.2/44.3
A:B:CH 2.8:2.6:1.0 3.0:2.9:1.0 32:3.1:1.0 32:3.1:1.0 - -
(33:32:1.0)

[a] Data belonging to one of the two phenolic moieties are separated by a comma. The data of one phenolic moiety are separated by a semicolon from the
corresponding data of the second phenolic moiety of a carbonate. [b] Data of 10 belonging to one or the other carbonate unit are separated by a diagonal
stroke. [c] 0 is the angle by which the plane of the benzoate ring intersects with the plane given by the three oxygen atoms of the carbonate group. [d] ¢ is the
torsion angle between the planes of the two benzoate rings. [e] The ratio A:B:C describes the ratio of the lengths of the edges of the distorted tetrahedron

where A, B, and C are the averaged values of A,/A,, B,/B, and C,/C, as defined in Figure 3.
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Figure 1. Structure of carbonate 7¢ in the crystal (free of solvent). Carbon
atoms are shown in black and dark grey except the carbon atom of the
carbonyl group which is colourless. Oxygen atoms are shown as small light
grey ellipsoids or circles, bromine atoms as large light grey ellipsoids or
circles. Left: Ortep plot (50% probability). Right: View along the
connecting line between the two C,-4 atoms. The ester groups have been
omitted for clarity.

given by the torsion angle a(C,y-O-Cyrponyi-Ocarbony) = 0.9 —
18.2° (Figures 1 and 2). The significantly different values for a
in 7¢ (—11.1° and —18.2°) and 7¢-CH,Cl, (6.2°and 1.8°)

.-"‘"f ey lir i
| 'r""
-:r_.l 1
e b
‘*-:3_‘.% p. H:j_-;;" ' 4

— b S

- "'-'."Z%':flh. ,:?,-'*
Figure 2. Structure of carbonates 6c¢- CHCI, (left) and 8¢+ CH,Cl, (right)
in the crystal. Solvent molecules are not shown. For the colour key, see
Figure 1. Top: View along the connecting line between the two C4 atoms of
the hydroxybenzoate units. The ester groups have been omitted for clarity.
Bottom: Perpendicular view onto the carbonate plane. The substituents in
3,5-position of the hydroxybenzoate moieties are truncated.

suggest that this torsion angle is strongly influenced by
packing effects. The two values for a of the carbonates Sa, 6¢,
7c and 8c are either both positive or both negative. The same
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is true for the torsion angle B(C,y-O-Cohpony-OAT). In
contrast, the two values for a and the two values for § of
carbonate 9 are of opposite sign. The carbonate groups of
compound 10 show both possible combinations for a and for
pB. These data indicate that none of the two possible
combinations of the torsion angles a and [ is particularly
preferred as long as no substituents are present at the phenolic
moieties. Substituents, such as those in the 3- and 5-position of
the hydroxybenzoate moieties of the carbonates 58, result in
the preference of the described conformation because other-
wise the substituents would be too close to each other. These
substituents also influence the torsion angle y(C,y-C,yi-O-
Ceabony) and, consequently, the torsion angles 6 and e. The
torsion angle 0 is the angle at which the plane of the benzoate
ring intersects the plane defined by the three oxygen atoms of
the carbonate group. The values of 0 of the carbonates 5a, 6¢,
7c and 8c are in the range of 67 —94°. Smaller values are found
in the structures of 9 (53.0° and 58.7°) and 10 (43.2° and 91.7°/
79.3° and 89.1°). The torsion angle ¢ is the angle between the
planes of the two benzoate rings of 5—8 or the phenyl rings of
9 and 10. This angle is very small in the structure of 9 (22.4°)
compared to that in the structures of the carbonates 5a, 6¢, 7¢
and 8¢ (51-71°).

As a result, in all examples, the substituents in the 3- and
5-position of the benzoate moieties point towards the corners
of a distorted tetrahedron with the carbonate moiety in the
center of the tetrahedron and the two angular phenolic
building blocks intersecting
with an angle of 51-71°. The
degree of distortion is reflected
in the ratio A:B:C (Table 1), B; B,
with A, B and C being the
averaged values for the lengths
of the edges A,/A,, B,/B, and
C,/C, of the tetrahedron (Fig- C
ure 3). The intersecting or hel- Figure 3. Distorted tetrahedral
ical arrangement of the two grrangement qf .the substituents

. [ in the 3,5-position of the ben-
angular  phenolic  building zoate moiety with designation
blocks can be clearly seen in  of the edges.

Figure 2 in which the structures
of the carbonates 6 ¢ and 8¢ are
presented viewed along the connecting line between the two
C4 atoms of the hydroxybenzoate unit. This intersection
results in a chiral structure. Both enantiomers are present in
the crystals, as indicated by the centrosymmetry of the space

group.

Conformational dynamics in solution: From the molecular
structure of carbonates 5—8 in the crystal, it is expected that
the carbonates in solution show a C, symmetry with the C,
axis coinciding with the carbonyl bond. However, a higher
symmetry of the carbonates 5—8 in solution at room temper-
ature is revealed by NMR spectroscopy (300 MHz): the four
substituents in the 3- and 5-positions of the benzoate moieties
are magnetically equivalent and the benzoate rings give rise to
only one signal in the "H NMR spectrum (300 MHz) and four
signals in the 3C NMR spectrum (75 MHz). The symmetry of
6-8 is reduced when the temperature is lowered. '"H NMR
spectra (300 MHz; THF) of the carbonates 6 ¢, 7b['8l and 8 b['®]
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at 163 K, 186 K or 163 K, respectively, show two sets of signals
for the aromatic protons of the substituents and one (6¢) or
two (7b and 8b) signals for the protons of the benzoate rings
(Figures 4-6). In contrast to this, the signals of carbonate 5a

1
AL A 177K

_k 173k
a
[‘ BB
\ oA
I 0 163 K
'_Y_'_"’Y\s T 7\ é T 5 TTT
-«

Figure 4. Partial '"H NMR (300 MHz) spectra of carbonate 6¢ in [Dg]THF.
The brackets connect signals that coalesce at higher temperatures. The
detailed assignment of signals to Hy-2,-6 and Hy-3,-5 is not possible.

(THF, 300 MHz) at 164 K are significantly broadened, how-
ever, they are not split. 'H NMR spectra (300 MHz, THF) of
the corresponding phenols 2¢, 3b and 4b at these temper-
atures reveal only a slight broadening of the aromatic signals
and some loss of the fine structure of the ethyl groups.
Therefore, freezing of the rotation of the phenylene units in
the substituents of the hydroxybenzoate moieties is not the
reason for the reduced symmetry of the carbonates 6¢, 7b and
8b at low temperatures.

7268 135
JJL J' o

LN
)
,JLJL'\ A\% 224 K

\
\
’A \J\ L./U AL 204k

a

s
I ‘W “ﬂ
Jé kwm L/\186K

LN s B s s s B
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8 7

<)
Figure 5. Partial 'H NMR (300 MHz) spectra of carbonate 7b in [Dg]THF.
The brackets connect signals that coalesce at higher temperatures. The
detailed assignment of signals to Hy-2,-6 and Hy-3,-5 is not possible. At low
temperatures, the ethyl groups (not shown) become as broad and
structureless as seen in the spectra of 8b (Figure 6).
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Figure 6. Partial "H NMR (300 MHz) spectra of carbonate 8b in [Dg]THF.
The brackets connect signals that coalesce at higher temperature.

In the further discussions, the following nomenclature will
be used (Scheme 1, Figure 7): the aromatic rings are desig-
nated with Ar,, Argand Ar, with the hydroxybenzoate moiety
being Ar,, the benzene unit closest to the hydroxybenzoate

Figure 7. The designation of the benzene rings of the carbonates 5-8.

moiety being Arg and the residual benzene unit being Ar,. To
distinguish further, the aromatic rings Arz and Ar, that belong
to the same angular phenolic unit of the carbonate are marked
with superscripts 1 and 2 or 3 and 4, for example 'Ar; and 2Ary
or 3Arg and “Arg. For the numbering of the positions, the ethyl
4-hydroxybenzoate is considered as the substituted parent
compound.

In order to correlate the observed molecular dynamics with
specific conformational changes, the coalescence temper-
atures T, for all aromatic signals were determined and the
energy barrier AG.F was calculated according to Equa-
tion (1).11"]

AGF=457T,(9.97 +log T, — log Av) (€]

where Av is the shift difference of the exchanging protons at
the limit of no exchange. Complete freezing of the dynamics
may not have been reached in all of our experiments.
Therefore, for Av we used the maximum shift difference
observed. The signal assignment for 6¢, 7b and 8b is in
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accordance with H,H-COSY spectra at 163 K, 160 Kor 177 K,
respectively. The results are summarized in Table 2. The two
or three values of AG.* obtained for one carbonate are very
similar or even identical. Thus, it is assumed that the splitting
of the signals resembles the slowing down of just one specific
dynamic process.

Table 2. Kinetic and thermodynamic data for carbonates 6 -8 in [Dy]THF
obtained from temperature-dependent 'H NMR spectroscopy (300 MHz).

Av[Hz] T.[K] AG#[kcalmol™]

6¢ Hg-3,-5 or Hg-2,-6 61 173 8.2
Hg-2,-6 or Hg-3,-5 54 172 8.2
7blel H, 21 206 10.3
H,-2,-6 38 206 10.1
H,-3,-5 16 198 10.0
8b H, 15 166 8.3
H;-2,-6 107 175 8.1
Hg-3,-5 21 166 8.2

[a] A detailed assignment of signals to Hg-2,-6 or Hy-3,-5 is not possible.

To explain the number of signals at low temperatures, two
cases are possible: a) The magnetic equivalence found at
room temperature for the two tolane substituents on the same
benzoate ring is lost upon cooling, that is, the magnetic
equivalence of the rings 'Ar; and ?Aryg, 'Ar, and 2Ar,, *Ar,
and *Arg, *Ar, and *Ar, is lost, while the two angular phenolic
building blocks are still related by C, symmetry, namely 'Ary
and *Arg, 2Ar, and *Arg, 'Ar, and *Ar,, ?Ar, and *Ar, are
magnetically equivalent. b) The two tolane substituents of the
same benzoate ring remain magnetically equivalent, namely
'Arg and 2Arg, 'Ar, and ?Ar,, Arg and *Arg, 3Ar, and *Ar, are
magnetically equivalent, while the symmetry relationship
between the two angular phenolic building blocks is lost,
namely 'Ar; and *Ary, 2Ar; and *Aryg, 'Ar, and *Ar,, ?Ar, and
*Ar, are magnetically not equivalent. For case (a) coupling
between the protons H,-2 and H,-6 is expected while for
case (b) no coupling is expected. The H,H-COSY 45 spectrum
of carbonate 7b at 177 K (300 MHz, Figure 8) shows cross-
peaks for the two signals of H, which is in accordance with
case (a). The H,H-COSY90 spectrum of 8b at 163K
(300 MHz, not shown) also shows cross-peaks for the two
signals of H,. However, in the latter case, additional cross-
peaks for the two signals of Hg-2,-6 and for the two signals of
Hg-3,-5 are found, albeit of comparably very low intensity.
This means that at 163 K, the dynamics of 8b are not
sufficiently slow to avoid cross-peaks because of the transfer
of magnetisation through conformational exchange. Hence
the reason for the cross-peaks for the two signals of H, is
arguable and the result of the H,H-COSY 90 experiment with
carbonate 8b (163 K) does not allow for a definite decision for
either case (a) or (b). On the other hand, the result of the
H,H-COSY 90 experiment with carbonate 8b is in accordance
with the conclusion drawn from the H,H-COSY 45 experi-
ment on carbonate 7b (177 K): upon lowering the temper-
ature, the symmetry within the angular phenolic building
blocks of the carbonate is broken while the symmetry
relationship between the two angular phenolic building
remains [case (a)].
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Figure 8. Partial HH-COSY 45 spectrum (300 MHz) of carbonate 7b in
[Dg]THF at 177 K. A total of 256 spectra, each consisting of 2048 data
points over the width of 3 ppm, were accumulated with 8 scans for each ¢,.
The data were calculated with SI(F2) = 1024 and SI(F1) =512 and with the
sine function for both directions. The spectra at the axes were obtained
immediately after COSY data accumulation at the same temperature.

The symmetry of the carbonates in solution at low temper-
atures, derived from NMR spectroscopy, fits to the molecular
structure of the carbonates in the crystalline state. It is
assumed that the two enantiomeric structures in the crystal-
line state resemble the preferred conformations of the
carbonates in solution at low temperatures. Knowing the
molecular structure of the carbonates in solution at low
temperatures enables us to draft pathways of conformational
changes that lead to the observed high symmetry of the
carbonates at room temperature. One possibility is the
interconversion of the two enantiomeric conformers present
in the crystal by coupled, small rotations around the C,,,—O
and Cgypony— OAT bonds with a transitional, perfect trans
conformation in which C,-4 and all atoms of the carbonate
unit lie in one plane and the plane of the Ar, is perpendicular
to the carbonate plane. This appears feasible only for
carbonate 5a. In the case of carbonate 6¢, the substituents
are already too long to pass each other. This steric problem
becomes obvious on viewing carbonates Sa and 6c¢ along the
carbonyl bond (Figure 9). A dynamic process that can explain
the equivalence of all four substituents of the carbonates 6-8
is sketched in Scheme 2a. The drawings show schematically
the carbonates viewed along the carbonyl bond with the
oxygen atom pointing towards the reader. Essentially, they
describe a continuous rotation of the angular building blocks
( flip) around the carbonate unit with the C,,;—O bonds as
the axes of rotation. The deviation from a perfectly planar W
shape at the carbonate moiety is neglected for clarity. A rapid
interconversion of all four structures in Scheme 2a leads to
the observed symmetry. Taking into account that the rotation
around C,,;—O is hindered by the carbonyl oxygen,>* it is
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Figure 9. Structure of carbonates 5a (top) and 6c¢- CHCI; (bottom) in the
crystal viewed along the carbonyl bond with the oxygen atom pointing
towards the reader. Solvent molecules are not shown. For the colour key,
see Figure 1.
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Scheme 2. Dynamic conformational process for carbonates 6—8.

assumed that this conformational interconversion is better
described by a combination of large changes in the torsion
angles a(Ciry-O-Cearponyi-Ocarbony) a0d Y(Cary=Cary=O-Cearpony)
of one of the two angular building blocks.” ¢ As ¢ increases,
the rotation around C,,—O becomes less hindered by the
carbonyl oxygen. In a transitional structure, a may be ~90°
and the plane of the benzoate ring may be nearly coplanar
with the ArO—C,, oy bond. The other angular building block
of the carbonate has to undergo only small adjustments by
rotations around the ArO—C_,ony and C,,;—O bonds, in a
similar manner to those described for carbonate Sa. In the
next rotation, the roles of the two angular building blocks are
exchanged.

The rotational barriers in carbonate 10 and the correspond-
ing poly(bisphenol A carbonate) has been the subject of
several calculations with the aim of correlating the macro-
scopic material properties of polycarbonates, such as the
impact resistance, with conformational dynamics.>* ¢ Very
little is known about substituted derivatives.* 8 A short note!
offers some insight as to how substituents influence the
rotation barriers: for carbonate 10 the barrier for rotation
around the C,,~O bond was calculated to be

Chem. Eur. J. 2000, 6, No. 19
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1.2 kcalmol !4 to 3.3 kcal mol L[ Substitution of the phe-
nols in the ortho position to the oxygen substituent by methyl
or ethyl groups, raised the rotation barrier to 5.0 and
7.5 kcalmol~!, respectively, in the case that the methyl or
ethyl substituent passed the carbonyl group.! Two methyl
substituents at the phenol in the ortho position with respect to
the oxygen substituent, resulted in a rotation barrier of
7.9 kcalmol L[4 The barrier of the rotation around the
Cearbonyi"OAT bond in carbonate 10 was calculated to be
4 kcalmol 'l to 8.7 kcalmol~'.[!) The experimentally deter-
mined activation energies AG. for carbonates 6-8 (8-
10 kcalmol~!) agree well with these calculated data and thus
support the assumption of the conformational interconversion
process shown in Scheme 2 a.

An alternative process is the exchange of the two sub-
stituents of the same benzoate unit. This is illustrated in
Scheme 2b with two of the possible structures. If the four
substituents were different, this process would result in
racemisation. In contrast to this, the process shown in
Scheme 2a would not produce a racemate. The path of
interchange in Scheme 2b appears to be very unlikely because
it requires a cooperative change of several torsion angles and
rather unfavourable, intermediate conformations at the
carbonate group to circumvent steric problems with the
substituents and to avoid unfavourable interaction between
the substituents and the oxygen atom of the carbonyl group.
The pathway shown in Scheme 2a should require distinctly
lower energy.

The energy barrier for the &t flip according to Scheme 2a is
mainly attributed to the interaction of the carbonyl oxygen
with the ethynylene units or with Ar,. Therefore, the energy
barriers for the = flip in carbonates 5a and 7b should be very
similar. No such barrier was found for carbonate Sa. This
leads to the conclusion that the molecular symmetry of
carbonate 5a in solution is not reached by m flips, but as
described above, by small rotations around the C,,—~O and
Cearbony—OAT bonds with a transitional, perfect trans con-
formation in which C,-4 and all atoms of the COj; unit lie in
one plane and in which the plane of the Ar, is perpendicular
to the carbonate plane. This is, to our knowledge, the first
experimental proof of this kind of conformational intercon-
version which has been predicted by calculations and is
discussed as the reason for the y relaxation process in
polycarbonates.!

Conclusions

The carbonates 5—-8 were prepared from the corresponding
4-hydroxyphenolates and triphosgene. For the carbonates 5
and 6 pyridine is sufficient as the base. For high yield of
carbonates 7 and 8, sodium hydride is necessary as the base.
The carbonate unit of 6 and 8 was cleaved by pyridine and
DMAP, while the carbonate unit of 5§ and 7 proved to be
rather inert under these conditions.

The structures of carbonates 58 in the crystal show a trans,
trans or W-shaped conformation at the C,-O-CO-O-C,y,
unit with small deviations from a planar W. They are
characterized by the intersection of the two angular phenolic
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moieties at an angle of 50-71°. In solution conformational
mobility at room temperature makes the four substituents of
the hydroxybenzoate magnetically equivalent. In the case of
carbonates 68, this process requires 8—10 kcalmol~". It can
be described essentially as a continuous rotation of the
angular phenolic moieties around the carbonate unit with the
Cayi—O bonds as the axes of rotation. Carbonate 5 follows
another, energetically less demanding, route via a perfect
trans conformation in which the plane of the Ar, is
perpendicular to the carbonate plane.

An efficient synthesis of [2]catenanes from two acyclic
molecules or from one acyclic and one cyclic molecule
requires a suitable preorganisation of these building blocks."!
The investigations on the carbonates 5—8 suggest carbonates
like 6—8 as covalent templates for the catenane synthesis.
Although the carbonate group is conformationally flexible,
the two angular phenolic moieties are always intersecting.
Therefore, the experimentally found formation of a mixture
of entwined and non-entwined rings!!l is attributed to the
conformational flexibility of the huge rings and not to
geometrical ambiguity of the carbonate linkage.

Experimental Section

Crystal structure analysis: Table 3 provides a summary of the relevant data
concerning the crystal structure analysis. Data of 5a and 6 ¢ were collected
on a Nonius CAD4 diffractometer with graphite-monochromated Cug,
radiation (1=1.5418 A). The lattice parameters were obtained from a
least-squares analysis of the setting angles of 25 reflections with 6 > 20°.
Data collection was carried out by 6—26 scans. An empirical absorption
correction was applied. The data of 7¢ and 8¢ were collected on a
NoniusKCCD detector with graphite-monochromated Moy, radiation
(A=0.7103 A). No absorption correction was applied. The structures of 6,
7¢ and 8¢ were solved by heavy atom methods, the structure of 5a was
solved by direct methods (SHELXS). The structures were refined by full-
matrix least-squares analysis on F (unit weights) with anisotropic temper-
ature factors for all non-hydrogen atoms. The hydrogen atoms were refined
with fixed isotropic temperature factors in the riding mode.

Table 3. Relevant data concerning the crystal structure analysis of carbonates 5—8.

General: All reactions were performed under an inert atmosphere. THF
was distilled from sodium/benzophenone. Pyridine was dried over CaH,.
The starting compounds 1-4 were synthesized as described in the
literature.?!! Triphosgene was purchased from Aldrich and used without
further purification. The petroleum ether used had a boiling range of 30—
40°C. Flash chromatography was carried out on Merck silica gel (40—
63 um) and TLC on aluminum foils coated with silica gel (Merck alumina
foils 60F,s,). Unless otherwise specified, NMR spectra were recorded in
CDCl, as the solvent and internal standard on a Bruker AMX-300 MHz at
room temperature. For signal assignment, the carbon multiplicity was
determined by a DEPT experiment. The subscripts «, 3, and y refer to the
aromatic rings, as explained in the text and in Scheme 1. The melting points
were determined in open capillaries.

5a: To a cooled (ice bath) solution of phenol 1a (291 mg, 0.77 mmol) in
THF (5 mL) were successively added triphosgene (38 mg, 0.128 mmol) and
pyridine (0.1 mL, 1.2 mmol). A colourless precipitate formed immediately.
The suspension was stirred at room temperature for 3 d and then it was
cooled (ice bath) and hydrolysed with 1N HCL. After diluting with water,
the precipitate was filtered off and dried in vacuo over P,O,,. The
colourless solid was suspended twice in refluxing ethanol (35 mL and
50 mL, respectively) to remove residual 1a. Carbonate 5a (200 mg, 61 %)
was obtained as a colourless solid. Crystals for X-ray structure analysis
were prepared by recrystallisation from ethanol. M.p. 200.7°C; 'H NMR:
0=1783 (s, 4H; H,), 721 (half of AA’XX', 8H; Hy-2,-6), 6.74 (half of
AA'XX', 8H; Hy-3,-5), 432 (q, /=7 Hz, 4H; CH,), 3.86 (s, 12H; OCH,),
1.32 (t, J=7Hz, 6H; CH,CH;); BC NMR: 6 =165.7 (CO,), 159.1 (C4-4),
1475, 1474 (C,4, CO;), 1354 (C,-3,-5), 131.2 (C,-2,-6) 129.9 (C4-2,-6),
128.9 (Cy-1), 128.8 (C,-1), 113.9 (C4-3.-5), 61.1 (CH,), 55.2 (OCHs), 14.3
(CH,CHj,); elemental analysis calcd (%) for C;;H,,04; (782.842): C 72.11,
H 5.41; found: C 72.11, H 5.46.

6¢: To a cooled (ice bath) solution of phenol 2¢ (430 mg, 0.82 mmol) in
THF (10 mL) were successively added triphosgene (41 mg, 0.138 mmol)
and pyridine (0.2 mL, 2.5 mmol). A colourless precipitate formed imme-
diately. The suspension was stirred at room temperature for 16 h and then it
was cooled (ice bath) and hydrolysed with 0.1N HCI. The brown precipitate
was filtered off and washed with water. '"H NMR spectroscopy of the crude
product (432 mg) showed the conversion to be 91 %. After drying (P,O,/
vacuum), the solid was dissolved in CH,Cl, (3 mL) and carbonate 6¢
(259 mg, 56%) was isolated as a colourless powder by the addition of
diethyl ether. Crystals for X-ray structure analysis were obtained by slow
diffusion (via the gas phase) of diethyl ether into a solution of carbonate 6¢
in CHCl;. M.p. 192°C; '"H NMR: 0 =8.21 (s, 4H; H,), 7.26, 711 (AA'’XX/,
8H ecach; Hy), 443 (q, /=7 Hz, 4H; CH,), 143 (t, J=7 Hz, 6H; CH;);
3C NMR: 0 =164.4 (CO,Et), 153.5 (C,-4), 147.6 (CO3), 134.2 (C,-2,-6),
133.1 (C4-2,-6), 131.2 (C4-3,-5), 129.4 (C,-1), 123.3 (Cy-4), 120.7 (Cy-1),
118.5 (C,-3,-5), 95.6, 83.3 (C=C), 61.8
(CH,), 143 (CH,); elemental analysis
caled (%) for Cs;H;Br,O, (1074.434):

5a 6¢-CHCL, 7Te 7¢- CH,Cl, 8¢- CH,ClL, C 5701, H 2.81; found: C 57.44, H 3.17.
a[A] 17.5400(9) 2535146)  143034(6)  17.58499)  14.750(1) 7;’;; As df)sc“bec; for the preparation
b [A] 18.900(2) 18.4229(7) 14.8360(6)  18.823(1) 15.295(1) °h b, lca; °“a]te b Wi‘zzreparf r‘?mh
c[A] 24.9581(7) 243276(6)  17.6839(5)  20.417(1) 14.828(1) ~ Phenol 3b (100 g, 1.64 mmol) wit
al] 90 90 66.760(2) 9 90.687(5) triphosgene (81 mg, 0.275 mmol; add-
; o
BT 9 117.991(5)  70730(2)  99.292(4) 102270(s)  ©d as a solid) and NaH (60% disper-
v [°] 9 90 62.601(2) 90 116.694(5) sion in mineral oil; 72 mg, 1.80 mmol),
lattice type orthorhombic monoclinic triclinic monoclinic triclinic in THF (20 mlll’)' Afte.r 17},1 at room
Vv [AY] 8273.9 10033 3010.3(2) 6669.4(4) 2898.2 temperature, the reaction mixture was
7z 8 3 2 4 5 hydrolysed with 2N HCI and extracted
Peaea [gem ] 1257 1.425 1521 1.458 1452 with diethyl ether. The combined or-
4 [mm-1] 0.697 4328 2.703 2.523 2.885 ganic phases were dried (MgSO,) and
space erou Pbea e Pl P2 /e Pl concentrated in vacuo. Conversion of
]P (K] grotp RT RT 195 1951 RT 97% was determined by 'H NMR
0. reflns B _ 20610 25260 B spectroscopy of the crude product.
no. unique reflns measured 6386 6635 13623 8422 7887 Flﬁsh/ClihrCc;mf.Tg;ayillg 67(petroleum
no. unique reflns observed 3431 3271 5837 4254 3728 ether/CHLCY, 1:4, R =0. ) gave car-
R B _ 0.023 0.03 B bonate 7b (850 mg, 82 %) as a colour-
R 0.0437 0.0463 0.0338 0.068 0.0487 less solid. Single crystals for X-ray
R 0.0412 0.0608 0.0395 0.089 0.0626 structure analysis were obtained by
)'w éu (iu Mo Mo Mo slow diffusion (via the gas phase) of
0 58 Ka 60 Ka 27 SK“ 27 SK“ 27 SK“ ethanol into a solution of 7b in tol-
e - ) ) ) uene/acetone. M.p. 143.3°C; 'H NMR:
3528 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0619-3528 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 19
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8=7.88 (s, 4H; H,), 7.58 (half part of AA’XX', 8H; H,-2,-6), 7.39, 7.30
(AA’XX’, 8H each; Hp), 6.89 (half part of AA'’XX’, 8H; H,-3,-5), 4.32 (q,
J=17Hz, 4H; CO,CH,), 4.07 (q, /=7 Hz, $H; ArOCH,), 1.4 (t, J =7 Hz,
12H; ArOCH,CH,), 1.32 (t, J=7 Hz, 6H; CO,CH,CH,); ®C NMR: 6 =
165.3 (CO,), 159.1 (C,-4), 147.6 (CO;), 147.1 (C,-4), 135.6, 135.4 (C4-1, C,-
3,-5), 133.2 (C,-2,-6), 131.72, 131.66 (C,-2,-6, C4-3,-5), 129.2 (C,-1), 128.6
(C4-2,-6), 123.3 (C4-4), 115.4 (C,-1), 114.6 (C,-3,-5), 90.7 (C=CAr,), 88.3
(Ar,C=C), 63.5 (ArOCH,), 61.3 (CO,CH,), 147 (ArOCH,CH,;), 14.3
(CO,CH,CH,); elemental analysis calcd (%) for Cg;HgOy; (1239.430): C
80.43, H 5.37; found: C 80.07, H 5.06.

7c: As described for the preparation of 8b, carbonate 7¢ was prepared
from phenol 3¢ (338 mg, 0.50 mmol) with NaH (60 % dispersion in mineral
oil; 22 mg, 0.55 mmol) and triphosgene (24.7 mg, 0.083 mmol; added as a
solid) in THF (10 mL). After 5 h at room temperature, the reaction mixture
was hydrolysed with 2N HCI and extracted with CH,Cl,. The combined
organic phases were dried (MgSO,) and concentrated in vacuo. The
conversion was determined by '"H NMR spectroscopy of the crude product
to be 94 %. Flash chromatography (petroleum ether/CH,Cl, 1:2, R;=0.28)
gave carbonate 7¢ (310 mg, 91%) as a colourless solid. Recrystallisation
from CH,Cly/ethanol gave needlelike and cube-shaped crystals. The
needles were free of solvent, the cubes contained CH,Cl,. M.p. 318.0—
319.8°C;'HNMR:6 =788 (s,4H; H,), 7.51,7.46 (AA'’XX',8H each; CH,)),
7.39,7.31 (AA’XX',8H each; CHy), 4.33 (q./ =7 Hz,4H; CO,CH,), 1.32 (t,
J=7Hz, 6H; CH;); BC NMR: 6 =165.2 (CO,), 147.7 (CO;), 147.1 (C,-4),
136.2, 135.2 (C4-1, C,-3,-5), 133.0 (C,-2,-6), 131.9, 131.8, 131.7 (C,-2,-6, C,-
3,-5, C4-3,-5), 129.4 (C,-1), 128.7 (C4-2.-6), 122.7, 122.5, 122.2 (C4-4, C,-1,
C,-4), 90.6 (C=CAr,), 89.6 (Ary,C=C), 614 (CO,CH,), 143 (CH,);
elemental analysis calcd (%) for C,sH,sO¢Br, (1362.827): C 66.09, H 3.40;
found: C 65.64, H 3.51.

8b: Sodium hydride (60 % dispersion in mineral oil; 140 mg, 3.5 mmol) was
suspended in THF (2 mL). After the NaH had deposited, the solvent was
removed using a pipette. The flask was immersed in an ice bath. To the
residual NaH were added successively THF (10 mL), phenol 4b (695 mg,
1.38 mmol) and triphosgene (7.5 mL (0.23 mmol) of a solution of triphos-
gene (365 mg) in THF (40 mL)). After 26 h at room temperature, the
reaction mixture was hydrolysed with 2N HCI under cooling (ice bath) and
extracted with diethyl ether. The combined organic phases were washed
with brine, dried (MgSO,) and concentrated in vacuo. 'H NMR spectro-
scopy of the crude product showed the conversion to be 93 %. The solid
brown residue was dissolved in CH,Cl, (8 mL) and the carbonate 8b
(485 mg, 65 %) was precipitated by the addition of diethyl ether (50 mL).
The precipitate contained about 1% of starting material 4b. M.p. 217.9°C;
H NMR: 6 =821 (s, 4H; H,), 734 (half of AA’XX, 8H; H;-2,-6), 6.73
(half of AA’XX’, 8H; Hy-3,-5),4.37 (q,/ =7 Hz,4H; CO,CH,), 4.00 (q,/ =
7 Hz, 8H; ArOCH,), 140 (t, /=7 Hz, 12H; ArOCH,CH,), 1.38 (t, J=
7 Hz, 6H; CO,CH,CHs;); C NMR: 6 =164.2 (CO,Et), 159.9 (C;-4), 155.3
(C,-4), 1476 (CO5), 1353 (C,-2,-6), 134.3 (C4-2,-6), 129.3 (C,-1), 1182 (C,-
3,-5), 1145 (C4-3,-5), 113.3 (Cy-1), 84.4, 81.6 (C=C-C=C), 73.1, 72.8
(C=C-C=C), 63.6 (ArOCH,), 61.7 (CO,CH,), 14.7 (ArOCH,CHj;), 14.2
(CO,CH,CH,); elemental analysis caled (%) for C4Hs,0,; (1031.126): C
78.04, H 4.89; found: C 78.12, H 5.08.

8c: As described for the preparation of 8b, carbonate 8¢ was prepared
from phenol 4¢ (158 mg, 0.28 mmol) with NaH (60 % dispersion in mineral
oil; 80 mg, 2.0 mmol) and triphosgene (1.5 mL (0.046 mmol) of a solution
of triphosgene (365 mg) in THF (40 mL)) in THF (8 mL). After 20 h at
room temperature, the reaction mixture was hydrolysed with 2N HCI under
cooling (ice bath) and extracted with diethyl ether/THF. The combined
organic phases were washed with brine, dried (MgSO,) and concentrated in
vacuo. 'H NMR spectroscopy of the crude product showed the conversion
to be 92 %. The residue was dissolved in CH,Cl, (2 mL) and the carbonate
8¢ (100 mg, 62 % ) was precipitated by the addition of petroleum ether. The
precipitate contained about 2% of starting material 4¢. Yellow needles for
X-ray structure analysis were obtained by slow diffusion (via the gas phase)
of petroleum ether into a solution of carbonate 8¢ in CH,Cl,. M.p. 236.1°C
(decomp); '"H NMR: 6=8.26 (s, 4H; H,), 7.38, 722 (AA’XX’, 8H each;
Hy), 439 (q, J=7Hz, 4H; CH,), 1.40 (t, J=7 Hz, 6H; CH;); *C NMR:
0=163.9 (CO,Et), 155.4 (C,-4), 147.6 (CO;), 135.8 (C,-2.-6), 133.9 (Cy-2,-
6), 131.7 (C4-3,-5), 129.6 (C,-1), 124.1 (C4-4), 120.2 (C4-1), 1178 (C,-3,-5),
82.8, 80.8 (C=C—C=C(), 74.9, 74.1 (C=C—-C=C), 61.9 (CH,), 14.2 (CH,);
elemental analysis calcd (%) for Cs,H;,Br,O, (1170.522): C 60.54, H 2.58,
Br 27.31; found: C 60.78, H 2.91, Br 24.46.
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Reaction of carbonates with pyridine: The solution of carbonate in pyridine
(<0.01m) was stirred at room temperature. After the specified reaction
times, a small quantity of the solution was poured onto 2N HCl/diethyl
ether. Some THF was added. The organic phase was washed with 2N HCI
containing NaCl, dried (Na,SO,), and the solvent was removed in vacuo.
Reaction of carbonates with DMAP: To a solution of carbonate 8b or 7b in
THF was added DMAP (6 and 50 molar equivalents, respectively). After
the specified time, the reactions were worked up as described for the
reaction of carbonates with pyridine.
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Abstract: From the reaction of trimeth-
ylsilyl ylides with AsCl; the dichloro-
arsanyl ylides 2b and 5b are obtained.
As shown by X-ray structure determi-
nation, their AsCl, groups deviate sys-
tematically from the symmetric orienta-
tion. This conformation enables an ef-
fective charge transfer from the ylide
moiety to one of the As—Cl bonds, which
as a consequence is up to 15 pm longer
than the other. At the same time the
length of the As—C bonds in 2b and 5b

type as those observed for the corre-
sponding dichlorophosphanyl ylides;
they are, however, more pronounced.
The 1:1 condensation of the bis(trimeth-
ylsilyl) ylide 3 and AsCl; yields the
oligomers (Ph,;PCAsCl),;,. The dimer
7b has a diarsetane structure. HCI adds
readily to one of its As—C bonds without
opening it. The trimer and the tetramer

Keywords: arsenic - 1,3-diarsetane
- phosphorus ylides - 1,3,5,7-tetra-

are ionic. The cation of the trimer forms
a six-membered ring with a delocalized
arsenium/phosphonium charge, the cat-
ion of the tetramer forms a barrelane
cage with a phosphonio substituent, and
the anion is AsCl,” in both cases (10,
13). An arsa-phosphocyanine cation as
in 10 is also part of the diphosphonio
isoarsindolide  tetrachloroarsenate(iin)
12. The structures of 7b-HCI, 10, and
13 reflect again an ylide to As—Cl charge
transfer. The As—Cl bonds of 13 are by

indicates a partial double bond. The
effects observed here are of the same

arsabarrelane -

Introduction

The reaction of triphenylphosphonium trimethylsilyl ylides
such as 1 and 3 with PCl; has proven effective and
versatile.l'"'% It has gained particular interest because of two
features of its products: 1) the PCI bonds of ylidyl chloro-
phosphines are elongated and those of bis(ylidyl)chlorophos-
phines eventually undergo heterolysis;l!'>%% and 2) the
ylidediyl chlorophosphine Ph;PCPCI forms a dimer, trimer,
and tetramer, the ionic character of which increases in this
order.[* 319 Tt seemed of interest to compare these results with
those of analogous reactions with AsCl; instead of PCl;.

Results and Discussion

Ylidyl chloroarsanes (chloroarsanyl ylides): A number of
phosphonium arsanylmethylides are known,['-1l however, no

[a] Prof. Dr. A. Schmidpeter, Dr. F. Breitsameter, Prof. Dr. H. N6th
Department Chemie der Universitdt Miinchen
Butenandtstrale 5-13, Haus D, 81377 Miinchen (Germany)
Fax: (+49) 89-2180-7866
E-mail: alfred@schmidpeter.de

[*] X-ray structure analysis.
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far the longest ones known for a chloro-
arsine (average 249 pm).

haloarsanyl ylides. In a recent paper we reported the
formation of ylide adducts of AsCl;.[

The trimethylsilyl ylides 1 and 3 react smoothly with one
and two equivalents of AsCl;, respectively, to give the
dichloroarsanyl ylide 2b and bis(dichloroarsanyl) ylide 5b
as bright yellow and pale yellow crystals, respectively,
(Schemes 1 and 2). If one equivalent of AsCl; is used, the
substitution reaction at 3 stops at the dichloroarsanyl tri-
methylsilyl ylide 4b, which is not stable in solution. Its decom-

Me Me
ECl,
— Me,SiCl
Ph,P SiMe, 3 Phl ECl,
1 2a E=P
2b E=As
Scheme 1.
SiMe SiMe ECI
¢ ECI, /J\ 8 ECI, P/J\?
—_— —_—
) - Me,SiCl — Me,SiCl
Phy SiMe, 3 Ph,P ECl, 3 Phy ECl,
3 4a E=P 5a E=P
4 E=As 5b E=As
Scheme 2.
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position will be discussed in a later section. All reactions
follow the formation of the respective phosphorus compounds
2a, 4a, and 5a.

In solution compounds Sa and 5b enter in a slow exchange
of ECl, (E=P, As) groups to give the mixed compound 5S¢
(Scheme 3). The respective equilibrium can be reached faster
by adding PClI; to a solution of Sb. Compound 5c¢ is favored
over compounds Sa and 5b more than expected from

PCl, syn-¢ PCl,
AsCl, AsCly

5b 5a

anti-5¢
Scheme 3.

statistics, presumably because it gives more structural oppor-
tunities. Like the two identical EC, groups in 5a and in 5b
(see next section), the two different ECl, groups in 5S¢ will
differ in orientation. This leads to two nonidentical con-
formers denoted as syn-5¢ and anti-5¢ (with regard to the
synperiplanar and antiperiplanar orientation of the PCl, lone
pair to the phosphonium group). Rotation interconverts the
two conformers, however, as the 3P NMR spectrum shows
only averaged signals with 2/, =133.5 Hz. If we assume that
the individual coupling constants for 5¢ are %/pp(,, ~ 210 Hz
and “Jpp(ui ~ 0 Hz as for 5al?, the averaged coupling constant
found for Sc suggests that syn-Sc¢ is significantly favored over
anti-Sc.

Structural comparisons: The results of the X-ray structure
analysis of 2b and 5b (Figures 1 and 2) may be compared with

Figure 1. Molecular structure of 2b in the crystal (thermal ellipsoids with
30% probability, hydrogen atoms omitted).

3532

Figure 2. Molecular structure of 5b in the crystal (thermal ellipsoids with
30% probability, hydrogen atoms omitted).

each other as well as to the known structures of the
corresponding phosphanyl compounds 2al? (Table 1) and
5al?. In case of the bis(phosphanyl) and bis(arsanyl) com-
pounds the structure of the phenyl derivatives 6al'”l and 6b!"3
(5a, b with Ph in place of Cl) are also known and may be
included in the comparison (Table 2).

Table 1. Relevant bond lengths [pm], bond angles [°], and dihedral angles
[°] of the dichlorophosphanyl ylide 2al?l and the dichloroarsanyl ylide 2b.
(The numbering refers to Figure 1; for 2a E designates the P atom.)

2a 2b
E P As
P0—CO 171.8(4) 172.3(2)
C0—E1 170.5(4) 183.1(2)
C0—C1 151.7(5) 151.3(3)
E1-Cl1 209.6(2) 221.6(1)
E1-CI2 218.7(2) 237.0(1)
E1-C0-C1 125.2(3) 123.9(2)
P0-CO-E1 116.4(2) 113.9(1)
P0-C0-C1 117.7(3) 120.4(2)
sum 359.3 358.2
C0-E1-Cl1 102.8(1) 99.1(1)
C0-E1-CI12 104.2(1) 105.0(1)
Cl1-E1-CI2 92.2(1) 90.9(1)
sum 299.2 294.9
P0-CO-E1-Cl1 151.0 163.1
P0-C0-E1-CI2 1133 103.6
average 1322 133.3

For a first approximation the orientation of the EX, groups

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

is the same in all compounds. While the first EX, group stands
with its vacant tetrahedral position (i.e., with its lone pair of
electrons) roughly synperiplanar to the phosphonium group,
the second one exhibits an antiperiplanar orientation.

The structure of the dichlorophosphanyl ylide 2a (and that
of related compounds) has been rationalized to reflect a
charge transfer from the ylide moiety to one of the PCI bonds
(negative hyperconjugation ¥1); the PCI group is rotated
somewhat from the ideal synperiplanar orientation (with two
equal dihedral P-C-P-Cl angles of approximately 130°). In this
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Table 2. Relevant bond lengths [pm], bond angles [°], and dihedral angles
[°] of the bis(phosphanyl) ylides 5al?l, 6a,l'"! and bis(arsanyl) ylides 5b and
6b!"). (The numbering refers to Figure 2; for 5a and 6a E1 and E2 mean
the P atoms.)

Sa 5b 6a 6b
E P As P As
X Cl Cl Ph Ph
P0—CO 173.9(4) 173.2(3) 172.0(5) 169.8(4)
CO0—E1 176.3(3) 189.2(2) 179.4(4) 193.6(4)
CO0—E2 176.0(3) 189.1(3) 179.5(4) 193.8(4)
E1-X1 209.3(2) 221.3(1) 183.5(4) 197.0(4)
E1-X2 210.0(2) 227.4(1) 183.1(5) 195.9(5)
E2-X3 208.6(2) 222.2(1) 184.1(4) 197.4(5)
E2-X4 211.6(2) 225.2(1) 183.0(5) 197.0(5)
E1-C0-E2 1163(2) 115.7(1) 119.4(2) 116.4(2)
P0-C0-E1 111.7(2) 114.6(1) 107.4(2) 108.4(2)
P0-C0-E2 131.9(2) 127.1(1) 179.5(4) 128.0(2)
sum 359.9 3574 355.6 352.8
C0-E1-X1 102.9(1) 96.6(1) 107.6(2) 104.4(2)
C0-E1-X2 104.3(1) 103.2(1) 106.8(2) 103.6(2)
X1-E1-X2 96.0(1) 95.2(1) 101.6(2) 100.5(2)
sum 303.2 295.0 316.0 308.5
C0-E2-X3 105.0(1) 100.5(1) 109.5(2) 108.6(2)
C0-E2-X4 104.3(1) 102.5(1) 108.9(2) 104.6(2)
X3-E2-X4 97.4(1) 95.1(1) 102.6(2) 100.1(2)
sum 306.7 298.0 321.0 3133
P0-C0-E1-X1 136.8 174.3 132.0 138.3
P0-C0-E1-X2 123.5 91.3 119.6 116.8
average 130.2 132.8 125.8 127.6
P0-C0-E2-X3 134.9 175.0 148.7 158.5
P0-C0-E2-X4 1232 102.6 99.8 95.4
average 129.1 138.8 124.3 127.0

way one of the PCl bonds (dihedral angle 113°) approaches an
orientation parallel to the carbon p, orbital (corresponding to
a dihedral angle of 90°) and becomes 9 pm longer than the
other PCI bond (dihedral angle 151°). The same is now also
found for the dichloroarsanyl ylide 2b, but is distinctly more
pronounced: The AsCl, group is rotated further towards the
orientation of one AsCl bond (dihedral angle P-C-As-Cl=
104°) ecliptic to the ylidic lone pair. At the same time the
second AsCl bond comes closer to the P-C-As plane (dihedral
angle P-C-As-C1=163°). As a consequence, the first AsCl
bond is 15 pm longer than the second one. With 237 pm it is
the second longest AsCl bond in a y-tetrahedral structure
known so far (see Table 6 later).The average dihedral angle is
the same in 2a and 2b.

In the bis(dichlorophosphanyl)ylide 5a two PCl, groups
share the influence of one ylide unit, which consequently
becomes less marked than in 2a. The two PCl bond lengths of
the same group differ by only 1 pm (in the syn-PCl, group)
and 3 pm (in the anti-PCl, group). Again the effect is more
pronounced in the corresponding dichloroarsanyl compound
5b. In 5b both AsCl, groups deviate more strongly from the
symmetric situation than the PCl, groups in Sa—the syn-
AsCl, group more so than the anti-AsCl, group—and the
AsCl bonds differ by 6 pm from each other in the syn-AsCl,
group and by 3 pm in the anti-AsCl, group. In every case the
longer AsCl bond comes along with the smaller dihedral
angle.

This kind of charge transfer is also reflected in the length of
the C—As bond,[" 2 which becomes shorter in the expected
order from 6b (194 pm) to 5b (189 pm) and 2b (183 pm,
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which is shorter than the C—As bonds in arsabenzenes??”).
This is exactly the same trend as experienced for the
corresponding phosphanyl ylides (Figure 3). The coordination
of the ylidic carbon atom deviates only very little from

170 PhsPC(EPh,),
177 A
£ Ph,PC(ECL,),
o 175 1
(@]
©
173 -
LA P Ph,PCMeECI,
169 . . . : ; :
182 184 186 188 190 192 194

d CAs/pm

Figure 3. Correlation of CP and CAs bond lengths (Tables 1 and 2) in
triphenylphosphonium phosphanyl and arsanyl ylides.

planarity in all the ECl, compounds (sum of angles >357°);
however, slightly more deviation is found in the EPh,
compounds 6a and 6b. The bonding situation as deduced
from the structures of 2b and 5b may be expressed by the
resonance formulas shown in Scheme 4.

>;As/ -—>
+ \
Ph,P Cl

Scheme 4.

Ph.P cr

The Ph;PCAsCI dimer, a 1,3-diarsetane: From the 1:1 mixture
of 3 and PCl; eventually two moles of Me;SiCl are lost and,
consequently, Ph;PCPCI can be anticipated as the product. As
already mentioned in the introduction in fact a dimer (7a), a
trimer, and a tetramer of this composition are obtained under
somewhat different conditions.*! The trimethylsilyl dichloro-
arsanyl ylide 4b, which results as the primary product from
the 1:1 reaction of 3 with AsCl; (see above), slowly loses a
further molecule of Me;SiCl leading to Ph;PCAsCl as the final
product composition (Scheme 5). From its benzene solution
yellow crystals of the dimer 7b separate after two weeks.?! In
analogy to 7a a 1,3-diarsetane structure is expected.

24 ——> Ph,P==< )——=PPh,
-2 Me,SiCl

Scheme 5.

The 3P NMR spectrum of 7b in pyridine shows only a
singlet at d =11.6 in accord with a symmetric structure. For
the solution of 7b in dichloromethane, however, an AB
pattern is observed; this indicates that 7b has been protonated
to 8b by this solvent (Scheme 6): 0, =19.7 (Ph;P), 65 =23.5
(PhyP*), Jog =33.2 Hz (“Jpp).
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For a further structural proof 8b was converted to its
bis(diphenylphosphanyl) derivative 9, which displays an
ABG, spin system in the *'P NMR spectrum (CH,CL,): 6, =
19.3 (PhsP), 65 =24.4 (Ph;P"), 6o = —12.9 (Ph,P), /.5 =7.6 Hz
(“pp), Jac=3.0 Hz (3Jpp), Jgc =21.8 Hz (3Jpp).

The X-ray structure analysis of crystals grown from a 1:1
dichloromethane/benzene solution of 7b also documents the
ionic structure of 8b for the solid state (Table 3). There are

Table 3. Selected bond lengths and distances [pm], bond angles [°], and
dihedral angles [°] of the two symmetry-independent units of 8b. (The
numbering refers to Figure 4.)

P1-Cl 173.2(10) 171.4(10)
P2-C2 180.5(9) 180.5(9)
Cl-Asl 186.2(9) 187.3(9)
Cl-As2 188.7(10) 190.3(10)
C2-Asl 197.5(11) 200.7(9)
C2-As2 200.5(9) 200.2(9)
Asl—Cll 233.6(3) 232.9(3)
Asl—CI3 339.3 335.7
As2—CI2 241.6(3) 240.9(3)
As2—CI3 277.7 279.1
P1-Cl-Asl 127.7(6) 126.8(6)
P1-Cl-As2 128.7(5) 131.1(6)
Asl-Cl-As2 99.2(4) 98.0(4)
P2-C2-Asl 122.0(5) 120.5(5)
P2-C2-As2 127.2(5) 127.9(4)
Asl-C2-As2 91.6(4) 90.6(4)
Cl-Asl-C2 80.5(4) 81.3(4)
Cl-Asl-Cll 105.2(3) 104.6(3)
C2-As1-Cll 952(3) 95.1(3)
Cl1-As2-C2 79.1(4) 80.7(4)
Cl1-As2-CI2 101.5(3) 102.3(3)
C2-As2-CI2 94.4(3) 94.2(3)
C1-As2-CI3 93.7 9.8
C2-As2-CI3 84.6 84.0
CI2-As2-CI3 164.2 164.4
P1-Cl-Asl-Cll 94.9 95.9
P1-C1-As2-CI2 93.9 93.7

two independent molecules in the asymmetric unit of the unit
cell. They have almost identical bonding parameters. Only
one of the two molecules is depicted in Figure 4. The
diarsetane ring of the cation is slightly folded with the
substituents Cl1 and Cl2 at the same side. The three-
coordinate carbon ring-member C1 deviates somewhat from
planarity (sum of angles 356°). As the other carbon ring-
member C2 is protonated, the structural effect of the ylide
part can be read from the comparison of the two different
halves of the cation. All the bonds of C1 are shorter than the
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Figure 4. Molecular structure of one of the 8b units (thermal ellipsoids
with 30 % probability, for clarity the phenyl groups are represented only by
their ipso-carbon atoms).

corresponding ones of C2; in particular the C—As bonds are
on the average 11 pm shorter. The dihedral angles P1-C1-As1-
CI1 and P1-C1-As2-CI2 are small (95°) and promise long AsCl
bonds (see above), which are indeed found: As1—Cl1 (average
233.5 pm) is similar in length to the AsCl bonds in 2b and 10;
As2—CI2 (average 241.4 pm) is further lengthened, however,
by a contact of the anion CI3 to As2 (average 278.4 pm).
Including this contact, As2 approaches a y-trigonal-bipyra-
midal (1-tbp) coordination with CI2 and CI3 occupying the
axial positions at rather different distances.’ As a conse-
quence of the higher coordination of As2, the two As2—C
bonds are also somewhat longer than the corresponding
As1—C bonds. As compared with 7b, HCI has been added in
8b to the bond As2—C2, which consequently has become the
longest of the four ring bonds. The intramolecular contact of
CI3 to the other arsenic atom Asl (average 337.5 pm) is
considerably longer than that to As2.? The crystal contains
2.5 molecules of benzene per molecule of 8b.

The Ph;PCASsCI trimer, a 1,3,5-triarsinane: Several months
after the yellow crystals of 7b had been obtained as described
above, red crystals of compound 10 separated from the same
solution (Scheme 7). They are much more soluble than those

PPh

Che cl
as” as”
AsCl,~
= +
Phy AT PPh,

AsCly
-3 Me,SiCl

Scheme 7.

of 7b and have the composition (Ph;PCAsCl);AsCly(C4Hg),5-
In contrast to 7b the product 10 is not protonated in CH,Cl,.
Its 3P NMR spectrum represents an AB, spin system (0, =
28.0, 05 =34.4; J,5=6.5 Hz) and indicates a six-membered
ring of alternating Ph;PC and AsCl units; one AsCl unit is
dissociated and its chloride ion is incorporated into an AsCl,~
anion.
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While the chloride exchange in the analogous Ph;PCPCl
trimer is fast and leads to broad and averaged signals at room
temperature, the exchange in 10 is slow and leaves the
signals sharp. However, this is not due to the AsCl,~ complex
anion as the spectrum does not change when a soluble
chloride such as [Et,N]Cl is added.

The structure as deduced from the 3'P NMR spectrum is
confirmed also for the solid state by an X-ray structure
analysis (Figure 5). One of the phenyl groups of the cation is
rotationally disordered.

Figure 5. Molecular structure of the cation and anion of 10 (thermal
ellipsoids with 30 % probability, hydrogen atoms omitted).

The triarsinane ring is present in a twist conformation with
the three carbon atoms in planar coordination.”l The two
AsCl bonds are nearly perpendicular to the plane As2-C2-As3
(average dihedral angle P-C-As-Cl=100°), see Figure 6.

All bond lengths and angles in the triarsinane ring (Table 4)
are found in the expected range and order. The charge
transfer of the type discussed above from the ylidic carbon
atom C2 results in relatively short C2—As2 and C2—As3 bonds
(188 pm) and in long As—Cl bonds (average 235 pm). In
accordance with the dissociation the C-As-C angle at Asl is

Figure 6. “Side view” of the cation of 10.
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Table 4. Selected bond lengths [pm], bond angles [°] and dihedral angles
[°] of the cation and anion of 10. (The numbering refers to Figure 5.)

P1-C1 174.2(5) C1-As1-C3 103.7(2)
P2-C2 174.5(5) Cl-As2-CI2 96.3(2)
P3-C3 174.7(5) C2-As2-CI2 100.9(2)
Cl—Asl 184.6(5) C1-As2-C2 102.3(2)
Cl1-As2 192.1(5) C3-As3-CI3 99.1(2)
C2—As2 188.1(5) C2-As3-C13 101.2(2)
C2—As3 188.0(5) C3-As3-C2 101.1(2)
C3—Asl 184.2(5) P1-C1-As2-CI2 117.1
C3—As3 192.4(5) P2-C2-As2-CI2 104.6
As2—CI2 232.6(2) P2-C2-As3-CI3 94.9
As3—CI3 236.7(1) P3-C3-As3-CI3 115.7
Asl1-C1-P1 116.4(3)

As2-C1-P1 117.4(3) Asd4—Cl4 219.6(2)
Asl1-Cl1-As2 124.9(3) As4—CI5 237.8(2)
sum 358.7 As4—Cl6 217.2(2)
As2-C2-P2 114.6(3) As4—CI1 251.1(2)
As3-C2-P2 116.0(2) Cl4-As4-CI5 90.8(2)
As2-C2-As3 129.4(3) Cl4-As4-Clo 100.7(1)
sum 360.0 Cl4-As4-ClI1 90.6(1)
As1-C3-P3 116.5(3) Cl15-As4-Cl6 91.0(1)
As3-C3-P3 114.5(3) ClI5-As4-Cll 177.8(1)
As3-C3-Asl 128.4(3) Cl6-As4-ClI1 90.4(1)
sum 359.4

wider (104°) than those at atoms As2 and As3 (102°), and the
adjacent CAs bonds (184 pm) are even shorter than C2—As2
and C2—As3. Evidently a good deal of the arsenium charge
generated by the dissociation at Asl is delocalized over the
phosphonium moieties P1 and P2. The C1—-As2 and C3—As3
bonds (192 pm) on the other hand remain close to single bond
length.') An analogous structure is to be assumed for the
cation of the trimer (Ph;PCPCIl);, for which no structure
determination is available. The anion of 10 has the y-tbp
structure known from other salts.?”]

As demonstrated by the discussed structural details, the
cation of 10 consists of two rather independent parts, that is,
the uncharged and the charged half of the ring. The latter
represents the second example of an arsa-phosphocyanine.?S]
As the first example we reported earlier a diphosphonio-
isoarsindolide cation.? Its tetrachoroarsenate(tr) 12 is read-
ily obtained from the reaction of the dimethyl 2-silaindane 11
with arsenic trichloride (Scheme 8; see also Experimental
Section).

2 AsCl, )
~Me,SiCl AsCly

Ph Ph

Me Me

1 12
Scheme 8.

In more general terms arsacyanines are polyene cations
with a central two-coordinate arsenic atom. Depending on the
length of the chain and the nature of the terminal groups the
center has arsenium or arsenide character. The cations of 10
and 12 naturally are of the arsenium type and correspond in
this respect to the heterocyclic arsatrimethyne cyanines,? 31
while the heterocyclic arsamonomethyne cyanines? 3! rep-
resent the arsenide type.

0947-6539/00/0619-3535 $ 17.50+.50/0 3535





FULL PAPER

A. Schmidpeter et al.

The Ph;PCAsCl tetramer, a 1,3,5,7-tetraarsabarrelane: If
performed in pyridine, the reaction of equimolar amounts of
3 and PCl; leads to a tetramer of the final condensation
product.* 11 An analogous result is obtained with AsCl;.
Compound 4b is monitored as an intermediate and survives
longer than the corresponding phosphorus compound 4a.
Also observed are compounds 8b and 10 as minor byproducts.
As the main product the tetramer 13 is formed (Scheme 9),
which starts to separate from the solution after two weeks
in orange crystals of the composition (Ph;PCAsCl),AsCl;-
(CsHsN)s.

//DPh3

4 4b Al Ph PC}\A{‘\
.
~4Me,SiCl s >/ \/‘/FPha
l/AS pPhy Y AsCl”
C cl
13
Scheme 9.

The 3P NMR spectrum (in CH,Cl,) demonstrates an A;B
spin system: 0, =27.9, 05 =43.4, J,5 = 7.2 Hz. This suggests an
ionic structure for 13 and a barrelane structure for its cation in
analogy to the structure found for the phosphorus-contain-
ing tetramer. The arsenium charge originating from the
dissociation of an AsCl bond shows up as a phosphonium
charge.

This structure is further confirmed by an X-ray investiga-
tion (Figures 7 and 8 and Table 5). The AsCl bond lengths in
the cation (average 249 pm) are by far the longest observed at
a three-coordinate, pyramidal arsenic atom (see Table 6). This
result gains particular significance by the fact that the PCl
bond in the analogous cation, which contains phosphorus in
place of arsenic, are also the longest observed so far for three-
coordinate phosphorus. These PCl and AsCl bond lengths in
fact fit well into a more general correlation of PCl/AsCl bonds

Figure 7. Molecular structure of the cation of 13 (thermal ellipsoids with
30% probability, for clarity the twelve phenyl groups at P1-P4 are
omitted).
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Figure 8. The AsCl,~ anion of 13 in two overlapping sites at Cl7 (thermal
ellipsoides with 30 % probability).

As5

Table 5. Selected bond lengths [pm], bond angles [°], and dihedral angles
[°] of the cation and anion of 13 (The numbering refers to Figures 7 and 8.)

P1—C1 185.4(6) P1-C1-As2 108.6(3)
P2—C2 173.3(6) P1-C1-As3 109.8(3)
P3—C3 174.3(6) P1-Cl-As4 108.6(3)
P4—C4 171.8(7) C1-As2-CI2 90.6(2)
Cl—-As2 202.6(6) C2-As2-C12 107.6(2)
Cl1—-As3 203.8(6) C1-As2-C2 100.8(3)
Cl—-As4 205.8(6) C1-As3-CI3 92.2(2)
C2—Asl 192.6(7) C3-As3-CI3 107.7(2)
C2—As2 183.7(7) C1-As3-C3 101.6(3)
C3—Asl 193.8(6) C1-As4-Cl4 91.1(2)
C3—As3 182.6(7) C4-As4-Cl4 105.9(2)
C4—Asl 193.6(6) C1-As4-C1 102.0(3)
C4—As4 185.0(6)
As2—CI2 251.6(2) As1-C2-P2 115.0(4)
As3—CI3 247.8(2) As2-C2-P2 117.5(4)
As4—Cl4 247.4(2) As1-C2-As2 127.4(3)
sum 359.9
P2-C2-As2-CI2 92.7
P3-C3-As3-CI3 92.3 As1-C3-P3 116.6(4)
P4-C4-As4-Cl4 85.4 As3-C3-P3 116.8(3)
As1-C3-As3 126.6(3)
sum 360
As1-C4-P4 117.0(4)
As4-C4-P4 118.0(3)
As1-C4-Asd 124.9(3)
sum 359.9
C2-As1-C3 98.1(3)
C2-As1-C4 99.4(3)
C3-Asl-C4 97.9(3)
As5—Cl6 224.4(5) Cl6-As5-Cl17 88.2(2)
As5—Cl7 215.0(3) Cl6-As5-C19 94.0(2)
As5—CI9 246.4(5) Cl6-As5-ClI11 92.2(2)
As5—CI11 245.1(5) Cl7-As5-C19 88.1(1)
Cl7-As5-ClI11 97.2(1)
As6—Cl7 235.5(3) Cl19-As5-ClI11 172.0(2)
As6—CI8 222.8(5)
As6—CI5 249.1(4) Cl7-As6-CI8 88.8(2)
As6—CI10 243.8(5) Cl7-As6-CI5 96.8(1)
Cl7-As6-CI10 91.4(2)
C18-As6-CI5 90.5(2)
CI8-As6-CI10 91.7(2)
Cl5-As6-CI10 171.6(2)

of chlorophosphines and chloroarsines (see below, Figure 9).
The extreme bond lengths seem to result from two super-
imposed effects: 1) the ECl bonds stand almost exactly
perpendicular to the ylide plane (dihedral angle P-C-P-Cl=
90.5°01 average P-C-As-Cl1=90.1°, Table 5) and enable a
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Table 6. dECI bond lengths in corresponding chlorophosphines and
chloroarsines.

dECI [pm]
P As
ECl, 204.3(3)) 216.1(4)
(tBuNECI), 209.6(7)11 224.9(3)1#
211.4(7) 225.2(2)
Ph;PC(ECL,), 208.6(2)2 221.3(1)
209.3(2) 2222(1)
210.0(2) 225.2(1)
211.6(2) 227.4(1)
(CH,);(MeN),ECI - 235.7(2)I
Ph,PMeCECI, 209.6(2) 221.6(1)
218.7(2) 237.0(1)
(CH,),(BuN),ECI 231.4(1)14 237.5(2)41
(CH,),(MeN),ECI - 239.0(5)1!
E(Ph;PCECI);CPPh;* 235.3(2)4 247.4(2)
247.8(2)
251.6(2)

most effective charge transfer, and 2) each ECI bond has an
intramolecular trans contact to the chlorine atom of a
neighboring ECl group. These contacts (dP---Cl=
319.0 pm,l') average dAs---Cl=329.0 pm) are far beyond
normal bond lengthsP2, but they are shorter than the
respective  van der Waals  distances (dP---Cl=370 pm,
dAs---Cl1=380 pm). The AsCl,~ anion of 13 has a -tbp
structure as in 10. It occupies, however, to an equal extent two
different sites that share the position of one equatorial
chlorine atom (Cl7, Figure 8).

The structural data of the new ylide derivatives 2b, 5b, 8b,
10, and 13 extend the range of known AsCl bond lengths in
chloroarsines considerably, and the same applies to the data of
the corresponding chlorophosphines and to the PCl bond
lengths. In order to compare the impact of a certain molecular
situation on the PCl and AsCl bond, we collected the available
pairs of molecular structures in Table 6 and correlated their
PCI and AsCl bond lengths in Figure 9. As can be seen, the
two sorts of bonds are influenced in the same manner and to
quite the same extent.

240 A
A A
.

230 A
£
a
g 220 A .
k]

°
210 4 » P
o
200 T T T ]
215 225 235 245 255

d AsCl/ pm

Figure 9. Correlation of bond lengths dPCl and dAsCl in corresponding
compounds (from Table 6). o ECl;, m Ph;PMeCECI,, < Ph;PC(ECL),,
o (1BuNECI),, ¢ (CH,),(fBuN),ECl, o E(Ph;PCECI);CPPh;".
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Experimental Section

All manipulations were carried out in flame-dried glassware under argon
with Schlenk tube techniques. Dry dichloromethane, benzene ,and pyridine
were used as obtained (Fluka). Cyclohexane and heptane were dried over
molecular sieves (4 A). AsCls, PCl;, and dimethylchlorosilane were distilled
prior to use. Melting points were measured in sealed capillaries and are
uncorrected. NMR: Jeol EX400 (‘H, **C), Jeol GSX270 (*'P) with Me,Si
(internal) and 85 % H;PO, as standards. Trimethylsilylethylidene triphen-
ylphosphorane 1,31 bis(trimethylsilyl)methylidene triphenylphosphorane
3,31 and o-xylylene bis(triphenylphosphonium) dibromidel®! were pre-
pared as described.

Dichloroarsanylethylidene triphenylphosphorane (2b): AsCl; (2.71 mL,
31.4 mmol) was added dropwise at 0°C over a period of 5 min to a stirred
solution of 1 (10.3 g, 28.5 mmol) in benzene (25 mL). The yellow solution
was stirred for 4 h at RT, after which cyclohexane (6 mL) was added. After
standing at room temperature for 12 h, bright yellow crystals of 2b were
filtered off, washed twice with benzene/cyclohexane (1:1), and dried in
vacuo. After concentration of the filtrate to about 20% of its original
volume a second crop could be obtained. Yield 10.3 g (83 %) of 2b; m.p.
153-155°C; "H NMR (C¢Dy): 6 =2.54 (d, *Jpy=15.7 Hz, 3H, CHj;), 6.94 -
702 (m, 6H, m-H), 7.07-715 (m, 3H, p-H), 740-7.49 (m, 6H, o-H);
BC{'H} NMR (CD,CL): 6=16.0 (d, 2Jpc =3.8 Hz, CH;), 63.7 (d, Ypc=
91.5 Hz, C=PPhy), 125.0 (d, Jpc = 88.4 Hz, i-C), 129.4 (d, Jpc =12.3 Hz, m-
C), 133.3 (s, p-C), 133.9 (d, 2Jpc =10.0 Hz, 0-C); elemental analysis calcd
(%) for Cy,H,sPAsCl, (435.16): C 55.20, H 4.17; found C 54.87, H 4.26.

Bis(dichloroarsanyl)methylidene triphenylphosphorane (5b): Compound
5b was prepared from 3 (2.4 g, 5.8 mmol) and AsCl; (1.1 mL, 17.7 mmol) in
benzene (15 mL) with the procedure described for 2b above. Yield 2.8 g
(86 %) of 5b; m.p. >93°C (decomp); '"H NMR (CD,Cl,): 6 =7.60-7.65 (m,
6H, m-H), 7.71-7.76 (m, 3H, p-H), 7.84-7.90 (m, 6 H, 0-H); *C{'"H} NMR
(CD,CL,): 6=68.0 (d, 'Jpc=71.5 Hz, C=PPh;), 124.7 (d, 'Jpc=91.5 Hz, i-
C), 129.3 (d, 3Jpc =13.1 Hz, m-C), 133.6 (d, “Jpc=3.1 Hz, p-C), 134.5 (d,
2Jpc=10.8 Hz, 0-C); elemental analysis caled (%) for C,H;sPAs,Cl,
(565.96): C 40.32, H 2.67; found C 40.68, H 2.79.

Reaction of 5b with PCl;: PCl; (0.014 mL, 0.16 mmol) was added to a
solution of 5b (88 mg, 0.16 mmol) in dichloromethane (0.5 mL) in an NMR
tube. After 45 min, a 3P NMR spectrum of the pale yellow solution was
recorded and showed the signals of 5¢ (38%), 5a (10%), and 5b (31 %).
Another P NMR spectrum was recorded after 3d and showed the
following intensities of the signals of 5¢ (73 %), 5a (12%), and 5b (15%).

Reaction of 5b with 5a: In an NMR tube 5b (0.06 g, 0.11 mol) and 5a
(0.05 g, 0.10 mmol) were dissolved in dichloromethane (0.5 mL). After 2 h
the 3'P NMR spectrum showed only the signals of Sa and 5b; after 3 d also
the signals of 5¢ (4% ) were also observed.
1,3-Dichloro-2,4-bis(triphenylphosphoranediyl)-1,3-diarsetane (7b), 1,3-di-
chloro-2-triphenylphosphonio-4-triphenylphosphoranediyl-1,3-diarsetane
chloride (8b), and 3,5-dichloro-2,4,6-tris(triphenylphosphoranediyl)-1,3,5-
triarsinenium tetrachloroarsenate ) (10): AsCl; (1.16 mL, 13.4 mmol) was
added dropwise at RT over a period of 30 min to a stirred solution of 3
(6.07 g, 14.4 mmol) in benzene (200 mL). The yellow solution was stirred
for additional 3 h. After 3 weeks yellow crystals of 7b were filtered off,
washed twice with cyclohexane/benzene (2:1), and dried in vacuo. In the
next 3 months four crops of 7b were obtained. Yield 0.91 g (18 %), m.p.
>103°C (decomp); elemental analysis caled (%) for CsHjzAs,CLP,
(769.35): C 59.32, H 3.93; found C 59.65, H 4.01. From the mother liquor,
after 4 months, some pale yellow crystals of 8b were filtered off and used
for a crystal structure determination. After 11 months red crystals of 10-
2/3C4H, were filtered off, washed with cyclohexane/benzene (3:1), and
dried in vacuo. Yield 0.51 g (3%); m.p. >141°C (decomp); 'H NMR
(CD,CL,): 6="17.36 (s, 4H, CHg), 743-7.56 (m, 18 H, m-H), 7.63-7.77 (m,
27H, o-H/p-H); elemental analysis calcd (% ) for C¢;HyAs,ClP; (1387.39):
C 52.86, H 3.56; found C 52.02, H 3.66.

Reaction of 7b with Ph,PSiMe;: In an NMR tube 7b (180 mg, 0.2 mmol)
was dissolved in dichloromethane (0.5mL) and Ph,PSiMe; (0.13 g,
0.5 mmol) was added. After 45 min a 3'P NMR spectrum of the orange
solution was recorded and showed the signals of 9.
3,5,7-Trichloro-2,6,8-tris(triphenylphosphoranediyl)-4-triphenylphospho-
nio-1,3,5,7-tetraarsabarrelane tetrachloroarsenate(tir) (13): AsCl; (0.25 mL,
2.90 mmol) was added to a stirred solution of 3 (1.22 g, 2.90 mmol) in
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pyridine (8 mL) at 60 °C. After 3 h the solution had turned red and was kept
at 60°C for additional 18 h without stirring. After standing at room
temperature for 24 h cyclohexane (2.5mL) was added. A 3P NMR
spectrum was recorded and showed the signals of 10 (7 %) and 4b (73 %).
After 12 d orange crystals of 13- 2.5 CsHsN began to form, and were filtered
off after 11 months and dried in vacuo. Yield 0.69 g (62%), m.p >137°C
(decomp); '"H NMR (CD,Cl,): 6 =7.27-7.39 (m, 27H, m-H/p-H), 7.43 - 7.48
(m, 18H, 0-H), 7.52-7.56 (m, 6 H, m-H), 7.59-7.63 (m, 6 H, 3-H, Py), 7.67 -
771 (m, 3H, p-H), 774777 (m, 6H, 0-H), 787-7.90 (m, 3H, 4-H, Py),
8.12-8.17 (m, 6 H, 2-H, Py); elemental analysis calcd (% ) for C;sHgAssCl;-
P,-2.5CsHsN (1917.73): C 55.42, H 3.78, N 1.83; found C 55.33, H 4.05, N
1.56.

2,2-Dimethyl-1,3-bis(triphenylphosphoranediyl)-2-silaindane (11): o-Xy-
lylene bis(triphenylphosphonium) dibromide (147.6 g, 187.2 mmol) and
NaN(SiMe;), (136.0 g, 741.5 mmol) in benzene (1000 mL) gave a dark red
solution, which was cooled to 0°C. Dimethyldichlorosilane (24.08 g,
186.6 mmol) was added dropwise over 45 min, and the resulting suspension
was stirred at RT for an additional 24 h. The precipitate was filtered off and
washed with benzene (2 x 100 mL). The filtrate was concentrated in vacuo
to half its original volume and heptane (25 mL) was added. After 24 h dark
red crystals of 11-C¢H, were filtered off, washed twice with benzene/
heptane (1:1), and dried in vacuo. After further concentration of the filtrate
a second crop was obtained. Yield 57.7 g (41 %) of 11- C¢Hy; m.p. >94°C
(decomp); *'P{'H} NMR (C¢Hy): 0=8.9 (s, 94%; d, 6%, %p=27.6 Hz);
»Si INEPT NMR (C¢Hg, CsDg): 0=114 (t, YJgp=278 Hz); 'H NMR
(C¢Dg): 6 =—-0.19 (s,6H, CH;), 6.44—6.62 (m, 4H, 4-H/5-H), 6.90 - 7.02 (m,
18H, m-H/p-H), 7.15 (s, 6 H, C¢Hy), 7.84-7.88 (m, 12 H, o-H); *C{'"H} NMR
(C¢Dg): 6 =82 (s, CH;), 29.4 (dd, Jpc=100.7 Hz, 3Jpc = 12.2 Hz, C=PPh;),
116.2 (s, 5-C), 119.6 (t, Jpc =4.6 Hz, 4-C), 128.4 (m, i-C), 128.5 (s, m-C),
131.1 (s, p-C), 134.6 (m, 0-C), 148.3 (m, 3a-C); elemental analysis calcd (%)
for Cs,H,sP,Si (760.97): C 82.08, H 6.09; found C 82.65, H 6.53.

1,3-Bis(triphenylphosphonio)isoarsindolide tetrachloroarsenate() (12): A
solution of AsCl; (0.34 g, 1.9 mmol) in benzene (5 mL) was added dropwise
at RT over 10 min to a stirred solution of 11 (1.21 g, 1.8 mmol) in benzene
(30 mL). After 24 h of additional stirring, a percipitate was filtered off. It
was recrystallized from dichloromethane and dried in vacuo. Yield 0.6 g
(37%) of 12; m.p. 213-216°C; 3'P{'H} NMR (CDCly): 6=175 (s);
'H NMR (CDCly): 6 =6.64-6.96 (m, 4H, 4-H/5-H), 7.47-7.73 (m, 30H,
aromatic H); “C{'H} NMR (CDCl;): 6=120.9 (s, 5-C), 122.1 (t, Jpc=
3.8 Hz, 4-C), 122.5 (dd, Jpc=89.3 Hz, 11.5 Hz, C=PPhs), 122.8 (d, Jpc=
90.8 Hz, i-C), 129.7 (m, m-C), 133.6 (m, 0-C), 134.1 (s, p-C), 146.1 (m, 3a-
C); elemental analysis calcd (%) for C,,H;,P,As,Cl, (916.36): C 57.67, H
3.74; found C 57.04, H 3.83.

Determination of the crystal and molecular structures of 2b, 5b, 8b, 10, and
13: A Siemens P4 X-ray diffractometer equipped with an LT2 low-
temperature device and a CCD area detector was used for all measure-
ments with Moy, radiation and a graphite monochromator. The selected
single crystals were covered with a film of perfluoroether oil, mounted on a
glass fibre, and cooled to 193 K on the goniometer head. The preliminary
determination of the dimensions of the unit cell used all data collected on
60 frames recorded in groups of 15 for different ¢ and y angles. The final
cell dimensions were calculated from the data on all frames, each of them
recorded with 10 s exposure time. The data were then reduced by using the
program SAINT.’] Empirical absorption correction (either semiempirical
or by program SADABSP") was employed by using all data with I > 200(1).
The structures were solved by the heavy-atom method as implemented in
the program SHELXTL.P! Non-hydrogen atoms were refined anisotropi-
cally. The positions of the hydrogen atoms were calculated and included in
the final refinement with a riding model and a fixed isotropic U adjusted to
1.2 U,, of the respective carbon atom. Typical data referring to crystallog-
raphy, data collection, and structure solution are collected in Table 7.
Crystallographic data (excluding structure factors) for the structures

Table 7. Crystallographic data and details of data collection and structure refinement of compounds 2b and 5b, 8b, 10, and 11.

2b Sb 8b (CH)sp 10 (CeHe)oa!™ 11(CsH;sN)s
formula CyH3AsCLP CyH;5As,CLP Cs;HysAs,CLP, Cy1Hy9As,ClcPs Ci01HgsAssCl;NsP,
M, 435.13 565.92 1001.03 1387.29 2115.37
crystal size [mm] 0.45 % 0.47 x 0.5 0.40 x 0.50 x 0.60 0.45x0.25x0.12 0.5x0.5x0.1 0.45 % 0.35 x0.20
crystal system orthorhombic triclinic monoclinic monoclinic triclinic
space group P2.2.2, P1 Cc P2lc P1
a[A] 9.162(4) 9.233(3) 36.9216(3) 14.2254(1) 13.1057(2)
b [A] 13.956(8) 10.889(4) 11.9700(1) 14.9927(3) 18.2564(2)
c[A] 15.121(9) 11.695(4) 22.9826(2) 28.5916(6) 21.5034(2)
a (] 90 77.84(1) 90 90 77.352(1)
£ 1] 90 69.53(1) 103.736(1) 91.329(1) 78.366(1)
v [°] 90 79.13(1) 90 90 73.949(1)
V[A] 1933(2) 1068.3(6) 9866.7(1) 6096.3(2) 4769.5(1)
V4 4 2 8 4 2
Peaiea [Mgm™] 1.495 1.759 1.554 1.512 1.473
# [mm~1] 2.116 3.705 2.320 2.553 2.046
F(000) 880 556 4088 2776 2140
index ranges -10<h<10 —11<h<11 —34<h<33 —-17<h<17 —16<h<16
—18<k<18 —13<k<13 —14<k<14 —18<k<20 —19<k<24
—-19<1<19 —-14<I<15 —28<1<26 —35<1<35 —-27<1<27
20 58.70 58.06 55.62 58.76 58.68
T [K] 193(2) 183(2) 193(2) 193(2) 193(2)
reflns collected 11368 6326 23770 33935 28153
reflns unique 4009 3403 13767 12206 15205
reflns observed 3848 3189 11279 10297 8238
R (int.) 0.0317 0.0129 0.0637 0.0553 0.0818
parameters 289 235 1056 686 1127
weighting schemel®l x/y 0.0212/0.6392 0.0420/0.5488 0.0760/69.264 0.0367/27.271 0.06820/1.0790
GOOF 1.087 1.110 1.168 1.190 0.971
R (40) 0.0216 0.0271 0.0707 0.0600 0.0641
wR2 0.0514 0.0695 0.1696 0.1325 0.1246
largest residual peak [e A=%] 0.226 0.641 1.249 0.718 0.888

[a] There are four additional peaks which form a trapezoid. They were considered to be carbon atoms and were refined only isotropically. [b] One of the
phenyl rings is rotationally disordered and was refined without attached hydrogen atoms. One of the benzene molecules was refined as an ideal hexagon with
SOF = 0.5 and isotropic thermal parameters. A second molecule has a crystallographic C, axis with SOF =0.5; one of its carbon atoms coincides with a
carbon atom of the first benzene molecule. [c] w™!' = 0?F2 + (xP)? + yP; P=(F2+2F2)/3.
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reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-137226 (2b),
137225 (5b), 137222 (8b), 137223 (10), and 137224 (13). Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.
cam.ac.uk).
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Template Effects and Kinetic Selection in the Self-Assembly of Crown Ether
Cyclobis(paraquat-p-phenylene) [2]Catenanes—Effect of the

1,4-Dioxybenzene and 1,5-Dioxynaphthalene Units

Claudio D’A cerno,*! Giancarlo Doddi,**! Gianfranco Ercolani,*'*! and Paolo Mencarelli*!?!

Abstract: The template effects exerted
by bis(p-phenylene)[34]crown-10 (3)
and by 1,5-dinaphto[38]crown-10 (4) in
the ring-closure reaction of the trication
2% to yield the [2]catenanes 74+ and 8+
have been quantitatively evaluated in
acetonitrile at 62°C by UV/visible spec-
troscopy. The rate of ring closure of the
trication 23+ dramatically increases in
the presence of the templates 3 and 4, up

compete for the incorporation into the
catenane structure, has been discussed
in the light of the obtained results. It has
been shown that the product ratio of
catenanes obeys the Curtin—Hammett
principle only if the concentrations of
the templates are equal and much great-
er than that of the substrate. Analysis of
the rate profiles has shown that the 1,5-
dioxynaphthalene unit, present in the

template 4, has a greater affinity than
the 1,4-dioxybenzene unit, present in the
template 3, for the electron-deficient
pyridinium rings present in both the
transition-state and substrate structures.
Ab initio calculations at the 3-21G and
6-31G(d) levels of theory indicate that
the greater affinity of the 1,5-dioxynaph-
thalene unit cannot be explained on the
basis of greater m-m stacking and

to approximately 230 times at [3]~
0.1 molL"!, and up to approximately
1900 times at [4]~0.01 molL~.. The
outcome of kinetic selection experi-
ments, in which the two crown ethers

catenanes

Introduction

In recent years there has been an increasing use of templates
in synthesis which has enormously contributed to the devel-
opment of supramolecular chemistry.!! One of the most fruitful
applications of templates is in the efficient preparation of
interlocked rings, or catenanes, which until recently has eluded
chemists.”) The most common of the templated methods
requires that one ring be thread by the precursor of the second
ring, and the resulting assembly be held together as the second
ring is formed. In other words, one macrocycle must act as a
template for the formation of the second macrocycle.
Despite the numerous examples of template-directed
syntheses of catenanes that can be found in the literature,
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[C—H:--mt] interactions, but rather on
the basis of the model of apolar com-
plexation in which the solvent plays a
major role.

no kinetic study of template effects in catenane formation has
been reported to date, apart from a preliminary account of
this workPl and a competitive study aimed at obtaining the
relative template abilities of two different crown ethers in the
formation of [2]catenanes.

In search of a suitable system for a kinetic investigation, we
were attracted by the elegant reaction, shown in Scheme 1,
which leads to the [2]catenane 7**. This was the first catenane
synthesized by Stoddart and co-workers, in an extraordinary
70% yield, from p-bis(bromomethyl)benzene and the dicat-
ion 1?* in the presence of approximately three equivalents of
bis(p-phenylene)[34]crown-10 (3) in acetonitrile.’ Succes-
sively it was shown that 1,5-dinaphto[38]crown-10 (4) can be
an even better template than the macrocyclic polyether 3.1
According to the mechanism proposed by Stoddart,* ° one of
the free nitrogen atoms of 12+ quaternizes upon treatment
with the dihalide to afford the tricationic intermediate 23+.
This can thread its way through the macrocyclic polyether’s
cavity of 3 or 4 to form the pseudorotaxane, or precatenane,
5% or 6*, respectively, which are stabilized by a combination
of ;- stacking, [C—H --- O] hydrogen bonding, and [C—H ---
wt] interactions.” The precatenane 5** or 6, is ideally
predisposed to form the [2]catenane 74 or 8**, respectively,
by nucleophilic attack of the residual free nitrogen atom on
the remaining benzylic halide site. The reaction therefore
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occurs in two steps, and only the second one would benefit
from the template effect. This prompted us to carry out a
detailed kinetic study in CH;CN at 62 °C of the second step of
the reaction shown in Scheme 1. The aim was to evaluate the
template effects exerted by bis(p-phenylene)[34]crown-10 (3),
and by 1,5-dinaphto[38]crown-10 (4) in the ring-closure
reaction of the acyclic precursor 2% to yield the [2]catenanes
74+ and 8*, respectively. The obtained results are the first
quantitative data on template effects in the formation of
catenanes. Moreover they allow a clearer discussion about the
outcome of kinetic selection experiments in which two
different crown ethers compete for incorporation into the
catenane structure.

Ab initio calculations have been carried out in order to gain a
deeper insight into the effects of the 1,4-dioxybenzene and 1,5-
dioxynaphtalene units present in the macrocyclic templates.

Results and Discussion

Template effects and kinetic selection: In a previous work we
obtained, by 'H NMR in CD;CN at 62 °C, the first-order rate
constant (k, = 8.3 x 1077 s7!) for the cyclization of the trication
2% in the absence of any added template, to yield cyclo-
bis(paraquat-p-phenylene) (9*) [Eq. (1)].

In the present investigation we have studied the cyclization
of the trication 2°* in the presence of the macrocyclic
templates 3 and 4, to yield the catenanes 7 and 8%,
respectively. The kinetics of the formation of catenanes 7+
and 8* have been studied by UV/visible spectroscopy in
acetonitrile at 62°C. The appearance of their charge-transfer

Abstract in Italian: Gli effetti “template” esercitati dal bis-
(p-fenilene)[34]corona-10 (3) e dall’l,5-dinafto[38]corona-
[10] (4) nella reazione di chiusura d’anello del tricatione 2°*
per dare i [2]catenani 7** e 8% sono stati determinati
quantitativamente in acetonitrile a 62 °C tramite spettroscopia
UV-Vis. La velocita di ciclizzazione del tricatione 23* aumenta
notevolmente in presenza degli eteri corona 3 e 4, fino a circa
230 volte a [3] =~ 0.1 mol L™, e fino a circa 1900 volte a [4] ~
0.01 mol L. I risultati ottenuti permettono di discutere criti-
camente esperimenti cinetici competitivi nei quali i due eteri
corona competono per essere incorporati nella struttura
catenanica. In particolare si sottolinea che il rapporto dei
catenani prodotti obbedisce il principio di Curtin— Hammett
solo se la concentrazione dei “templates” e uguale tra loro, e
molto pii grande di quella del substrato. L’analisi dei profili di
velocita ha mostrato che I'unita 1,5-diossinaftalenica, presente
nell’etere corona 4, ha un’affinita maggiore dell’unita 1,4-
diossibenzenica, presente nell’etere corona 3, nei confronti
degli anelli piridinio, elettron-deficienti, presenti sia nella
struttura dello stato di transizione che in quella del substrato.
Calcoli ab-initio ai livelli di teoria 3-21G e 6-31G(d)
indicano che la maggiore affinita dell’'unita 1,5-diossinaftale-
nica non puo essere spiegata sulla base di piu forti interazioni
[C—H ---7t] e di “stacking” mw—m, ma piuttosto sulla base del
modello della complessazione apolare nel quale il solvente
gioca il ruolo principale.

Chem. Eur. J. 2000, 6, No. 19

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

o N@
@N N@ CHzBr O O
O
O O
CHBr @ N N
N N
12
CHzBr

74+ 84+ 53+_ 63*
3,55 7% 4,6% 8%

Scheme 1. Reaction scheme illustrating the formation of the catenanes 74+
and 8*.
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234' 94+

bands were observed at A 470 nm and 529 nm, respectively. To
avoid polymerization reactions, the concentration of the
substrate 23" was maintained as low as possible (=5-7 x
10~*molL-"). First-order rate constants (k.,) have been
obtained in the presence of variable excess amounts of the
polyether template 3 or 4, up to their solubility limit
(=0.1 molL! and =0.01 molL-!, respectively). The ratios
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kqvs'ko, plotted in Figures 1 and 2 against the concentration of
3 and 4, respectively, provide a measure of the rate enhance-
ments produced by the presence of the templates.

250 -

100 -

50 -

1 T T
0.00 0.05 0.10

3] /molL" ——=

Figure 1. Rate enhancements produced by the macrocyclic template bis(p-
phenylene)[34]crown-10 (3) on the ring closure of the trication 2°*. The
points are experimental and the curve is calculated (see text).

2000 +
T 1500 - .
Kovsko 1000 |
500 - A
:),000 0.605 0.610

[4]/mol L' ——=

Figure 2. Rate enhancements produced by the macrocyclic template 1,5-
dinaphto[38]crown-10 (4) on the ring closure of the trication 2**. The points
are experimental and the curve is calculated (see text).

The data in Figure 1 shows that the ring closure of the
trication 2** is strongly accelerated by the presence of the
template 3, up to approximately 230 times at [3] ~0.1 mol L.
This curve was the first to be obtained and the observed rate
increase was considered to be of spectacular magnitude if
compared with the known template effects produced by alkali
and alkaline earth cations in the formation of crown ethers.F
Now it is apparent (see Figure 2) that the template 4 is much
more efficient: at a concentration of ~0.01 molL-!, it
produces a rate increase of almost 1900 times! This is by far
the greatest template effect recorded up to now, and
illustrates the fact that the magnitude of template effects is
still largely unpredictable. To fully appreciate the significance
of these rate increases, it is necessary to delve deep into the
analysis of kinetic data.
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On the basis of the mechanism suggested by Stoddart and
co-workers,* %l we propose that the operative kinetic scheme
for the reaction is that depicted in Scheme 2, where the

23+ ko 94-0-
Ksub ||+ template (3 or 4)
3+ 3+ Kcaten 4+ 4+
57 or6 77 or8

Scheme 2. Kinetic scheme for the reaction of the trication 23" in the
presence of the template 3 or 4.

equilibrium for the formation of the precatenane is consid-
ered fast with respect to the ring-closure reactions. This is
justified by the fact that the involved reactions of ring closure
are very slow even at 62°C. If the concentration of the
template is in large excess with respect to that of the substrate,
as in our experiments, its actual concentration can be assumed
to be constant during the reaction course and coincident with
its analytical concentration. Under this condition an apparent
equilibrium constant K= K [template] can be defined, so
that the Winstein—Holness equation can be applied to
Scheme 2. Accordingly Equation (2) holds, in which ¢, is the
total concentration of the substrate 23*, irrespective of the
various forms actually present in solution through the
establishment of mobile equilibria (in the present case, ¢y,
is the sum of the concentrations of free 2** and of the
precatenane 5°* or 6°F), and k,,, is the observed first-order
rate constant given by the Winstein—Holness expression
[Eq. (3)]. The rate increase produced by the template, k, /k,
is then given, if one takes the definition of K into consid-
eration, by Equation (4).

o @
d[ obstsub
ko + keenK
K = e 3
> 1+ K @)
kcalcnKsub
k 1 + ———|template]
obs _ 0 (4)
ko 1 + K,,[template]

Since the principal tenet of transition-state theory is the
assumption of an equilibrium between reactants and transi-
tion state, it could be easily shown that the term k ., Kou/ko 1S
the association constant (Kr;) of the template with the cyclic
transition state as illustrated in Equation (5). Accordingly
Equation (4) reduces to Equation (6), showing that a rate
enhancement will be observed if the template binds the
transition state more strongly than the reactants.'> 1]
kos 1 + Kpytemplate]

= (6)
ky 1 + Kp[template]

Non-linear least-squares treatment of the k./k, ratios
according to Equation (6) afforded the K, and Ky, values
listed in Table 1. How closely Equation (6) fits the data is
shown by the curves drawn in Figures 1 and 2. Both curves
show a clear tendency to saturation. The saturation value,
which is given by the ratio k y../ko = K14/ Ky, also reported in
Table 1, is the maximum theoretical rate enhancement that
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Table 1. Kinetic and thermodynamic constants in CH;CN at 62°C.

Tem- Ky, Koy KK, Keaten [57]
plate [Lmol™'] [L mol™!]
3 B+l (715+02)x10° 328+5 (2724 0.04) x 10~

4 170440  (5.140.7)x10° (3.1+£04)x10° (2.6+0.3) x 103

would be attained when the substrate is completely bound to
the template. These values indicate that the precatenanes 5°*
and 6> are 328 and 3100 times, respectively, more reactive
than the free ligand 23*. Such spectacular rate enhancements
are due to the fact that the associations of the acyclic trication
2% with the templates 3 and 4 are rather weak, whereas the
cyclic transition state shows a much greater ligand affinity
towards them. This is mainly due to the preorganization of the
cyclic transition state and, secondarily, to the development of
a further positive charge on the initially neutral nitrogen atom.

In a previous work we studied the template effect exerted
by p-CH,(OCH,CH,0OCH,CH,OH), (10) on the reaction
reported in Equation (1) and obtained the following values for
the association constants: Kp,=144 Lmol™' and K,;,,=19L
mol L[] The greater associations shown by the cyclic template
3 with respect to the acyclic template 10 can be mainly
attributed to the operation of two factors. These are: i) the
greater m surface of template 3 which should provide stronger
stabilizing interactions with the pyridinium rings of both the
substrate and the transition state, and ii) the preorganization
of the cyclic template which is lacking in the acyclic one. It was
suggested that the oxygen atoms of the polyether chains
significantly contribute to the binding by [C—H -:- O] hydro-
gen bonds with the a-protons of the pyridinium rings.”! These
interactions, which involve a reduction of the rotational
entropy of the polyethereal chains, should be more favorable
with the preorganized cyclic template 3.

Before comparing the effects of the 1,4-dioxybenzene and
1,5-dioxynaphthalene units present in the structure of the
templates 3 and 4, respectively, it is useful to consider the
expected outcome of a kinetic selection experiment, partic-
ularly in light of the results reported in Table 1. Let us
consider a competitive reaction in which the substrate 23+
reacts in the presence of both the templates 3 and 4 as shown
in Scheme 3. The rate of formation of the two catenanes is
given by Equations (7) and (8).

d [74+] s

dr = kcawn(s)[s' *] ™
d[s*] ,

dr = kcalen(4)[6’ +] (8)
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Considering the ratio of
Equation (8) to Equation (7)
and the definition of the asso-
ciation constants K3 and
Kb illustrated in Scheme 3,
Equation (9) is easily obtained.
d[8"]  Keuten(ayKaunia)[4]

L5® - ©
' d[7*] K caten(s) Kun(3) [3]

©)

If the concentrations of the
templates 3 and 4 are in large
excess with respect to the con-
centration of the substrate, their actual concentrations can be
assumed to be constant during the reaction course and
coincident with their analytical concentrations. Since, with

63+ kcaten( 4) 84"

Ksub(a) ||+ 4

53* kcaten( 3) 74,

Scheme 3. Kinetic scheme for the competitive reaction of the trication 23+
in the presence of the templates 3 and 4.

the assumption made, the right-hand side of Equation (9) is
constant, one can easily integrate to obtain Equation (10),

[84+] o kcaln,n( sub(4) [4]
[74+] - kcalen sub [3] (10)

which gives the ratio of the formed catenanes at the
completion of reaction (or at any intermediate point). In
other words, the condition that the concentration of the
templates is much greater than that of the substrate makes the
Curtin — Hammett principlel® applicable to Scheme 3. In fact,
considering that keyena K@y ko = Krsay and keyen Ksuv@)/ ko =
K43y, Equation (10) can be rewritten in the form of

Equation (11) which illustrates the fact that if the
[8:] _ Ky 4] an
(7] Krys[3]

concentrations of the templates, besides being in large excess
are also equal, the relative amounts of the produced catenanes
depend only on the relative stabilization of the transition state
brought about by the templates 4 and 3. A subtle point
becomes relevant here: although the ratio Kryyuy/Kryg) is a
measure of the relative ability of the two templates to be
trapped in the catenane structure in competitive experiments,
it cannot be considered a measure of their relative template
effect. In fact, as illustrated by Figures1 and 2, and by
Equation (6), the template effect is dependent on the
template concentration up to saturation, and when saturation
is reached, the relative template effect would be given by
(Kryay Krs3)/ (Ksuvay Ksuw@) = Keaten@yKcaren(@ - In other words,
one cannot be sure that the macrocyclic template which is
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most easily incorporated into the catenane structure will also
be that which produces the highest rate enhancement. To
estimate the relative template effect, the data from compet-
itive experiments should be corrected by the relative binding
of the substrate towards the two templates.

From the K4 data in Table 1, the product ratio of the
catenanes 8+ and 7** formed in the presence of a large excess
of equimolar amounts of the templates 3 and 4 should be 68 +
11. If the templates are not in large excess with respect to the
substrate, their actual concentrations are time dependent and
Equation (9) cannot be immediately integrated. The conse-
quences are that, under these experimental conditions, the
Curtin — Hammett principle is not valid, and the product ratio
depends not only on time (and percentage reaction) but also
on the chosen initial concentrations. To investigate the effect
of substrate and template concentrations on the final ratio of
the catenanes, we have carried out several numerical integra-
tions of the rate equations pertinent to Scheme 3 with the
kinetic and thermodynamic constants reported in Table 1. The
obtained results are plotted in Figure 3 as a family of curves

70 A Curtin-Hammett Limit

9 1:10:10

60

1:5:5

B /17", —=

30 A
[
20 -

10 A

1 — . = S » o0

10° 10* 103 102 10"
2*],/mol " —=

Figure 3. Calculated values of the product ratio of the catenanes in the
competitive reaction shown in Scheme 3 as a function of initial concen-
tration of substrate. Each curve refers to a constant ratio of the initial
concentration of substrate to that of the templates ([23%],:[4]o:[3]0)
indicated next to the curve.

which represent constant ratios of the initial concentration of
substrate to that of the templates, with the templates always
present in equimolar amounts. From Figure 3 it appears that
the maximum selectivity corresponds to the Curtin—Ham-
mett limit that is reached when the templates are in large
excess with respect to the substrate (the lower the template/
substrate ratio the lower the selectivity). The lower selectivity
is caused by a progressive imbalance of the actual concen-
tration of the two templates during the reaction: the more
easily formed catenane causes a greater reduction of the
concentration of the corresponding template and thus slows
down its own formation. In other words, there is a sort of
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negative feedback that is the origin of the leveling effect on
selectivity. It is interesting to note that the selectivity tends to
increase with increasing dilution up to the Curtin—Hammett
limit.'?l The explanation for this phenomenon is best illus-
trated by the curve in Figure 3 which refers to the ratio
[23*]0:[4]0:[3]o=1:0.5:0.5. 1t is evident that if the catenanes
were the only products of the reaction under this condition,
there would not be any competition between the two
templates since the amount of substrate would be sufficient
to incorporate both of them. In fact a lack of selectivity is
observed, but only in concentrated solutions. At low substrate
(and template) concentration another reaction becomes
important, namely the unassisted ring closure of the substrate
[Eq. (1)], which being a true first-order reaction has a rate
that decreases less on dilution than the catenation processes.
At high dilution, when it is the principal process, only a small
fraction of the substrate undergoes catenation; this small
fraction is not sufficient to cause an imbalance in the
concentrations of the templates, so the Curtin—Hammett
limit can still be reached at very high dilution. Apart from this
curious phenomenon, the conclusion is that if a large excess of
templates is not used in competitive experiments, the
observed selectivity can be much lower than the maximum
one (the Curtin— Hammett limit) and depends on a complex
interplay of kinetic and thermodynamic constants.

1,4-Dioxybenzene unit versus 1,5-dioxynaphthalene unit: From
a comparison of the data in Table 1, it appears that the greater
template effect shown by the template 4 is the result of a
greater selectivity of the preorganized cyclic transition state
(Kry4y K3~ 70) with respect to that of the linear substrate
(KsubayKsunzy = 7). However, both these values indicate that
the 1,5-dioxynaphthalene unit has a greater affinity than the
1,4-dioxybenzene unit for the electron-deficient pyridinium
rings present in the transition-state and substrate structures.
Various binding data in the literature that relate to the host
cyclobis(paraquat-p-phenylene) (9**) in MeCN at 298 °C, 13 14]
support this conclusion, for example, 1,5-naphthalenediol
(K =77 x10? Lmol™") versus hydroquinone (K =18 Lmol!)
and 1,5-bis[2-(2-hydroxyethoxy)ethoxy]naphthalene (K=
2.5 x 10* Lmol™') versus 1,4-bis[2-(2-hydroxyethoxy)ethoxy]-
benzene (10) (K =3.4 x 10° Lmol™!). To gain a deeper insight
into the factors that cause the 1,5-dioxynaphtalene core to be
more effective than the 1,4-dioxybenzene one, we undertook
an ab initio computational study.

Earlier computational studies of inclusion complexes of
aromatic guests with the tetracation 9** were based on
molecular mechanics,!>% Monte Carlo method with an
empirical force field,') AM1 and PM3 semiempirical meth-
ods.['* 17201 Rather surprisingly only few ab initio calculations,
at the RHF/STO-3G level of theory, have been reported.['’]

Our aim was to evaluate the gas-phase binding energy of
the host cyclobis(paraquat-p-phenylene) (9*") with the guests
1,4-dimethoxybenzene (11) and 1,5-dimethoxynaphthalene
(12) by ab initio calculations. Host—guest complexation in
the gas phase is essentially a single-step event (H+ G 2HG),
to which an energy change corresponding to the complexation
energy, AE is associated. This can be easily evaluated from
the ab initio energies of the host, of the guest, and of the
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host—guest complex (AE.= Ey; — Ey — Eg). However, it is
well known that the use of a limited basis set introduces the
so-called basis set superposition error (BSSE) that can be
approximately accounted for by the counterpoise correction,
AE¢p (see Experimental Section for details).?!] The counter-
poise corrected complexation energy is then given by AE. —
AEcp.

We have carried out full geometry optimizations, with the
RHF/3-21G basis set, of all the species involved in the
calculation of AE, for both the guests 11 and 12. The starting
structures of the host—guest complexes were approximately
centrosymmetrical as suggested by the X-ray structures of the
catenanes 7" and 8**, which show an aromatic core located at
the center of the cavity of cyclobis(paraquat-p-phenyl-
ene).’* 22l The final optimized structures have almost C;
symmetry. The lowest energy conformation of the tetracation
94 has almost C,, symmetry (the C, axis passes through the
4-4 bond of the two paraquat units). On the basis of a
conformational search using the PM3 semiempirical method,
Evanseck et al. concluded that the D, structure of 94+ is the
most stable,'™] and accordingly carried out 3-21G and
6-31G(d) calculations of 9% by imposing this symmetry
constraint (see Supplementary Material of ref. [19]). In
contrast, our findings indicate that, at the 3-21G and
6-31G(d) levels of theory, the C,, structure is 4.7 and
3.0 kcalmol~!, respectively, lower in energy than the D,
structure. For the guests 11 and 12, the most stable con-
formations have a transoid structure (in the case of 12, with
the methyl groups pointing away from the hydrogens in peri
position) of almost C,, symmetry.

We also carried out calculations with the RHF/6-31G(d)
basis set. However, to speed up the calculations with this more
extended basis set, we imposed the center of symmetry as a
constraint for the geometry optimization of all the involved
species. This appeared justified to us, since the calculations
with the 3-21G basis set showed this element of symmetry to
be common to all the species. Uncorrected and counterpoise
corrected binding energies, computed from RHF/3-21G and
RHF/6-31G(d) levels of theory, are reported in Table 2. The
data show the importance of counterpoise correction, which
largely dominates the values of AE, especially, as expected,
in the case of the less extended basis set, namely 3-21G. The
most striking result is that corrected complexation energies
are relatively small for gas phase host—guest complexations,
and show a trend that is the opposite of that observed in
solution, that is, in the gas phase the 1,4-dioxybenzene unit
shows a greater affinity for the host 9** than the 1,5-
dioxynaphthalene unit, and moreover, the interaction be-
tween the latter unit and the host 9** appears to be
unfavorable. The two basis sets give consistent results; in

Table 2. Computed uncorrected and counterpoise corrected complexation
energies in kcal mol™', using RHF/3-21G and RHF/6-31G* levels of
theory.

Guest AE,. AEc—AEq AEc AEc—AEq
(3-21G) (3-21G) (6-31G*) (6-31G*)

1 —14.9 ~-11 -9.0 -31

12 —142 +39 —64 +2.7

Chem. Eur. J. 2000, 6, No. 19

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

both cases the guest 11 is more strongly complexed than the
guest 12 by approximately 5-6 kcalmol~!, and in both cases
the corrected complexation energy of guest 11 is negative,
whereas that of guest 12 is positive. Overall these results
indicate that m—m stacking and [C—H---m] interactions
between the electron-deficient cyclobis[paraquat-p-phenyl-
ene] and electron-rich aromatic guests cannot be held
responsible for the observed associations in solutions, and
rather suggest that solvent interactions play the major role. In
our opinion, the strength of complexation between the host
94 and aromatic guests in solution can be most easily
explained on the basis of the model of apolar complexation.
This model has been discussed at length by Diederich,?* and
by Diederich and Smithrud,” who pointed out the impor-
tance of solvent cohesive interactions and polarizability as the
major factors that control apolar binding strength. According
to this model, which has general validity, solvent molecules
solvate apolar solutes by forming an ordered cluster around
the apolar surface. When the solute is complexed by a host,
besides the evident gain of host —guest interactions and loss of
solvent — guest interactions, there is a gain of solvent cohesive
interactions and entropy, due to the collapse of the ordered
solvent cluster into the bulk. This gain would be greater for
the naphthalenic core with respect to the benzenic core
because of the greater apolar surface of the former. Apolar
binding is generally strongest in solvents with low molecular
polarizability and with high cohesive interactions, and it has
been suggested that the empirical solvent polarity parameters
E1(30) for the various solvents represent a good measure of
the interplay between these two factors.’l That the driving
force for the complexation of aromatic guests by the
tetracation 9** is apolar binding would be also confirmed by
a study of solvent effects on the binding equilibria between 9+*
and the guests indole and catechol.?*! The authors reported
good linear free-energy relationships between the free
energies of complexation and the polarity of the solvent, as
measured by Z-values or E(30) values, indicative of apolar
binding complexation.

In conclusion, two structural features are required for
optimum complexation of a guest molecule by cyclobis-
[paraquat-p-phenylene], namely an aromatic core, which is
essential in placing the guest in the host cavity by the
mechanism of apolar complexation, and two side arms with
suitably placed oxygen atoms that interact with the acidic a-
hydrogens of the pyridinium rings of the host by [C—H --- O]
hydrogen bonding. While the importance of the latter
interaction has been adequately emphasized in the litera-
ture,’l we wish to draw attention to the importance of the
apolar complexation of the aromatic core.

Experimental Section

Materials and methods: 1,1"-[1,4-Phenylenebis(methylene)]-1'-[4-(bromo-
methyl)benzyl]bis(4,4'-bipyridinium)  tris(hexafluorophosphate)  (23*-
3PF,) was from our previous work.’!l HPLC grade acetonitrile (Carlo
Erba) was used in the kinetic experiments without further purification. UV/
Vis spectra and kinetic measurements were carried out on a Perkin — Elmer
Lambdal8 spectrophotometer. Numerical integrations of differential rate
equations were performed by using the program Scientist for Windows,
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Version 2.0 from Micromath, Salt Lake City, Utah. Ab initio calculations
were performed with the GAUSSIAN 98 software package.*!

Kinetic measurements: Kinetic measurements were carried out, at 62°C in
acetonitrile, in a 3 mL cuvette (optical path 1 cm) kept in the thermostatted
cell compartment of the spectrophotometer. In a typical run, a solution
(0.0193 mol L) of 23+ - 3PF, (100 pL) was added to a solution of either the
template 3 or 4 (2.5 mL) at the appropriate concentration (see below).The
appearance of the charge-transfer band of the catenane 74+ or 8** was
followed at 2470 or 529 nm, respectively. In all cases, first-order behavior
was observed. Relative kinetic constants (k/k,, where ky=28.3 x 1077s7!)
at the various template concentrations (corrected for the volume increase
at 62°C and given in parentheses in mol L~! were as follows: Template 3: 1
(0), 58.4 (9.50 x 107?), 99.0 (1.88 x 10~2), 161.8 (4.20 x 102), 190.2 (5.80 x
1072), 232.0 (1.07 x 107!). Data plotted in Figure 1. Template 4: 1 (0), 430
(1.24 x 1073), 1210 (3.36 x 107%), 1154 (3.43 x 107%), 1436 (5.90 x 10-?), 1886
(9.24 x 1073). Data plotted in Figure 2.

Numerical integrations: Numerical integrations of the differential rate
equations pertinent to Scheme 3 were carried out by the program Scientist
for Windows. In the formulation of the rate equations, the equilibria in the
scheme were considered as the result of a forward kinetic constant and a
reverse Kinetic constant; for example, we considered K3y = Ko@) Ksuba):-
In all of the cases an arbitrary, yet very high, value was attributed to the
reverse kinetic constant, that is, 1 x 10°s~!, so that the forward kinetic
constant was calculated by the known equilibrium constant; for example,
k@i =1 % 10° K 3. Such high values, if compared with the values of the
other kinetic constants involved in Scheme 3, guarantee the attainment of
the corresponding equilibrium during the reaction course.

Counterpoise correction: The evaluation of counterpoise correction, AEp,
was carried out according to the following equation:?!! AEq, = Efyy,) +
Ed g — Efin) — E&(y)» Where the asterisk denotes single-point calculations
carried out at the geometry that each fragment has in the host—guest
complex. In parentheses the used basis set is indicated. For example, Efjg
indicates a single point energy calculation of the host, H, carried out with
the geometry it has in the complex, in the presence of the normal h basis
functions and with the g basis functions of guest G as ghost orbitals.
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ESR Spectroscopy of the C4, Cation Produced by Photoinduced

Electron Transfer

Lothar Dunsch,*!*] Frank Ziegs,!*! Christina Siedschlag,'”! and Jochen Mattay!!

Abstract: In this study the existence of the C, cation produced by photochemically
induced electron transfer in the presence of different sensitising molecules is proved
for the first time by using ESR spectroscopy. It is demonstrated for triphenylpyr-

yliumtetrafluoroborate (TPP) by this spectroscopic method that the electron transfer
from Cg, to TPP occurs without an application of a cosensitiser. Furthermore it is
shown that the addition of alcohols causes a new radical in the system C,/TPP. The
stationary concentration of the Cy cation diminishes even in the presence of a

Keywords: charge transfer - EPR
spectroscopy - fullerenes - photo-
chemistry - radical ions

cosensitiser to such a low concentration that it is not detectable by ESR spectrosopy.
The spectroscopic study of the sensitiser/Cg, system is also extended to the reaction

products.

Introduction

The formation of the fullerene cation was shown for the first
time by Foote et al.ll who were studying the photochemical
excitation of N-methylacridiniumhexafluorophosphate in the
presence of Cg by NIR spectroscopy. This behaviour was
discussed on the basis of a photo-induced electron transfer
(PET)? given in the scheme of Figure 1. The spectroscopic
characterisation of such fullerene cations is a very important
activity in current fullerene research,’! not only as the
synthesis of dihydrofullerenes is expected to involve an H
abstraction by Cg," in the reaction mechanism that is initiated
by an oxidative PET, but also as the role of this species in
fullerite, the solid phase of fullerenes, has been discussed on
the basis of ESR results.P]

The electronegativity of fullerenes has been extensively
studied by cyclovoltammetry, ex and in situ ESR and UV-
visible spectroscopy. 7! On the other hand, the oxidation of
fullerenes, especially in electrochemical studies, has rarely
been described. Echegoyen,®! Heinzel and Dubois!!¥ have
found an anodic reaction of Cy at certain states of the
electrode surface and strong interactions with the solvent. In
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Figure 1. General mechanism of the photo-sensitised formation of the Cg,
cation. Sens =sensitiser (e.g., NMA or TPP); Cosens = cosensitiser (bi-
phenyl); TPP can be applied without a cosensitiser.

one casel®l the electrode reaction is even be claimed to be
reversible.

In the reactions described in the literature, both the solvent
and a surface layer at the electrode seem to contribute to the
anodic reaction of Cg,. In this context it was shown that a long-
term electrochemical pre-treatment of the glassy carbon
electrode is needed® to detect the above-mentioned anodic
reaction, while the same reaction was not found with other
electrode materials.'"'l Furthermore, the spectroscopic proof
of the existence of Cg cation under electrochemical con-
ditions has been missing up till now.

On the other hand the existence of Cg," has been proved
both under y irradiation in glasses at 77 KI'2l and in the
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electron transfer to photo-excited states of aromatic com-
poundslt ¥l by NIR spectroscopy by means of the cation
absorption band at 980 nm.

Very recently Fukuzumi et al.l'l described the formation of
Cg " in zeolite Y at high temperatures. The Cg, cations were
stabilised in the zeolite cage and, therefore, still existed even
at room temperature. Such encapsulated cations give an ESR
signal with a g value of 2.0025 and a line width of 10 G.

The formation of a fullerene cation in an homogeneous
redox reaction in solution has been proved by ESR spectros-
copy in the case of Cy.I"% In this case Reed et al. have shown
that the first oxidation potential is low enough to give no
reaction with the solvent in the case of o-dichlorobenzene.

Furthermore it is possible to stabilise the cation by a
carbanion. We point out that in reference [15] the proof of this
paramagnetic cation is done by ESR spectroscopy and not by
comparison with the NIR absorption of the fullerene in other
oxidising systems. In the case of this Cy; cation, the most
intensive absorption band is found at 780 nm and not at
980 nm. Therefore it is important to realise that ESR
spectroscopy is the only secure method to prove without
doubt the existence of a paramagnetic fullerene cation.

In this paper it is shown for the first time, through in situ
ESR spectrocopy, that the photochemical exitation with
suitable PET sensitisers in the presence of Cg, causes the
formation of Cy, cation in organic solvents. This cation further
reacts with H donors like alcohols.

Results and Discussion

To understand the influence of the electronic properties of the
sensitiser in the electron transfer, the redox properties of N-
methylacridiniumhexafluorophosphate (NMA) and triphen-
ylpyryliumtetrafluoroborate (TPP) were studied by cyclic
voltammetry and the electron transfer of these compounds
compared with that of C4,. Both substances show differences
in their redox behaviour (Figure2). While TPP gives a
reversible electron transfer at —0.48 V, NMA shows only a
reduction peak at the potential of —0.54 V that is totally
irreversible. An anodic peak of minor significance is evidently

Abstract in German: In dieser Studie wird erstmals der ESR-
spektroskopische Nachweis des CgyyKations fiir verschiedene
photochemische Sensibilisatorsysteme erbracht. Insbesondere
wird fiir Triphenylpyryliumtetrafluoroborat (TPP) erstmals
spektroskopisch demonstriert, daf ein Elektronentransfer vom
Cyy auf das TPP ohne einen Cosensibilisator erfolgt. Es wird
auflerdem gezeigt, daf3 bei Zusatz von Alkoholen zum
Sensibilisatorsystem TPP mit Cy ein neues Radikal nachweis-
bar ist, wihrend die stationire Konzentration des Cgyy-Kations
sich selbst in Anwesenheit eines Cosensibilisators derart
erniedrigt, daf3 die spektroskopische Erfassung nicht mehr
moglich ist. Die ESR-spektroskopischen Messungen an sen-
sibilisierten Fullerenen werden im Hinblick auf die Charak-
terisierung der Reaktionsprodukte weitergefiihrt.
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Figure 2. Cyclic voltammogram of TPP (top) and NMA (bottom) at a
glassy carbon electrode in o-dichlorobenzene, supporting electrolyte: 0.1m
tetrabutylammoniumtetrafluoroborate, temperature 25°C, scan rate
100 mVs~.

caused by a reaction product and not due to very slow electron
transfer.

If the reduction of these sensitisers is studied in the
presence of Cg, a cyclic voltammogram of NMA in solution
gives evidence of reaction products with Cy. On the other
hand the cyclic voltammogram of a solution of Cg, and TPP is
a superposition of the redox reactions of both substances; a
chemical reaction product of Cg, was not detected. The fast
electron transfer of TPP evidently generates the neutral TPP
radical, which seems to be unreactive with the Cg, anion that is
produced simultaneously.

Therefore, it was to be expected that both substances will
differ in their electron transfer upon photochemical excita-
tion, which was followed by ESR spectroscopy. For this
purpose a solution of Cg and the sensitiser®! was irradiated in
a flow-through system in which the streaming solution was
treated with light pulses of a wavelength of 436 nm. The
duration of the pulses was varied between 200 ms and 10 s.
The ESR spectroscopic measurements were done in the
following manner: the ESR signal was recorded during the
irradiation and accumulated up to 500 times. As shown in
Figure 3, an ESR signal with a linewidth of 0.8 G and a g value
of 2.0021 is found in the case of TPP as a photosensitiser. This
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Figure 3. ESR spectrum of a solution of Cg/TPP in o-dichlorobenzene
under irradiation at a wavelength of 436 nm in flowing solution.
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signal is attributed to the existence of Cg" as it is formed only
in the presence of Cg,. The sensitiser TPP itself gives an ESR
signal that consists of a single line of width 7.5 G. This is in
contrast to the single line of the Cg,*" radical in fuming sulfuric
acid, ' for which a linewidth of 0.2 G and a g factor of 2.0030
were found for this paramagnetic fullerene structure. The
deviation of the ESR results in the photochemical measure-
ments from those in fuming sulfuric acid, in which chemical
reactions can occur, is explained by the fact, that the g factor is
similar to that of cation radicals of larger w systems.['”] The
increase in the linewidth seems to be due to the interaction of
the radical cation with the electron-rich conjugated system
TPP in a solvent like o-dichlorobenzene.

The existence of the Cg,™ radical upon the application of
TPP as a sensitiser clearly demonstrates that the electron
transfer from Cg, to TPP occurs without a cosensitiser, unlike
most of the other sensitiser systems. This is demonstrated for
NMA as a sensitiser for which the results are analogous to
TPP except that biphenyl is added as a cosensitiser. Although
the redox behaviour of NMA is different from TPP the
electron transfer occurs; however, for this sensitser a cosensi-
tiser is needed. Nevertheless no influence of the cosensitiser
on the ESR signal is found under irradiation. In solutions
containing Cg4, the ESR signal of Cg," is also clearly observed
in this system.

Addition of a proton donator like methylalcohol to the
solution changes the ESR signal of C4" radical cation in
solution completely. The single line of the Cg, cation is
diminished and finally disappears altogether. In the case of
TPP, a new radical is formed, the ESR spectrum of which
consists of a large number of hyperfine lines. This large
number contradicts the paramagnetic structure of a reaction
product of Cg*t with alcohol. This spectrum (Figure 4a) is
similar to that of an aromatic radical. As shown by simulation
of the ESR spectrum of TPP (Figure 4b), the experimental
spectrum is comparable with that of the TPP radical cation.
Therefore it can be concluded that the Cg™ radical is
transferred to a non-radical structure in the presence of an
alcohol. It seems to be possible that the Cy,* radical undergoes

Chem. Eur. J. 2000, 6, No. 19
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Figure 4. a) ESR spectrum of a C,4/TPP solution in o-dichlorobenzene
under irradiation at a wavelength of 436 nm after the addition of
methylalcohol. b) Simulated ESR spectrum of a TPP radical in solution.

a nucleophilic attack by methanol followed by H abstraction.
Thus the radical cation disappears and its signal is no longer
visible in the ESR spectrum.

Time-dependent ESR measurements (Figure 5) of a Cq,
solution in the presence of TPP as a sensitiser have shown
that C¢," is formed upon the millisecond timescale. As shown
in Figure 5 a stationary concentration of Cy,* is reached after

0.25[

0.15

0.05

L ! L L

3393 3395

J

100 200 300 400

time /ms

Figure 5. Time dependence of the ESR signal in a solution of Cy4, NMA
and biphenyl in o-dichlorobenzene under irradiation by 200 ms pulses at a
wavelength of 436 nm.

13 ms. For the decay of Cy' a half-life of about 22 ms is
estimated. This value is much larger than that one given in
reference [1], in which a lifetime of 9 ps was found that is
concentration dependent.['s] Recent results of laser flash
spectroscopic studies gave lifetimes of 5.6 us (NMA) and
4.9 ps (TPP).I1 The reasons for these differences have not yet
been clarified.
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Conclusion

In this study the existence of Cg, cation produced by photo-
chemically induced electron transfer in the presence of
different sensitising molecules is proved for the first time.
For triphenylpyryliumtetrafluoroborate (TPP) it is demon-
strated by ESR spectroscopy that the electron transfer from
Cgo to TPP occurs without an application of a cosensitiser.

Furthermore, we have shown that the addition of alcohols
causes a new radical in the C¢/TPP system. The stationary
concentration of the C, cation diminishes even in the
presence of a cosensitiser to such a low concentration that it
is not detectable by ESR spectrosopy. The spectroscopic study
of the sensitiser/Cq, system has been extended to the reaction
products.

Experimental Section

Cg) (Hoechst AG) and triphenylpyryliumtetrafluoroborate (TPP) (Fluka)
were used in highest purity. The latter was purified by precipitation from
acetone solution. N-methylacridiuniumhexafluorophosphate (NMA) was
prepared from sodiumhexafluorophosphate according to a literature
procedure.!'’]

The electrochemical studies were done with a potentiostat PAR 273 driven
by the software PARC M 270 version 3.0 in a traditional voltammetric cell,
installed in a glovebox to ensure inert conditions. o-Dichlorobenzene was
used as a solvent; as working electrodes both platinum and glassy carbon
electrodes were used and as counter electrode a platinum sheet was used.
The reference electrode was a silver/silverchloride electrode in the same
electrolyte solution. Tetrabutylammoniumtetrafluoroborate was used as a
supporting electrolyte.

The in situ ESR measurements were done in a flow-through system with an
UV-irradiation unit BUV 1 (ZWG Berlin) equipped with a mercury high-
pressure lamp HBO 200 (Berliner Glithlampenwerk). The irradiation was
made both continuously and in a pulsed-mode by using a shutter for pulse
times in the range of 20 ms to 10 s (the interrupt between two pulses could
be varied in the same interval). Generally the application of filters was
possible. In this study a wavelength of 436 nm was used. Furthermore a cell
as a heat filter was used to avoid negative influences of heat irradiation. The
synchronisation of the irradiation and the interrupt times with the ESR
measurement were achieved by using the computer of the ESR spectrom-
eter to control the triggering.

In this study the electron spin resonance spectrometer ERS 221 (ZWG
Berlin) was operated as an X-band continuous wave spectrometer by using
the 100 kHz field modulation and a microwave power of 0.1 -15 mW. The
spectrometer had a separate rapid scan unit RSE 1, and pulses with a
duration up to 100 msscan~! were employed. The analogue signals were
converted with the AD/DA converter DT 2812A plug in card (Data
Translation), the maximum frequency of which was variable up to 100 kHz
at a resolution of twelve bits. The data treatment was carried out with the
Signalys, PC-View and Turbo Lap software. All in situ ESR measurements
were done at room temperature.

The ESR cell made of quartz glass was similar to a flow-through cell used
for the electrochemical studies.”” For the in situ measurements of the
photochemical reactions of fullerenes, the solution was kept under inert
conditions by a permanent purging with nitrogen in the stock solution. The
solution was transferred through the cell by a Watson-Marlowe 101 R/U

pump.
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Addition Reactions of Aldehydes to Lithium Enolates of 1,3-Dioxolan-4-ones:
A Configurational Reassessment

Arturo Battaglia,*!*! Gaetano Barbaro,!*! Patrizia Giorgianni,/*! Andrea Guerrini,!?!
Carlo Bertucci,”! and Silvano Geremial!*!

Abstract: The results for the addition
reactions of chiral lithium (2S5)-enolates
of 1,3-dioxolan-4-ones to aldehydes and
to acetophenone, yielding the corre-

the products. In fact, in several cases no
stereocontrol was observed at the C5
carbon atom of the lithium enolate. The
(2S,5R,1'S)/(2S,5R,1'R) stereochemistry

was also reassessed for several dioxo-
lanone alcohols. The major conformers
are considered to have an intramolecu-
lar hydrogen-bonded five-membered

sponding dioxolanone alcohols have
been revised. The results reported here-

ring structure instead of the six-mem-
bered ring structure previously suggest-

i differ f b din th Keywords: aldehydes - aldol reac- df lic diogol leohol
in differ from t ose report§ in t e tions - dioxolanones - a-hydroxy ed for cyclic dioxolanone alcohols.
literature, both in product distribution ] : ]

acids - stereoselective synthesis

and in the stereochemical assignment of

Introduction

Chiral 2,3-dihydroxy acids and their derivatives are versatile
tools in the synthesis of biologically active compounds such as
the aminosugar L-daunosamine,'! leukotriene B,, tocopher-
ol,Pl bicyclomycin,* citreoviral,’l macrolide antibiotics,%*]
and antitumor pyrrolizidine alkaloids.”*"! The 2,3-dihydroxy
acids can be prepared easily, without the use of chiral
auxiliaries, by starting from inexpensive, naturally occurring
chiral compounds such as a-hydroxy acids, and by following
the synthetic principle of self-regeneration of stereocenters
(SRS).B2b1 According to this principle, chiral a-hydroxy acids
are transformed into cis/trans mixtures of cyclic 1,3-dioxolan-
4-ones by acetalization with an aldehyde or a ketone; for this
pivalaldehyde has usually been employed (Scheme 1). The
cis-1,3-dioxolan-4-ones are usually obtained as the major
isomers and they can be isolated enantiomerically pure.® !
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Scheme 1. Synthesis of diastereoisomeric mixtures of (25,55)- and (2R,5S5)-
1,3-dioxolan-4-ones obtained from the acetalization of an (S)-a-hydroxy
acid with pivalaldehyde.

The dioxolanone is transformed into a nonracemic enolate by
annihilation of the original stereogenic center at C5 with a
base such as lithium diisopropylamide (LDA) at low temper-
atures. Subsequent reaction of the enolate with an aldehyde or
a ketone proceeds under the influence of the temporary
stereogenic acetal C2 center, yielding a dioxolanone alcohol.
Removal of the auxiliary center affords the 2,3-dihydroxy-
carbonyl derivative. As an example, the stereochemical
outcome of the reaction of an aldehyde to a (25)-enolate of
the dioxolanone derived from the acetalization of (S)-a-lactic
acid with pivaladehyde is shown in Scheme 2. Two of the four
possible stereoisomers are formed via the transition states TS
Iand TSII, (25,5R,1'S, and 25,5R,1'R respectively). The other
two stereoisomers are formed via the transition states TS III
and TSTV (25,55,1'R and 2S5,55,1'S). Transition states TS I and
TS II are kinetically favored over TS III and TS IV because
the aldehyde approaches the enolate from the less hindered
enantiotopic face which bears the hydrogen atom.
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Scheme 2. Stereochemical outcome of the addition reactions of (25)-2a to
aldehydes affording diastereoisomeric mixtures of dioxolanone alcohols.

Seebach’s diastereoselective
studies[®! of the addition reac-

(0] oLi*
)—{5 —

0. 0 050 )
R}ST ol tions of the (2S)-enolate 2a of
the 2-tert-butyl-5-methyl-1,3-di-
1a.b 2a.b oxolan-4-one (1a) to aldehydes
4-7 and acetophenone 10
R!=H (1a, 2a)

showed that the aldehydes and
the ketone react with enantio-
face selectivity according to the
kinetically favored transition
states TS I and TS II. For
dioxolanone alcohols 3a-d
and 3g, only the diastereomeric
pairs (2S,5R,1'S) (or u iso-
mers)!' and (25,5R,1'R) (or [ isomers) were obtained. The
(285,5R,1'S) isomers were formed with strong preference (% ds
82 (3a), 85 (3b), 53 (3¢), 84 (3d), and 93 (3g)). The
configuration of compounds 3a-d and 3g was assigned on

R!=Me (1b, 2b)

H CgHs

(o] O (10
R>= =0 (o)

R: Me (4), C,Hs (5), MesC (6),
CeHs (7), CoHig (8), Me2CH (9)

Abstract in Italian: I/ controllo delle reazioni di addizione di
litio (2S)-enolati di 1,3-diossolan-4-oni ad aldeidi e all’aceto-
fenone, che danno luogo ai corrispondenti diossolanoni-alcoli,
ha portato a risultati diversi da quelli descritti in letteratura sia
per quanto riguarda la distribuzione dei prodotti che il loro

assegnamento configurazionale. Infatti, in molti casi non €

stato osservato alcun controllo stereochimico al carbonio C5
dei litio enolati. Per molti diossolanoni-alcoli € stata anche
effettuata una revisione della stereochimica. Tale revisone e in
linea con l'ipotesi di una struttura ad anello a cinque atomi
intramolecolarmente chelata con un atomo di idrogeno dei
maggiori conformeri, invece di una struttura ciclica a sei atomi
suggerita precedentemente nel caso dei diossolanoni-alcoli.
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CeéHs 0 o CeHs o

(0]
%

(2S, 5R, 1'S)-3g (2S, 5R, 1'R)-3g

OH
o 0
/ y
R o_ o0 CeHs 5 o
H Me”
3af 3h

R = Me (3a), C,Hs (3b), MesC (3c), CeHs (3d),
CoHig (3e), MexCH (3f)

the basis of "H NMR spectral data,®! on the assumption that
the main conformers exist in an intramolecular hydrogen-
bonded form of a six-membered ring structure (Figure 1,
structures A and B). On the other hand, alternative five-
membered hydrogen-bonded ring structures have been sug-
gested to explain the 'H and *C NMR spectral data of alicyclic

§ ( § ”(2 H
1
H R
A (2S, 5R, 1'S) B (2S, 5R, 1'R)
o § o
§w,(2 o) "”(2 (0]
Q foe oO—{i
H o R
(O™ 0y
A'(2S,5R,1'S) B'(2S,5R, 1'R)

Figure 1. Six- (A, B) and five-membered (A’, B’) hydrogen-bonded ring
structures of the main conformers of dioxolanone alcohols.

2,3-dihydroxy-a-methylcarbonyl compounds.["' If these struc-
tures are valid for the cyclic dioxolanone alcohols (A’ and B/,
Figure 1), the shielding effects of the C-1’ substituents on the
acetal hydrogen, shown by the C2-H resonances, are expected
to be opposite to those observed for A and B. Because of this,
assignment of configuration by "H NMR spectroscopy might
be misleading, because an exchange of the (25,5R,1'S) and
(28,5R,1'R) structures is expected in the two models, so that
(25,5R,1'S)-A  might correspond to (2S,5R,1'R)-B’ and
(2S,5R,1I'R)-B to (25,5R,1'S)-A".l"] Compound (2S,5R,1'S)-
3b was the only exception, as its stereochemistry was also
assigned by chemical correlation with the 2,3-dihydroxy acid
(2R,35)-13 (Scheme 3).

The aim of the present study was to re-examine the addition
reactions of enolate 2a (25/2R =98:2) to aldehydes 4—7 and
to ketone 10, to provide reliable methods, such as X-ray and
chemical correlation, for the assessment of the relative
configuration of the substituents at the C5—C1’ carbon atoms.
The absolute configuration was also determined in some
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3a-d,f,h

HO 1 HO 1 HO . HO 1
o : ,COR /SZ/COZR , COR . R/sz/COZR
3%, + 3, + 3, I,

“// , R, RS o .
HO HO
threo-(2R, 3S)  threo-(2S, 3R) erythro-(2R, 3R) erythro-(2S, 3S)
11-16

Scheme 3. Formation of 2,3-dihydroxycarbonyl derivatives 11-16 from
the solvolysis of dioxolanone alcohols 3a—d, f, h. 11: R =Me, R' = Me; 12:
R=Me, R'=C,H;; 13: R=C,H;, R'=H; 14: R=Me,C, R!=Me; 15:
R=C¢H;, R'=Me; 16: R=Me,CH, R'=Me. i)—Me;CCH=O. ii)
+R!'OH.

cases. As we were interested in employing this protocol for
synthesis of other trisubstituted chiral 2,3-dihydroxy-3-methyl
acid derivatives, we thought it would be helpful to ascertain
whether the six- or the five-membered ring structure may be
used as a possible model for the assessment of configuration
by 'H NMR spectroscopy. In the course of this study, we have
extended this procedure to the addition reactions of 2a to
aldehydes 8 and 9, and of enolate 2b (25/2R =87:13) to 7.

Results and Discussion

Contrary to the reported result,®™! the addition reactions of 2a
to linear aliphatic aldehydes 4 and 5 and benzaldehyde 7
lacked stereochemical control at the C-5 carbon atom, since
(25,55,1'S), (2S,5R,1'R), and (2S,5R,1'S) mixtures of 3a, 3b,
and 3d were obtained. Similar distributions were also
observed for 3e and 3h obtained by addition of 2a to decanal
8 and 2b to 7 Instead, only (2S,5R,1'R) and (2S,5R,1'S)
mixtures of 3¢, 3f, and 3g were isolated from the addition of
2a to branched aldehydes 6 and 9 and ketone 10.%] The
formation of the third (25,55,1'S) isomer is a serious limitation
to the application of the “SRS” synthetic principle to our
targets, that is, the trisubstituted 2,3-dihydroxycarbonyl com-
pounds, because the removal of the auxiliary center of the
diastereomeric pair of dioxolanone alcohols (25,5R,1'S) and
(25,58,1'R) affords enantiomeric erythro-(25,35)/(2R,3R) mix-
tures of products (Scheme 3).

The stereochemistry of (2S5,5R,1'R)-3d, (2S,5R,1'R)-3g and
(28,5R,1'S)-3h was established by X-ray structural analysis.*4]
Compounds (25,55,1'S)-3a, b, d, (25,5R,1'R)-3b, ¢, d, f, g, h,
and (28,5R,1'S)-3b, ¢, h were isolated as pure diastereomers.
Water- or alcohol-induced removal of the auxiliary center
allowed the chemical correlation with the corresponding
(2R3R), (25,35), and (2R,35)-2,3-dihydroxy acids or esters
11-16 (Scheme 3). Quite important is that we have isolated
the dihydroxy acid threo-(2R,35)-13 in 89 % yield by hydrol-
ysis of pure (25,5R,1'S)-3b. The same compound was, instead,
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reported®! to be isolated after recrystallization of the crude
reaction mixture obtained from the acid-induced hydrolysis of
the (25,55,1'S)/(2S,5R,1'R)/(2S,5R,1'S) =23:44:32 mixture of
dioxolanone alcohols 3b (entry 2, Table 1), which was

Table 1. Relative product distribution of dioxolanone alcohols 2a—h.[

Entry Reagents Product 2S,5S,1'S 2S5R,I’'RP 2S5R,1'SPl Yield [%]

1 la+4 3a 2 45 (18) 3382 72
2 1la+5  3b 23 44 (15) 32(85) 69
3 1la+6 3¢ - 46 (47) 54(53) 83
4 1a+7 3d 15 59 (16) 26 (84) 81
5 1a+8  3e 33 41 28 67
6 1la+9  3f - 44 56 74
7 la+10 3g - 90 (7) 10(93) 67
8 1b+7  3h 19 63 18 89

[a] In THF at —78°C. [b] See ref. [8b].

believed to be a (25,5R,1'R)/(2S,5R,1'S)=15:85 mixture.
Compounds (25,55,1'S)-3e, h, (2S,5R,1'S)-3a, e,d, f, g, and
(25,5R,I’R)-3a, e were obtained as major products of
diastereomeric mixtures. Their alcoholysis gave mixtures of
2,3-dihydroxy esters with the same diastereomeric ratios of
the parent dioxolanone alcohols (see Experimental Section).
A comparison of the 'H and *C NMR data of the major ester
derivatives with the data reported in the literature allowed the
configuration at C5—-C1’ of the dioxolanone alcohols to be
determined. The absolute configuration could also be as-
signed when the [a] values of diastereomerically pure 2,3-
dihydroxy acids or esters were available for comparison with
literature data.

Consistent trends of the C2-H and C5-Me resonances were
observed. The C2-H resonances of the (25,5R,1'S) isomers of
3a, b, ¢, e, f, obtained from aliphatic aldehydes 4—6, 8, and 9,
absorbed in the narrow range of 6 =5.36-5.38, downfield
from (2S,5R,1'R) (0 =5.27-5.38) and (25,55,1'S) (0 =5.20-
5.21). Instead, the C2-H signal of (2S5,5R, 1'R)-3d and 3g,
obtained from benzaldehyde 7 and acetophenone 10, absor-
bed upfield (6=4.84 and 4.67) to the corresponding
(28,5R,1'S) (0 =5.48 and 5.04). The 'H and *C NMR C5-Me
signals of the (25,5R,1’S) isomers absorbed at higher field than
the corresponding (25,55,1'S) and (2S,5R,1'R). This upfield
shift is explained!"'! by the shielding effect of the cis-alkyl
substituents in the five-membered ring chelate. Accordingly,
the substituents at C'1 were found to be trans to the Me group
at C5 in the (25,55,1'S) and (2S5,5R,1'R) isomers in structures
A’ and B’ and cis in (25,5R,1'S). These typical trends allow the
configuration of the 3 f diastereomers to be assigned. That is,
the C2-H peak at 0 =5.18 is typical of (25,55,1'S) because it is
upfield from the C2-H signals of (2S5,5R,1'R) and (2S,5R,1'S)
at 0 =5.33 and 5.35, respectively, while the C5-Me resonance
at 0 =1.35 allows the assessment of (25,5R,1'S), because it is
upfield from the C5-Me signals of (25,55,1'S) and (2S,5R,1'R)
at 0 =1.44 and 1.46.

From a comparison of the C2-H and C5-Me 'H NMR
resonances of our three diastereomers with that of the two
(2S,5R,1'R) and (25,55,1'S) diastereomers of compounds 3a,
3b,[] and 3d reported in the literature,®! it appears that the
literature minor (2S,5R,1’'R) isomer corresponds to our
(25,58,1'S), while the literature major (25,5R,1'S) corresponds
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to the sum of our (25,5R,1'R) and (25,5R,1'S). The relevant
'H NMR data of our dioxolanone alcohols 3¢ correspond to
those reported in literature,®! even if a doublet centered at 6
1.51 (J=5.0 Hz, 3H) was wrongly described. Finally, X-ray
structural analysis of our (25,5R,1'R)-3g confirmed that the
stereochemistry of the isomers (25,5R,1'R) and (25, 5R, 1'S) is
the opposite to that reported in the literature.

The product distributions of the reactions of aldehydes 4—9
and ketone 10 with 2a (25/2R=98:2) and of 7 with 2b (25/
2R =87:13) at —78°C in THF with LDA as base are listed in
Table 1; the literature data are reported in parentheses.®™ The
distributions were determined by '"H NMR spectroscopy after
the crude reaction mixture was allowed to warm to —15°C,
being continuously stirred for 3 h, according to the protocol
described in the literature.®®) No appreciable variation in
yields and product distribution was observed, on 'H NMR
scale, when the protocol was modified. For example, the
reactions of entries 1, 2, and 4 (Table 1) were conducted at
—105°C and quenched in the usual manner, and the reactions
of entries 2, 3, and 4 (Table 1) were conducted at —80°C and
quenched at this temperature, after 1 min, with acetic acid.
The reactions of entries 4 and 8 (Table 1) were performed
with 1.0 equivalent of aldehyde and a slight excess of LDA
and dioxolanone (1.2 equiv) or in an excess of LDA and
dioxolanone (2.0 equiv). Best overall yields were obtained
with 1.0 equivalents of aldehyde and 1.3-1.5 equivalents of
LDA and dioxolanone. Finally, no epimerization was noticed
when THF solutions of pure isomers of 3b, (25,5R,1'R)-3d,
(25,58,1'S)-3d, and (25,5R,1'S)-3h were warmed from —80°C
to —15°C in the presence of 0.5 equivalents of LDA. Unlike
what is reported,®™ the major isomer of compounds
3a, b, d, e, g, h, obtained from linear aliphatic and aromatic
aldehydes 4, 5, 7, and 8 and ketone 10 was (25,5R,1'R) instead
of (285,5R,1'S). It is worth noting that the sterically demanding
CH;(CH,); substituent of linear aldehyde 8 did not favor the
formation of the (2S,5R,1'S) isomer. An inversion of the
relative (25,5R,1'R)/(2S,5R,1'S) ratio was noticed only when
branched aldehydes 6 and 9 were treated with the enolate 2a.

However, the product distribu-
tion of compounds 3¢ was dif-

MesC ficult to assess, because variable
Ho' 0 amounts of the 2:1 adduct 17
S were isolated when the product

l mixture was warmed to —30/

—15°C before being quenched.
Compound 17 derived from
selective addition of the lithium
alkoxide  of  diastereomer
(28,5R,1'S)-3¢ to pivalaldehyde. The selectivity of this addi-
tion was confirmed by MeO -induced methanolysis of 17,
which gave (2R,35)-14, exclusively. The relative (2S,5R,1'S)/
(25,5R,1'R) product distribution of 3¢ was determined after
the reaction mixture was quenched at —78°C, because no
formation of the 2:1 adduct 17 was observed at this temper-
ature.

(2S,5R,1'S)-17

Conclusion

The following pertinent points emerged from this study: 1)
The five-membered hydrogen-bond ring chelatel''? is a
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reliable model to account for the 'H and C NMR spectral
data of our dioxolanone alcohols, whose structures, in most
cases, were independently assigned by X-ray and chemical
correlation. By contrast, the wrong stereochemical assign-
ment at C-5 is arrived at when the six-membered ring
structure is used. 2) Contrary to the previous report,®! the
“SRS” synthetic principle fails to provide good diastereose-
lectivity at the 1'-position of the products, regardless of the
steric demand of the aldehyde partner. The (2S,5R,1'R)/
(2S,5R,1'S) trends are a typical consequence of the Zimmer-
mann - Traxler right-angle transition-state geometry.'®! That
is, the aromatic or linear aliphatic aldehydes approach the
enolate with the hydrogen atom preferably oriented towards
the acetal center. However, the (2S,5R,1'R) selectivity is
rather weak and competitive amounts of (25,5R,1'S) and
(25,5R,1'R) isomers are formed because the substituent of the
aldehyde, regardless of its size, does not interact significantly
with the acetal hydrogen of the enolate. It is significant that
our (2S8,5R,1'S)/(2S,5R,1'R) ratios are similar to those ob-
served in the aldol additions to achiral enolates of 5-methyl-
[1,3]-dioxolan-4-one and trimethyl-[1,3]-dioxolan-4-one.[]
The methyl substituent of the 2b enolate provides only slight
steric discrimination: an increase of (25,55,1'S) and a decrease
of (25,5R,1'S) was noticed when the product distribution of 3h
is compared with that of 3d. 3) The “SRS” synthetic principle
also fails to provide good diastereoselectivity at the C-5
position of the products when aromatic or linear aliphatic
aldehyde partners, regardless of size, are used (see, e.g.,
decanal 8). Instead, diastereoselectivity increases when
branched substituents are present in the aldehyde. It turns
out that the interaction of the hydrogen atom of the aldehyde
and the fert-butyl substituent is not as efficient as reported,*!
and therefore does not prevent the formation of significant
amounts of (25,55,1'S) isomers; the interaction of sterically
demanding substituents of the aldehyde, such as Me,CH and
Me;C of 6 and 9, with the methyl group at C5 of the enolates
2a and 2b is more important for this type of selectivity. The
formation of the (25,55,1'S) isomers, associated with a poor
(25,5R,1'S)/(25,5R,1'R) selectivity, is a serious limitation to
the application of the “SRS” synthetic principle to the
synthesis of macrolides and alkaloids as documented in the
literature. It is, in fact, quite surprising that random diastereo-
meric mixtures of dioxolanone alcohols were isolated in the
addition reactions of aldehydes to (2S)-enolates of dioxolan-
ones derived from the acetalization of 2-(S)-hydroxybutyricl®
and 2-(8)-hydroxy-3-methyl-butyricl’? acids to pivalaldehyde.
The information we have gained from this research will be a
starting point for stimulating the design of new strategies to
improve the diastereoselectivity of reactions involving chiral
dioxolanones.

Experimental Section

General: 'H and BC NMR spectra were recorded on a 400 MHz
spectrometer with Me,Si or CHCI; (in CDCL,) as internal standards. Mass
spectra were recorded on an ion-trap spectrometer with an ionization
potential of 70 eV. Gas—liquid chromatography (GC) was carried out on a
GC-mass spectrometer (ion trap, 70 eV). Infrared spectra were recorded on
a Fourier-transform IR spectrometer. The dioxolanones were prepared
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according to literature methods and were purified by distillation under
vacuum. For preparative HPLC chromatography, a Hypersil column
(10 pm CN CPS, 250 x 10.0 mm, n-hexane/MeOH, 88.5:1.5) was used.

General procedure for the synthesis of dioxolanone alcohols: A solution of
the dioxolanone (1.0 equiv) in THF was added to a cooled (—78°C), stirred
solution of LDA (1.5 equiv). After the mixture was stirred for 15 min at
—78°C, the aldehyde (1.5-2.0 equiv) was added. Unless otherwise stated,
the reaction mixture was allowed to warm to —15°C with continuous
stirring over 3 h. The reaction solution was quenched by the addition of
saturated NH,Cl solution (10 mL). The reaction mixture was extracted with
ethyl acetate. The extracts were combined, dried, and concentrated under
reduced pressure. The crude reaction mixture was directly used for
establishing the diastereomeric composition of the dioxolanone alcohols by
'H NMR spectroscopy. The mixture of dioxolanone alcohols was subjected
to the first purification by flash chromatography on silica; on this material
the determination of overall yields and the diastereomeric composition by
'H NMR, capillary GC, and HPLC was based. No variation of the product
distribution was observed after this chromatography. A second or third
flash chromatography, or preparative HPLC allowed diastereomerically
pure samples or enriched fractions of dioxolanone alcohols to be isolated.

General procedure for the synthesis of methyl (ethyl) 2,3-dihydroxy esters:
MeO~ (or EtO") in MeOH (or EtOH) (0.2 equiv, 1.0M) was added to a
stirred solution (MeOH or EtOH, 1.5mL) of dioxolanone alcohol
(1.0 equiv). The reaction was left at 60°C for 30 min. The crude reaction
mixture was treated with saturated NH,CI solution (5 mL) and extracted
with ethyl acetate. The extract was dried and concentrated under reduced
pressure to yield the 23-dihydroxy esters (25,3S) [from (25,55,1'S)],
(2R3R) [from (2S,5R,I'R)], and (2R,3S) [from (25,5R,1'S)] in 85-95%
yields.

General procedure for the synthesis of 2,3-dihydroxy acids: A solution of
the dioxolanone alcohol in MeOH (5 mL) containing HCI (1 mL of 36 %)
was heated at 60°C for 60 min. The solvent was removed under reduced
pressure, the residue was dissolved in water and extracted with diethyl
ether. The aqueous solution was concentrated under reduced pressure to
give the known diastereomerically pure 2,3-dihydroxy acid.

Synthesis of (25,5S,1'S), (25,5R,1'R), and (2S,5R,1'S)-2-(tert-butyl)-5-(1'-
hydroxyethyl)-5-methyl-1,3-dioxolan-4-ones (3a): Compounds 3a were
prepared from dioxolanone 1a ((25,55)/(2R,55) =98:2) (0.50 g, 3.2 mmol)
and aldehyde 4 (0.28 g, 6.3 mmol). The residue was purified by chroma-
tography (SiO,, n-pentane/EtOAc, 13:1) to give a (25,55,1'S)/(2S,5R,1'R)/
(28,5R,1'S) =22:45:33 mixture (0.46 g, 2.3 mmol, 72%). A second purifi-
cation by chromatography gave (25,5S,1'S) and the following mixtures:
(285R,1I'R)/(28,5R,1'S)=3:1 and (2S5R,1I'S)/(2S5R,1I'R)=3:1. IR
(CDCL): #=3600-3500, 1780, 1731 cm~'; MS: m/z: 202 [M*], 187, 157;
elemental analysis calcd (%) for C,,H;30,: C 59.39, H 8.97; found: C 59.64,
H 8.86. (25,55,1'S)-3a: [a]f =+16.0 (¢ =0.6 in CHCL;); '"H NMR (CDCL):
0=1.00 (s, 9H; 3Me), 1.30 (d, /= 6.4 Hz, 3H; Me), 1.43 (s, 3H; Me), 2.58
(b, 1H; OH), 3.95 (m, 1H; C1’-H), 5.21 (s, 1H; C2-H); '"H NMR (relevant
resonances) (DMSO): 6 =1.33 (s, 3H; Me), 5.32 (s, 1 H; C2-H); °C NMR
(CDCL): 6=14.7, 16.4, 23.7, 34.5, 70.4 (C1’), 81.0 (CS5), 107.6 (C2), 174.8.
(28,5R,1I'R)-3a: 'H NMR (CDCL): 6=0.96 (s, 9H; 3Me), 1.34 (d, J=
6.4 Hz, 3H; Me), 1.43 (s, 3H; Me), 2.10 (b, 1H; OH), 3.96 (m, 1H; C1'-
H), 5.38 (s, 1H; C2-H); 'H NMR (relevant resonances) (DMSO): 6 =1.27
(s, 3H; Me), 5.43 (s, 1H; C2-H); *C NMR (CDCl;): 6 =18.1, 20.0, 23.4,
34.9, 72.7(C1’), 82.6 (C5), 110.3 (C2), 174.0. (25,5R,1'S)-3a: '"H NMR
(CDCL,): 6=0.97 (s, 9H; 3Me), 1.31 (d, J=6.4 Hz, 3H; Me), 1.36 (s, 3H;
Me), 2.07 (b, 1H; OH), 4.06 (m, 1H; C1'-H), 5.38 (s, 1H; C2-H); '"H NMR
(relevant resonances) (DMSO): 6 =1.20 (s, 3H; Me), 5.38 (s, 1H; C2-H);
BCNMR (CDCl,): 6 =16.7,19.7,23.4,34.8,71.1 (C1'), 83.1 (C5), 110.2 (C2),
175.3.

Methyl 2-methyl-2,3-dihydroxybutanoates (11): Compound (25,35)-11 was
obtained from (25,55,1'S)-3a. [a]f =+8.7 (¢=0.6 in CDCl;); 'H NMR
(CDCl,): 0=1.16 (d, J=6.4 Hz, 3H; Me), 1.45 (s, 3H; Me), 2.40 (b, 1H;
OH), 3.48 (b,1H; OH), 3.82 (q, 1 H; CHMe), 3.82 (s, 3H; OMe); *C NMR
(CDCL): =179, 22.4, 53.0, 72.2, 772, 175.7. (2R,3R)-11 was obtained as
the major isomer of a (2R,3R)/(2R,3S) =3:1 mixture from a (25,5R,1'R)/
(28,5R,1'S) =3:1 mixture of 3a. The 'H and C NMR spectral data of
(2R,3R) matched the data of its enantiomer (25,3S). Compound (2R,35)-11
was obtained as the major isomer of a (2R,3S)/(2R,3R) = 3:1 mixture from
a (2S5R,1'S)/(28,5R,1'R) =3:1 mixture of 3a. '"H NMR (CDCl;): 6 =123
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(d, J=6.8 Hz, 3H; Me), 1.33 (s, 3H; Me), 2.20 (b, 1 H; OH), 3.42 (b, 1H;
OH), 3.82 (s, 3H; OMe), 3.95 (q, 1H; CHMe); Literature!”! '"H NMR
(CDClLy): 6=1.23, 1.33, 2.94, 3.82, 3.96; *C NMR (CDCl,;): 6 =16.6, 21.6,
53.0, 71.7, 7.5, 176.5. Literaturel'”! 3C NMR (CDClLy): 6 =16.2, 21.3, 52.6,
71.5, 774, 176.5.

Ethyl 2-methyl-2,3-dihydroxybutanoates (12): (253S5)-12 was prepared
from (285,55,1'S)-3a. [a]y =469 (c=1.1 in CHCl;). The literature® 8l
[a]¥ value of the enantiomer (2R,3R) is —8.2 (c=1.2 in CHCL;); 'H NMR
(CDCL,): 6=1.14 (d, J=6.4 Hz, 3H; Me), 1.29 (1, 3H; Me), 1.42 (s, 3H;
Me), 2.50 (b, 1H; OH), 3.57 (b, 1H; OH), 3.78 (m, 1 H; CHMe), 4.24 (m,
2H; CH,). Literaturel™ 'TH NMR (CDCl;): 6 =1.15, 1.30, 1.43, 2.45, 3.54,
3.80, 4.25; °C NMR (CDCly): 6 =14.2, 17.7, 22.4, 62.3, 72.1, 770, 175.2.
Literature® 3C NMR (CDCL): 6 =14.0, 17.5, 22.2, 62.0, 72.1, 76.9, 175.4.

Synthesis of (25,55,1'S), (25,5R,1'R), and (2S,5R,1'S)-2-(tert-butyl)-5-(1'-
hydroxypropyl)-5-methyl-1,3-dioxolan-4-ones (3b): Compounds 3b were
prepared from aldehyde 5 (0.34 g, 5.9 mmol) and dioxolanone 1a [(25,5S)/
(2R,585) =98:2] (0.50 g, 3.2 mmol). The residue was purified by chroma-
tography (SiO,, n-pentane/EtOAc, 13:1) to give a mixture (25,5S8,1'S)/
(28,5R,1'R)/(28,5R,1'S) =23:44:32 (0.47 g, 2.2 mmol, 69%) Preparative
HPLC chromatography gave diastereomerically pure samples. IR (CDCl;):
7=3600-3500 (br), 1784 cm~'; MS: m/z: 217 [M*+1], 187, 170, 157,
elemental analysis calcd (%) for C;;H,,0,: C 61.09, H 9.32; found: C 61.36,
H 9.16. (2555,1'S)-3b: [a]¥=+583 (c=1.16 in CHCL); 'H NMR
(CDCl;): 6=0.98 (s, 9H; 3Me), 1.05 (t, /=7.6 Hz, 3H; Me), 1.43 (s, 3H;
Me), 1.55-1.61 (m, 2H), 2.51 (b, 1 H; OH), 3.61 (m, J, =3.0 Hz, J, = 9.5 Hz,
1H; C1’-H),5.20 (s, 1H; C2-H); ®*CNMR (CDCl,): 6 = 11.0, 15.0,23.7,275,
34.6,76.1 (C1), 81.3 (C5), 108.0 (C2), 175.6.

(28,5R,1'R)-3b: [a]¥ =+3.05 (c=1.1 in CHCl,); 'H NMR (CDCL): 6 =
0.95 (s, 9H; 3Me), 1.03 (t,J =7.6 Hz, 3H; Me), 1.43 (s, 3H; Me), 1.55-1.65
(m, 2H), 2.02 (b, 1H; OH), 3.65 (m J, =4.7 Hz, J,=9.0 Hz, 1 H; C1'-H),
5.34 (s, 1H; C2-H); ¥C NMR (CDCL): 6 =10.8, 20.1, 23.5, 24.7, 35.1, 78.0
(C1'), 82.7 (C5), 110.5 (C2), 174.7. (25,5R,1'S)-3b: [a]® =+2.59 (c=1.1in
CHCl,); 'H NMR (CDCL): 6 =0.97 (s, 9H; 3Me), 1.05 (t, J=7.6 Hz, 3H;
Me), 1.38 (s, 3H; Me), 1.50— 1.75 (m, 2 H), 1.80-2.20 (b, 1 H; OH), 3.74 (m,
J,=28Hz, J,=104Hz, 1H; CI'-H), 536 (s, 1H; C2-H); C NMR
(CDCLy): 6=10.4, 19.7, 23.3, 23.6, 34.8, 76.6 (C1’), 83.3 (C5), 110.4 (C2),
175.7.

2-Methyl-2,3-dihydroxypentanoic acids (13): Compound (25,35)-13 was
obtained from (25,55,1'S)-3b. [a]y) =-13.7 (c=0.98 in D,0). Literature!"’!
[a]® =—13.3; '"H NMR (relevant resonances) (D,0): 6=0.87 (t, J=
72 Hz, 3H; Me), 1.33 (s, 3H; Me), 1.25-145 (m, 2H; CH,), 3.52 (m,
1H; CH). (2R,3R)-13 was obtained from (2S,5R,1'R)-3b. [a]} =+13.3
(¢=2.1 in D,0). Literature! [a]} =+13.8; “C NMR (D,0): 6=10.3,
21.1, 23.9, 77.2, 78.2, 177.0. (2R,35)-13 was obtained from (2S,5R,1'S)-3b.
[@]y =—-273 (¢=0.97 in D,0). Literature! [a]¥=-271; 'H NMR
(relevant resonances) (D,0): 6 =0.77 (t, J=74 Hz, 3H; Me), 1.05-1.20
(m, 1H; CH), 1.15 (s, 3H; Me), 140-1.52 (m, 1H; CH,), 346 (d, /=
10.6 Hz, 1H; CH).

Synthesis of (25,5R,1I'R), and (2S,5R,1’S)-2-(tert-butyl)-5-(1"-hydroxy-2'-
dimethylpropyl)-5-methyl-1,3-dioxolan-4-ones (3c¢): Compounds 3¢ were
prepared from dioxolanone 1a ((25,55)/(2R,55)=98:2) (0.5 g, 3.8 mmol)
and aldehyde 6 (0.52 g, 7.0 mmol). The mixture was stirred for 30 min at
—78°C and quenched at this temperature by sequential addition of acetic
acid (1.0 mL) and saturated NH,CI solution (10 mL). The residue was
purified by chromatography (SiO,, n-pentane/EtOAc, 9.6:0.4) to give
(28,5R,1'R)/(28,5R,1'S) =46:54 (0.77 g, 3.2 mmol, 83%). A second chro-
matographic separation gave diastereomerically pure (2S5,5R,1'R) and
(28,5R,1'S)-3¢. IR (CDCly): 7 =3600-3500 (br), 1781 cm™'; MS: m/z: 244
[M~], 187, 158, 87, 70, 57; elemental analysis calcd (%) for C3H,,04: C
63.91, H 9.90; found: C 63.59, H 9.83. (2S,5R,1I'R)-3¢: [a]f =+15.5 (c=
0.97 in CHCL;); '"H NMR (CDCl3): 6=0.98 (s, 9H; 3 Me), 1.08 (s, 9H;
3Me), 1.56 (s,3H; Me), 2.33 (d, /=5.2 Hz, 1H; OH), 3.52 (d, 1 H; C1-H),
5.27 (s, 1H; C2-H); BC NMR (CDCl,):  =21.3, 23.5, 27.5, 34.8, 36.4, 78.4
(C1'),82.0 (C5),108.8 (C2),175.6. (2S,5R,1'S)-3¢: [a]y =+19.5 (¢ =0.75 in
CHCL;); '"H NMR (CDClL): 6 =0.96 (s, 9H; 3Me), 1.09 (s, 9H; 3Me), 1.51
(s,3H; Me), 2.20-2.50 (b, 1H; OH), 3.61 (m, 1H; C1’-H), 5.36 (s, 1 H; C2-
H); ®C NMR (CDCly): 6 =23.1,23.5, 27.5, 34.5, 36.4, 81.4 (C1'), 84.9 (C5),
110.1 (C2), 176.3.

(28,5R,1'S)-2-t-Butyl-5-[1- (1-hydroxy-2,2-dimethyl-propoxy)-2,2-dimeth-
yl-propyl]-5-methyl-1,3-dioxolan-4-one (17): In an identical experiment the
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reaction mixture was warmed to —30°C in 3.0 hrs before quenching. The
residue was purified by chromatography (SiO,, n-pentane/EtOAc, 9.6:0.4)
to give a (2S,5R,1'R)-3¢/(25,5R,1'S)-3d/(28,5R,1'S)-17 = 46:31:23 mixture
(0.81 g, 3.4 mmol, 88%). A second chromatography gave diastereomeri-
cally pure (25,5R,1'S)-17: MS: m/z: 330 [M*], 274, 243, 158, 87; '"H NMR
(CDCl,): 6=0.91 (s, 9H; 3Me), 0.97 (s, 9H; 3Me), 1.11 (s, 9H; 3Me), 1.58
(s,3H; Me), 3.10 (d,/=12.1 Hz, 1H; OH,), 3.91 (s, 1 H; CH), 4.36 (d, 1 H;
HC-OH), 5.28 (s, 1H; CH); “C NMR (CDCly): 6 =23.5, 24.3, 24.7, 28.2,
34.4,36.6, 37.7, 82.4, 86.7, 104.2, 108.9, 177.6; elemental analysis calcd (%)
for CigH3,05: C 65.42, H 10.37; found: C 65.17, H 10.50.

Methyl 2,4,4-trimethyl-2,3-dihydroxy-pentanoates (14): Compound (2R,
3R)-14 was prepared from (25,5R,1'R)-3¢. IR (CDCl;): 7 =3650-3500 (br),
1728 cm™!; elemental analysis caled (%) for CoH 3O, C 56.82, H 9.54;
found: C 56.48, H 9.63; [a]}) =—40.8 (¢=123 in CHCL); 'H NMR
(CDCL): 6=0.95 (s, 9H; 3Me), 1.52 (s, 3H; Me), 2.27 (d, /=112, 1H;
OH), 3.15 (s, 1H; OH), 3.42 (d, 1H; CH), 3.79 (s, 3H; OMe). Literature(!'"!
'"H NMR (CDCl,): 6 =1.00, 1.53, 3.20, 3.50, 3.73; 3C NMR (CDClL): 6 =
26.6, 27.1, 36.5, 52.7, 76.8, 81.5, 177.0. Literaturel'"® 3C NMR (relevant
resonances) (CDCly): 6 =26.3, 27.0, 52.3, 81.6, 177.2. Compound (2R,3S)-14
was prepared from (2S,5R,1'S)-3¢ and from compound 17; [a]® = +22.9
(¢=1.23, CHCL;); '"H NMR (CDCl;): 6=1.02 (s, 9H; 3 Me), 1.48 (s, 3H;
Me), 2.53 (d, J=11.0, 1H; OH), 3.48 (b, 1H; OH), 3.50 (d, 1H; CH), 3.80
(s, 3H; OMe). Literaturel"™ 'H NMR: 6=1.08, 1.51, 3.20, 3.50, 3.75;
BCNMR (CDCly): 6 =24.8,27.7,36.2, 53.1, 78.5, 81.4, 177.2. Literaturel'!2®!
3C NMR (relevant resonances) (CDCly): 6 =24.6, 27.6, 52.8, 77.0,21 177.2.
Synthesis of (25,55,1'S), (2S,5R,1'R), and (2S,5R,1'S)-2-(tert-butyl)-5-(1'-
hydroxy-1'-phenylmethyl)-2-methyl-1,3-dioxolan-4-ones (3d): Compounds
3d were prepared from dioxolanone 1la [(25,55)/(2R,5S)=98:2] (0.3 g,
1.9 mmol) and aldehyde 7 (0.30 g, 2.8 mmol). Chromatography (SiO,,
CH,Cly/n-pentane, 1:1) gave a (2555,1'S)/(25,5R,1'R)/(2S,5R,1'S) =
15:59:26 mixture (0.41 g, 1.5 mmol, 81%). A second chromatographic
separation gave (25,55,1'S), (2S,5R,1'R) and a 5:1 (25,5R,1'S)/(25,5R,1'R)
mixture. IR (CDCL,): #=3600-3500 (br), 1780 cm~'; MS: m/z: 264 [M*],
245,219,207, 179, 158, 133, 105; elemental analysis calcd (% ) for C;sH,iO4:
C68.16, H 7.63; found: C 68.55, H 7.54. (25,55,1'S)-3d: [a]§ = +4.6 (¢c=0.3
in CHCL,); 'TH NMR (CDCl,): 6 =0.96 (s, 9H; 3Me), 1.37 (s, 3H; Me), 3.45
(d,J=22Hz, 1H; OH), 4.94 (d, 1H; C1'-H), 5.21 (s, 1H; C2-H), 7.3-745
(m, 5H; arom); *C NMR (CDCL): 6 =14.5, 23.6, 34.4, 75.4 (C1’), 80.5
(C5), 1082 (C2), 1275, 1279, 128.2, 1371, 175.7. (2S,5R,1'R)-3d: [a]¥ =
+23.3 (¢=1.2 in CHCL); 'H NMR (CDCl;): 6 =0.91 (s, 9H; 3Me), 1.43 (s,
3H; Me), 2.71 (d, J=4.3 Hz, 1H; OH), 4.84 (s, 1H; C2-H), 4.87 (d, J=
43 Hz, 1H; Cl'-H), 73-74 (m, 5H; arom); *C NMR (CDCl;): 6 =20.6,
23.2,34.6,775 (C1'), 82.8 (C5), 109.8 (C2), 127.3, 128.3, 128.7, 138.4, 173.9.
(28,5R.1'S)-3d: '"H NMR (CDCl,): 6 =0.96 (s, 9H; 3Me), 1.20 (s, 3H; Me),
2.54 (b, 1H; OH), 4.85 (b, 1H; C1'H), 5.48 (s, 1 H; C2-H), 7.3-7.4 (m, 5H;
arom); *C NMR (CDCl,): § =20.7, 23.3, 34.6, 78.5 (C1’), 82.5 (C5), 110.9
(C2), 128.1, 128.3, 128.7, 138.4, 176.0.

Synthesis of (25,55,1'S), (2S,5R,1I'R), and (2S,5R,1'S)-2-(tert-butyl)-5-(1'-
hydroxy-1'-phenylmethyl)-2,5-methyl-1,3-dioxolan-4-ones  (3h): Com-
pounds 3h were prepared from dioxolanone 1b [(25,55)/(2R,55) =87:13]
(1.00 g, 5.8 mmol) and aldehyde 7 (0.91 g, 8.6 mmol). Chromatography
(SiO,, EtOAc/n-pentane, 3:17) gave a (25,58,1'S)/(255R,1'R)/
(25,5R,1'S) =19:63:18 mixture (1.44 g, 5.2 mmol, 89%). A second chro-
matographic separation gave (2S,5R,1'R), (25,5R,1'S), and a (25,5S5,1'S)/
(28,5R,I’'R) =4:1 mixture. IR (CDCl): #=3600-3500, 1775 cm~'; MS:
mlz: 278 [M*], 261, 221, 172, 133, 115; elemental analysis calcd (%) for
C,sH,,0,: C 69.04, H 7.97; found: C 68.90, H 7.92. (25,55,1'S)-3h: '"H NMR
(CDCL): 0 =1.13 (s, 9H; 3Me), 1.41 (s, 3H; Me), 1.57 (s, 3H; Me), 3.80 (b,
1H; OH), 5.05 (s, 1H; C1'H), 7.3-7.45 (m, 5H; arom); 3*C NMR (CDCl;):
0=18.2,22.7,25.0,39.1, 75.3 (C1), 79.3 (C5), 116.0(C2), 127.2, 1277, 128.0,
136.8, 176.6. (2S,5R,1'R)-3h: [a]f) =+43.2 (c=1.0 in CDClL;); '"H NMR
(CDClL): 6 =1.02 (s, 9H; 3 Me), 1.36 (s, 3H; Me), 1.59 (s, 3H; Me), 3.09 (b,
1H; OH), 5.00 (s, 1H; C1’-H), 7.30-745 (m, 5H; arom); *C NMR
(CDClL): 6=18.5, 23.2, 25.0, 38.9, 76.4 (C1’), 81.3 (C5), 116.0 (C2), 1275,
1279, 128.1, 137.5, 175.3. (28,5R,1'S)-3h: [a]} = +84.5 (c=0.4 in CDCl);
'"HNMR (CDCl,): 6 =1.00 (s, 9H; 3Me), 1.25 (s, 3H; Me), 1.80 (s, 3H; Me),
2.47 (b, 1H; OH), 4.81 (s, 1 H; C1’-H), 7.30-7.45 (m, SH; arom); *C NMR
(CDCL): 6=21.5, 21.7, 25.2, 39.1, 77.1 (C1’), 83.1 (C5), 116.0 (C2), 128.1,
128.3, 128.5, 138.3, 174.7.

Methyl 2,3-dihydroxy-2-methyl-3-phenylpropanoates (15): Compound
(2R,3R)-15 was prepared from (25,5R,1'R)-3d. [a]} =—26.7° (¢=0.72 in
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CHCl;). Compound (2R,3R)-15 was also prepared from dioxolanone
alcohol (28,5R,1'R)-3h. The 'H and and '*C NMR spectral data of (2R,3R)
matched the data of its enantiomer (25,3S). Compound (28,35)-15 was
prepared from (25,55,1'S)-3d. [a]¥ =+26.9° (¢=0.40 in CHCl, ). Liter-
ature?'l: [a]} = 4272 (¢=0.43 in CHCl;). Compound (25,35)-15 was also
prepared as the major component of a (25,35)/(2R,3R) = 4:1 mixture from
the methanolysis of a (25,55,1'S)/(2S,5R,1'R) = 4:1 mixture of 3h. '"H NMR
(CDCly): 0=1.56 (s, 3H; Me), 3.0-3.2 (br, 2H; OH), 3.64 (s, 3H; OMe),
4.74 (s, 1H); 7.2-74 (m, 5H; arom); Literature?- 22l 'H NMR (CDCl;): § =
1.56, 3.0, 3.64, 474, 72-74; 3C NMR (CDCly): 6 =224, 52.5, 77.3, 78.0,
126.8,128.1,128.3,139.1, 175.0; Literature?> 2 3.C NMR (CDCl,): 6 =22.4,
52.6, (C2 obscured by solvent), 78.0, 126.8, 128.1, 128.3, 139.1, 175.0.
Compound (2R,35)-15 was prepared from (25,5R,1'S)-3h and as a (2R,3S)/
(2R3R)=5:1 mixture from the methanolysis of a (255R,1'S)/
(28,5R,1’R) =5:1 mixture of 3d. 'H NMR (CDCl;: 6 =120 (s, 3H; Me),
2.60-3.0 (br,2H; 2 OH), 3.86 (s, 3H; OMe), 4.85 (s, 1H); 7.2-74 (m, 5H;
arom);l''* 221 BC NMR (CDCly): 6 =22.4, 53.0,77.4, 78.0, 127.8, 128.0, 128.3,
138.5, 176.1; Literaturel''> 221 3C NMR (CDCly): § =21.9, 52.7, 77.6, 1278,
176.2.

Synthesis of (2S,55,1'S), (2S,5R,1'R), and (2S,5R,1'S)-2-(tert-butyl)-5-(1'-
hydroxydecyl)-5-methyl-1,3-dioxolan-4-ones (3e): Compounds 3e were
prepared from dioxolanone 1a ((25,55)/(2R,55) =98:2) (0.41 g, 2.6 mmol)
and aldehyde 8 (0.61 g, 3.9 mmol). The residue was purified by chroma-
tography (SiO,, n-pentane/EtOAc, 13:1) to give a (25,55,1'S)/(2S,5R,1'R)/
(285,5R,1'S) =23:41:36 mixture (0.55 g, 1.74 mmol, 67 %). A second chro-
matographic separation gave the following mixtures: (25,5R,1'R)/
(285R,1'S) =2.5:1, (28,58,1'S)/(28,5R,1'R)/(28,5R,1'S) =T7:2:1, and
(28,5R.1'S)/(2S,5R,1'R)=1.5:1. IR (CDCl3): 7=3600-3500, 1785 cm™;
MS: m/z: 314 [M*], 257, 187, 174; elemental analysis calcd (%) for
Ci3sH3,0,: C 68.75, H 10.90; found: C 68.55, H 10.77. (25,55,1'S)-3e:
'H NMR (CDCly): 6=0.87 (t, J=74 Hz, 3H; Me), 0.97 (s, 9H; 3Me),
1.20-1.40 (b, 16 H), 1.43 (s,3H; Me), 2.57 (b, 1H; OH), 3.68 (d, / = 10.8 Hz,
1H; C1'-H), 5.18 (s, 1H; C2-H); '3C NMR relevant resonances (CDCl;):
0=15.1,23.0,24.0,26.5,27.7,29.7,29.8, 30.7,32.2, 34.7, 74.5 (C'1), 81.3 (C5),
107.9 (C2), 175.6. (2S,5R,1'R)-3e: '"H NMR (CDCl;): 6 =0.87 (t,J =75 Hz,
3H; Me), 0.95 (s, 9H; 3Me), 1.20-1.40 (b, 16 H), 1.43 (s, 3H; Me), 1.55 (b,
1H; OH), 3.72 (d, J=10.4 Hz, 1H; Cl'-H), 533 (s, 1H; C2-H); *C NMR
relevant resonances (CDCl;): 6 =20.2, 22.9, 23.5, 26.3, 29.5, 29.8, 30.2, 31.6,
35.1, 76.5 (C1’), 82.7 (C5), 110.5 (C2), 174.7. (25,5R,1'S)-3e: 'H NMR
(CDCl,): 6=0.87 (t, /=175 Hz, 3H; Me), 0.95 (s, 9H; 3Me), 1.20—1.40 (b,
16H), 1.35 (s, 3H; Me), 1.55 (b, 1H; OH), 3.80 (d, /=10.4 Hz, 1 H; C1-H),
5.35 (s, 1H; C2-H); C NMR relevant resonances (CDCl;): 6 =19.7, 22.9,
23.5,29.6,29.7,29.9, 32.1, 34.9, 75.1 (C1’), 83.4 (C5), 110.4 (C2), 174.7.

Synthesis of (25,5R,1’'R) and (2S,5R,1’S)-2-(tert-butyl)-5-(1'-hydroxy-2'-
methylpropyl)-5-methyl-1,3-dioxolan-4-ones (3f): Compounds 3f were
prepared from dioxolanone 1a ((25,55)/(2R,55) =98:2) (0.5 g, 3.2 mmol)
and aldehyde 9 (0.43 g, 6.0 mmol). The residue was purified by chroma-
tography (SiO,, n-pentane/EtOAc, 7:1) to give a mixture of (25,5R,1'R)/
(28,5R,1'S) =44:56 (0.54 g, 2.3 mmol, 74%). A second chromatographic
separation gave (25,5R,1'R) and a 1:2 mixture of (25,5R,1'R)/(25,5R,1'S)-
3£ IR (CDCl;): #=3600-3500, 1780 cm~!; MS: m/z: 230 [M*], 157, 86, 69,
55; elemental analysis calcd (%) for C,H,,0,: C 62.58, H 9.63; found: C
62.29, H 9.77. (2S,5R,1'R)-3f: [a]¥ =+24.5 (c=1.1 in CHCl,); '"H NMR
(CDCl,): 6=0.97 (s, 9H; 3Me), 1.01 (d, J=6.6 Hz, 3H; Me), 1.03 (d, /=
5.5 Hz,3H;Me), 1.47 (s,3H; Me), 1.96 (m, 1 H; CHMe,), 1.90-2.00 (b, 1 H;
OH), 3.55 (m, 1 H; C1"-H), 5.28 (s, 1 H; C2-H); *C NMR (CDClL,): 6 =175,
19.4, 21.4, 23.4, 30.0, 34.8, 78.7 (CL'-H), 82.4 (C5), 109.3 (C2), 174.8.
(28,5R,1'S)-3f: '"H NMR (CDCL): 6=0.96 (s, 9H; 3Me), 1.01 (d, J=
6.4 Hz, 3H; Me), 1.04 (d, J=6.4 Hz, 3H; Me), 1.36 (s, 3H; Me), 2.07 (m,
2H; 1H of OH and 1H of CHMe,), 3.75 (m, 1H; C1'-H), 5.38 (s, 1H; C2-
H); C NMR (CDCL,): 6 =15.5, 20.6, 21.4, 23.4, 28.6, 34.7, 78.8 (C1’), 83.5
(C5), 110.4 (C2), 176.1.

Methyl 2,4-dimethyl-2,3-dihydroxypentanoates (16): Compound (2R,3R)-
16 was prepared from (2S,5R,1’'R)-3f. '"H NMR (CDCL): 6=0.93 (d, /=
72 Hz, 3H; Me), 0.96 (d, /=72 Hz, 3H; Me), 1.48 (s, 3H; Me), 1.64 (m,
1H; CHMe,), 2.25 (b, 1H; OH), 3.26 (b, 1H; OH), 3.46 (m, 1H; C3-H),
3.80 (s, 3H; OMe); Literaturel''® "H NMR (relevant resonances) (CDCl,):
0=0.94, 1.50, 3.43, 3.77; *C NMR (CDCl;): 6 =16.9, 21.5, 24.4, 30.7, 52.8,
772,79.2,176.3. Literaturel''® 3C NMR relevant resonances (CDCL): 6 =
16.8, 21.0, 24.0, 30.3, 52.2, 79.2, 176.3. Compound (2R,35)-16 was obtained
as the major isomer of a (2R3S)/(2R3R)=2:1 mixture from a
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(28,5R,1'S)(2S,5R,1'R) =2:1 mixture of 3f: '"H NMR (CDCl;): 6 =0.95 (d,
J=6.8 Hz,3H;Me), 1.04 (d,/ = 6.8 Hz,3H; Me), 1.38 (s, 3H; Me), 2.04 (m,
1H; CHMe,), 2.25 (b, 1H; OH), 3.50 (b, 1H; OH), 3.66 (m, 1H; C3-H),
3.81 (s, 3H; OMe). Literature!''™ "TH NMR (relevant resonances) (CDCl,):
0=0.98, 1.40, 3.43,3.72; 3C NMR (CDCl;): 6 =15.8, 21.8, 22.7, 28.5, 53.2,
777 (C), 78.2 (CH), 177.1. Literature!""® 3C NMR (relevant resonances)
(CDCL): 0=15.7,21.4, 22.0, 28.2, 52.5, 78.3 176.9.

Synthesis of (2S,5R,1'R), and (2S,5R,1'S)-2-(tert-butyl)-5-(1'-hydroxy-1'-
phenylethyl)-2,5-methyl-1,3-dioxolan-4-ones (3g): Compounds 3g were
prepared from dioxolanone 1a ((25,55)/(2R,55) =98:2) (0.50 g, 3.2 mmol)
and acetophenone 10 (0.53 g, 4.4 mmol). Chromatography (SiO,, n-
pentane/EtOAc, 13:1) gave a mixture of (25,5R,1'R)/(2S,5R,1'S) =90:10
(0.59 g, 2.1 mmol, 67%). A second chromatographic separation gave
(28,5R,1'R)-3 g and a mixture of (25,5R,1'S)/(2S,5R,1'R) =4.5:1.0; elemen-
tal analysis calcd (%) for C;sH,,0,: C 69.04, H 7.97; found: C 68.88, H 7.89.
(2S,5R,1I'R)-3g: [a] =+45.2 (c=12 in CHCL;); IR (CDCL): #=3600—
3500, 1770 cm~'; MS: m/z: 278 [M*], 187, 157; (25,5R,1'R)-3g: 'H NMR
(CDCly): 6=0.90 (s, 9H; 3Me), 1.43 (s, 3H; Me), 1.73 (s, 3H; Me), 2.80—
2.90 (b, 1H; OH), 4.67 (s, 1H), 725-745 (m, 5H; arom); “C NMR
(CDClL): 6=20.3, 23.4, 25.3, 34.8, 77.3 (Cl’), 84.6 (C5), 109.9 (C2), 126.1,
127.8,127.9,142.3,174.5. (2S,5R,1'S)-3g: '"H NMR (CDCl;): 6 =0.90 (s, 9H;
3Me), 1.42 (s, 3H; Me), 1.80 (s, 3H; Me), 2.65-2.75 (m, 1H; OH), 5.04 (s,
1H), 7.25-745 (m, 5H; arom). *C NMR (CDCl,): 6 =20.4, 23.4,24.0, 34.7,
78.3 (C1’), 83.8 (C5), 110.2 (C2), 126.9, 127.6, 127.8, 142.3, 174.7.
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A Photochemically Driven Molecular-Level Abacus

Peter R. Ashton,'*! Roberto Ballardini,!! Vincenzo Balzani,*!*! Alberto Credi,!
Klaus Ruprecht Dress,?! Eléna Ishow,™ Cornelis J. Kleverlaan,! Oldrich Kocian,!?!
Jon A. Preece,®! Neil Spencer,'®! J. Fraser Stoddart,*!» ¢! Margherita Venturi,!*! and

Sabine Wenger!® ¢!

Abstract: A molecular-level abacus-
like system driven by light inputs has
been designed in the form of a [2]rotax-
ane, comprising the s-electron-donating
macrocyclic polyether bis-p-phenylene-
34-crown-10 (BPP34C10) and a dumb-
bell-shaped component that contains 1)
a Ru' polypyridine complex as one of its
stoppers in the form of a photoactive
unit, 2) a p-terphenyl-type ring system as
a rigid spacer, 3) a 4,4’-bipyridinium unit
and a 3,3'-dimethyl-4,4’-bipyridinium
unit as m-electron-accepting stations,
and 4) a tetraarylmethane group as the
second stopper. The synthesis of the
[2]rotaxane was accomplished in four
successive stages. First of all, the dumb-
bell-shaped component of the [2]rotax-
ane was constructed by using conven-
tional synthetic methodology to make 1)
the so-called “west-side” comprised of
the Ru"® polypyridine complex linked by
a bismethylene spacer to the p-terphen-
yl-type ring system terminated by a
benzylic bromomethyl function and 2)
the so-called “east-side” comprised of
the tetraarylmethane group, attached by
a polyether linkage to the bipyridinium
unit, itself joined in turn by a trismeth-
ylene spacer to an incipient 3,3'-dimeth-

yl-4,4’-bipyridinium unit. Next, 3) the
“west-side” and “east-side” were fused
together by means of an alkylation to
give the dumbbell-shaped compound,
which was 4) finally subjected to a
thermodynamically driven slippage re-
action, with BPP34C10 as the ring, to
afford the [2]rotaxane. The structure of
this interlocked molecular compound
was characterized by mass spectrometry
and NMR spectroscopy, which also es-
tablished, along with cyclic voltammetry,
the co-conformational behavior of the
molecular shuttle. The stable transla-
tional isomer is the one in which the
BPP34C10 component encircles the 4,4'-
bipyridinium unit, in keeping with the
fact that this station is a better n-
electron acceptor than the other station.
This observation raises the question—
can the BPP34C10 macrocycle be made
to shuttle between the two stations by a
sequence of photoinduced electron
transfer processes? In order to find an

Keywords: electron transfer - mo-
lecular devices - molecular switch -
photochemistry - redox chemistry -
rotaxanes - self-assembly
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answer to this question, the electro-
chemical, photophysical, and photo-
chemical (under continuous and pulsed
excitation) properties of the [2]rotaxane,
its dumbbell-shaped component, and
some model compounds containing elec-
tro- and photoactive units have been
investigated. In an attempt to obtain the
photoinduced abacus-like movement of
the BPP34C10 macrocycle between the
two stations, two strategies have been
employed—one was based fully on pro-
cesses that involved only the rotaxane
components (intramolecular mecha-
nism), while the other one required the
help of external reactants (sacrificial
mechanism). Both mechanisms imply a
sequence of four steps (destabilization
of the stable translational isomer, mac-
rocyclic ring displacement, electronic
reset, and nuclear reset) that have to
compete with energy-wasteful steps. The
results have demonstrated that photo-
chemically driven switching can be per-
formed successfully by the sacrificial
mechanism, whereas, in the case of the
intramolecular mechanism, it would ap-
pear that the electronic reset of the
system is faster than the ring displace-
ment.
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Introduction

The concept of a machine at the molecular level is not a new
one. Our body can be looked upon as an extremely complex

Abstract in Italian: Un [2]rotassano potenzialmente adatto a
funzionare come pallottoliere molecolare azionato da stimoli
luminosi e stato progettato e sintetizzato. Esso € costituito da un
etere corona mw elettron donatore (BPP34CI0) e da un
componente lineare contenente 1) un complesso polipiridinico
di Ru' come unita fotoattiva e “stopper” per il macrociclo, 2)
uno spaziatore p-terfenilico rigido, 3) un gruppo 4,4'-dipiridi-
nio ed uno 3,3'-dimetil-4,4'-dipiridinio come “stazioni” m
elettron accettrici e 4) un gruppo tetraarilmetano come secondo
“stopper”. La sintesi del [2]rotassano € stata ottenuta in quattro
passaggi successivi. In primo luogo e stato preparato il
componente lineare; mediante metodologie sintetiche conven-
zionali sono state ottenute 1) la cosiddetta “regione occidenta-
le”, che comprende il complesso di Ru' legato allo spaziatore
p-terfenilico, funzionalizzato con un gruppo bromobenzilico, e
2) la “regione orientale”, costituita dal gruppo tetraarilmetano
legato all’'unita 4,4'-dipiridinio, a sua volta connessa ad un
gruppo precursore dell’unita 3,3'-dimetil-4,4'-dipiridinio. In
seguito, 3) la regione occidentale e quella orientale sono state
fuse mediante una reazione di alchilazione, ottenendo cosi il
componente lineare desiderato; infine, 4) esso e stato fatto
reagire con il macrociclo BPP34CI0 sotto controllo termodi-
namico allo scopo di preparare il [2]rotassano. La struttura del
rotassano € stata caratterizzata mediante spettrometria di
massa e spettroscopia NMR; tali esperimenti hanno anche
messo in evidenza, assieme a misure di voltammetria ciclica, il
suo comportamento co-conformazionale. L’isomero traslazio-
nale stabile del rotassano e quello in cui il macrociclo
BPP34C10 si trova sull’unita 4,4'-dipiridinio, in accordo con
il fatto che questa unita possiede proprietd w elettron accettrici
migliori di quella 3,3'-dimetilata. Il quesito cruciale, a questo
punto, e: si puo spostare il macrociclo BPP34C10 da una
stazione all’altra utilizzando una sequenza fotoindotta di
processi di trasferimento elettronico? Per rispondere a questa
domanda sono state studiate le proprieta elettrochimiche,
fotofisiche e fotochimiche (con eccitazione sia continua che
pulsata) del [2]rotassano, dei suoi componenti molecolari e di
alcuni composti modello per le unita fotoattive ed elettroattive
in questione. Sono state esplorate due strategie allo scopo
ottenere il movimento fotoindotto del macrociclo da una
stazione all’altra del componente lineare: la prima basata su
processi coinvolgenti soltanto i componenti del rotassano
(meccanismo intramolecolare), la seconda, invece, assistita
dall’intervento di reagenti esterni (meccanismo sacrificale).
Entrambi i meccanismi implicano una sequenza di quattro
eventi (destabilizzazione dell’isomero traslazionale stabile,
spostamento del macrociclo, ripristino elettronico e ripristino
nucleare), che debbono competere con processi dissipativi. 1
risultati dimostrano che questo congegno molecolare puo
essere effettivamente azionato dalla luce utilizzando il mecca-
nismo sacrificale; nel caso del meccanismo intramolecolare,
invece, sembra che il ripristino elettronico del sistema sia piu
rapido dello spostamendo del macrociclo.

Chem. Eur. J. 2000, 6, No. 19

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

ensemble of molecular-level machines that power our move-
ments, repair damages, and orchestrate our inner worlds of
thought, sense, and emotion.[!!l The challenge of constructing
artificial molecular machines was posed for the first time by
Feynman® in his famous address entitled “There is Plenty of
Room at the Bottom” to the American Physical Society in 1959.
In his address, he raised a number of interesting issues, such as,
“What are the possibilities of small but movable machines?..
An internal combustion engine of molecular size is impossible..
Other chemical reactions, liberating energy when cold, can be
used instead.. What would be the utility of such machines?..”

Although some intriguing examples of simple molecule-
level machines (e.g., a phototweezer) were reported® in the
1980s, it is only in the last few years, thanks to the rapid growth
of supramolecular chemistry,!! that the issues raised by
Feynmanl?! have become hot topics®! in contemporary scien-
tific research. Catenanes and rotaxanes!® are providing cogent
answers to the first of Feynman’s questions. Their unique
molecular architectures lend themselves to the occurrence of
large amplitude motions by their component parts—a prop-
erty reminiscent of the movements displayed by the working
parts of machines in the macroscopic world. When the
motions of the component parts of interlocked molecules
can be induced and controlled by external inputs of energy,
such exotic chemical systems can be viewedP*™l as simple
molecular machines. As Feynman predicted,” the input of
external energy to make such machines work has to be a cold
chemical reaction. What apparently he did not predict,
somewhat amazingly, is the possibility that the required
chemical energy can be provided by light excitation by means
of a photochemical reaction. ]

Here, we describe the design, synthesis, and machine-like
performance of a [2]rotaxane, in which the ring component
can be induced by light excitation to move, that is, switch,
between two different recognition sites or “stations” of the
dumbbell-shaped component (Figure 1). Such a molecule

O @—)

p

Figure 1. The concept of a photochemically-driven molecular-level abacus.

exhibits an abacus-like geometry and, since it behaves
according to binary logic, it could, in principle, be used for
information processing?®! at the molecular level. Indeed,
molecular-level information processing seems to be a possible
answer to Feynman’s question about the utility of such “small
but movable machines”.
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Design

Just like their macroscopic counterparts, molecular-level
machines have to be organized structurally and work as
functionally integrated multicomponent systems.[* 721 2] The
first step is to produce an accurate design of the working
mechanism of the machine, followed by a search for those
components that exhibit the required properties, and then
finally to find the means to assemble them in the required
order. For reasons that will soon become apparent, we have
designed a molecular-level machine with the structural
features shown in Figure 2a. Since we wanted to use light as

(’ aﬁm&@a

. R _—3 -
. - - ) - \II
P o8 4 T )
. \== "/
Figure 2. Planned working scheme employing an intramolecular mecha-
nism for the light-driven switching of the ring R between the two stations

A, and A,. The dashed lines indicate processes that compete with those
needed to make the machine work. For more details, refer to the text.

the energy source to make the molecular-level abacus work,
we needed to have a photoactive unit P. From amongst the
various kinds of photoreactions, we chose a photoinduced
electron transfer process by which it is possible to affect the
strength of donor/acceptor interactions.”! We then inserted in
the dumbbell-shaped component two different m-electron
acceptors, A; and A,, which play the role of stations for a 7-
electron-donor ring R. We also decided i) to use P as a
stopper, ii) to insert a spacer S between P and the two -
electron acceptors, and iii) to place the better m-electron
acceptor A, further away from P than A,, that is, place A
close to the other stopper T. In such a system, the stable
translational isomer will be the one in which the m-electron-
donating ring R encircles the A, station. Accordingly, we have
devised two working schemes for the photoinduced switching
of the ring: one is based entirely on processes that involve
only the rotaxane components (intramolecular mechanism)
and the other requires the assistance of external reactants
(sacrificial mechanism).

Intramolecular mechanism: This mechanism, which is illus-
trated in Figure 2, is based on the following four operations.

3560
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a) Destabilization of the stable translational isomer: Light
excitation of the photoactive unit P (Step 1) should be
followed by the transfer of an electron from the excited
state to the A, station, which is encircled by the ring R
(Step 2), in order to “deactivate” this station; such a
photoinduced electron transfer process has to compete
with the intrinsic excited-state decay (Step 3).

b) Ring displacement: The ring should move from the
reduced station A;~ to A, (Step4); this step has to
compete with the back electron transfer process from A;~
(still encircled by R) to the oxidized photoactive unit P*
(Step 5).

c) Electronic reset: A back electron transfer process from the
“free” reduced station A~ to P* should take place (Step 6)
with consequent restoration of the electron-acceptor
power to the A, station.

d) Nuclear reset: As a consequence of the electronic reset,
back movement of the ring from A, to A; should occur
(Step 7).

The most important requirement to meet in this intra-
molecular mechanism is the successful competition of Step 4,
which involves complex nuclear movements, with Step 5,
which only involves the transfer of an electron. Previous
investigations on the shuttling rate of an electron-donating
ring between two identical electron-acceptor stations (micro-
second timescale)??! suggests that this requirement is difficult,
but not impossible to meet.

Sacrificial mechanism: An alternative, and likely less critical,
strategy to obtain the switching process was based on the use
of external redox reactants that operate after the photo-
induced deactivation of the A; station as illustrated in
Figure 3. It is based on the following operations.
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Figure 3. Planned working scheme employing a sacrificial mechanism for
the light-driven switching of the ring R between the two stations A, and A,.
The dashed lines indicate processes that compete with those needed to
make the machine work. For more details, refer to the text.
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a) Destabilization of the stable translational isomer: See the
previous mechanism in Figure 2.

b’) Ring displacement after scavenging of the oxidized photo-
active unit: If the solution contains a suitable reductant
Red, a fast reaction of Red with P* (Step 8) may compete
successfully with the back electron transfer reaction
(Step 5). In such a case, the displacement of the ring to
A, (Step 4), even if it is slow, can take place because the
originally occupied station remains in its reduced state
A

¢') Electronic reset: After an appropriate time, restoration of
the electron-acceptor power of the A,; station can be
obtained by oxidizing A;~ with a suitable oxidant Ox
(Step 9).

d) Nuclear reset: See the previous mechanism in Figure 2.

It is worth noting that the sacrificial strategy has been used
extensively to study photoinduced electron transfer processes
aimed at solar energy conversion.?*l

Selection of the components and their assembly

On the basis of our experience,® 2! we chose (Figure 4) i) a
[Ru(bpy);]**-type complex as P, ii) the m-electron-acceptor
4,4'-bipyridinium unit and its 3,3’-dimethyl analogue as A; and
A,, respectively, iii) the m-electron-donating BPP34C10
macrocycle as the ring R, iv) a p-terphenyl-type ring system
as a rigid spacer S, and v) a tetraarylmethane group as the
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Figure 4. [2]Rotaxane 1°, its related dumbbell-shaped compound 2*, the
BPP34C10 macrocyclic ring, and some model compounds (3**, 4*+, 5°*, 6,
7°*, and 8*) of the units present in the dumbbell-shaped component.
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second stopper T. The reasons why we selected these
particular units will become more apparent and easier to
appreciate after a discussion of their electrochemical, photo-
physical, and photochemical properties. Besides the [2]rotax-
ane 1% and its two components, the dumbbell-shaped
compound 2% and the macrocyclic polyether BPP34C10,
Figure 4 also features some model compounds (3** to 8*) that
have been investigated for the sake of comparisons. The
“supramolecular” properties of the [2]rotaxane 15" depend, of
course, not only on the characteristics of the separate
components, but also on the co-conformational®! properties
of the multicomponent system. In the case of the intra-
molecular mechanism (Figure 2), we wanted to decrease as
much as possible the rate of the back electron transfer process
(Step 5) in order to favor the occurrence of the relatively slow
nuclear movements involved in the displacement of the ring
from the reduced station to the other one (Step 4). We have
attempted to meet this requirement i) by increasing, as much
as possible, the exergonicity of the back electron transfer
reaction, which is known to be in the Marcus inverted
region,?” 2%l and ii) by separating the Ru complex from the -
electron-acceptor stations by a relatively long, rigid, non-
planar spacer. Of course, in doing all this, we had to respond to
the requirements of the forward, photoinduced reaction
(Step 2), which has to be fast enough to compete with the
intrinsic excited-state deactivation (Step 3). In order to reach
this goal, the photoinduced reaction should be at least
moderately exergonic; also, the distance over which the
electron has to be transferred should not be too long. We have
attempted to reach a compromise between these contrasting
requirements by i) using®! the [Ru(Me,bpy);]** complex (5**)
as the photoactive unit P, ii) inserting the nonplanar rod-like
component 6 as a rigid spacer S between P and the
bipyridinium A; and A, stations, and iii) positioning the
better m-electron accepting unit A, furthest away from P. To
perform switching by the sacrificial mechanism, we have
chosen, as external reactants, triethanolamine (TEOA), which
is a very good scavenger of oxidized Ru-polypyridine
complexes,’® 24 and dioxygen, which is commonly used to
reoxidize reduced bipyridinium species.[®]

Results and Discussion

Synthesis: The synthesis of the molecular shuttle requires the
preparation of two types of components, namely i) a trisbi-
pyridyl complex of ruthenium(i) bearing an almost rigid
spacer with, on its terminus, a leaving group that can react
efficiently with ii) a trisquaternary salt bearing a bipyridinium
unit and a disubstituted pyridylpyridinium moiety. The
retrosynthetic analysis of the molecular shuttle is outlined in
Scheme 1. This scheme relies on an approach which involves
quaternization of a nitrogen by nucleophilic substitution with
a ruthenium(i) complex that carries a benzylic bromide
function. The synthesis of the [2]rotaxane 1-6PF; is outlined
in Schemes 2-4. First of all, the ruthenium(if) complex 9-
2PF; (the “west-side”) and the tricationic salt 19+3PF, (the
“east-side”) were synthesized (see Schemes 2 and 3, respec-
tively). Linking the “west-side” with the “east-side” yielded
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Scheme 1. Retrosynthetic approach for the synthesis of the the dumbbell-shaped compound 2 - 6 PF.

the dumbbell-shaped compound 26 PFy, which incorporates
two bipyridinium recognition sites. Finally, the [2]rotaxane 1-
6 PF, was obtained as a result of a slippage approachB to its
formation.

Constructing the “west-side”: The synthesis of the rutheni-

um(1) complex 9-2PF; is outlined in Scheme 2. The fert-
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Scheme 2. Synthesis of 9-2PF,. Reagents and conditions: a) (1) nBuLi/
THF, —78°C, 1h, (2) B(OMe);, —78°C to RT, 16 h, (3) 5% HCI, 30 min,
79%; b) (1) 1,4-dibromo-2,3,5,6-tetramethylbenzene/2m Na,CO,/[Pd-
(PPh;),]/PhCH/EtOH, reflux, 3d, (2) TBAF/THFE, RT, 12h, 75%;
c) HBr/AcOH (45 %w/v), reflux, 12 h, 89 %; d) LDA/THF, 78°C to RT,
12 h, 66 %; e) (1) 11/2M Na,COs/[Pd(PPhs;),]/PhCH,/EtOH, reflux, 3 d, (2)
TBAF/THF, RT, 12 h, 62 %; f) (1) [Ru(4,4'-dmbpy),CL]/EtOH/H,0, reflux,
24 h, (2) NH,PF¢/H,0, RT, 12 h, 66 %; g) (1) HBr/AcOH (45 % w/v), reflux,
4h, (2) NH,PF¢/H,0, RT, 12 h, 90%.
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butyldimethylsilyl O-protected
4-bromobenzyl alcohol 105!
was transformed in 79 % yield
into the boronic acid 11 by
treatment of the alcohol with
nBulLi, followed by addition of
trimethyl borate in THF at
—78°C. The synthesis of the
biphenyl derivative 12 was ac-
complished by Pd’-catalyzed
cross-coupling?® with an excess
of 1,4-dibromo-2,3,5,6-tetra-
methylbenzene,? followed by
desilylation with tetrabutylam-
monium fluoride. The yield for
the two steps was 75%. The
alcohol 12 then underwent
smooth conversion in 89 %
yield to the corresponding bro-
mide 13 with HBr in acetic acid
(45% w/v). Monolithiation of
4,4'-dimethyl-2,2'-bipyridine by
using equimolar amounts of
LDARB4 in THF, followed by addition of the bromide 13 gave
the unsymmetrical substituted bipyridine 14 in 66 % yield. A
Pd’-catalyzed cross-coupling reaction between 14 and 11
afforded the bypyridinium-based alcohol 15in 62 % yield. The
ruthenium(i) complex 3-2PF, was prepared in 66 % yield by
treating [Ru(4.4’-dimethyl-2,2'-bipyridine),]CLP! with the
ligand 15 in a mixture of EtOH/H,0, followed by counterion
exchange (NH,PF/H,0/Me,CO). The bromomethyl deriva-
tive 9 -2 PF, was obtained, almost quantitatively, by treatment
of the hydroxymethyl derivative 3-2PF; with 45% HBr1/
AcOH. We found that it is important to prepare the
ruthenium() complex 3-2PF; prior to the conversion to 9-
2PFg, as the complexation of ruthenium(ii) to the bipyridine
ligands protects them from self-alkylation by the reactive
benzylic-type bromide function present in compound 9 - 2 PF,.

-

[
[_lj

o ﬁ? -
+

Constructing the “east-side”: The synthesis of compound 4-
4PF; is outlined in Scheme 3. Compound 16°! was treated
with an excess of 4,4-bipyridine in refluxing MeCN in the
presence of a catalytic amount of anhydrous LiBr. Following
counterion exchange (NH,PFy/H,0/Me,CO), the monoqua-
ternary salt 17 - PF, was isolated in 82 % yield. This compound
was then alkylated with an excess of 1,3-dibromopropane to
afford, after counterion exchange (NH,PF¢/H,0), the diqua-
ternary salt 18-2PF; in 69 % yield. Following further quater-
nization of 18-2PF; with an excess of 3,3'-dimethyl-4,4'-
bipyridine,?"l the required trisquarternary salt 19-3PF, was
isolated in 93% yield after counterion exchange (NH,PF/
H,0). The tetrakisquaternary salt 4- 4 PF,, needed as a model
compound in electrochemical studies, was obtained by
quaternization of 19-3PF, with benzyl bromide and subse-
quent counterion exchange (NH,PF¢/H,0).

Linking the “west-side” to the “east-side”: The ruthenium(ir)
complex 9-2PF, and the tricationic bipyridinium salt 19 - 3 PF,
were reacted together (Scheme 4) in refluxing MeCN to give,
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Scheme 3. Synthesis of 4-4PF,. Reagents and conditions: a) (1) 4,4'-bipyridine/LiBr/MeCN, reflux, 3d, (2)
NH,PF¢/H,0/Me,CO, RT, 12 h, 82%; b) (1) 1,3-dibromopropane/MeCN, reflux, 4 d, (2) NH,PF,/H,0/Me,CO,
RT, 12 h, 69%; c) (1) 3,3'-dimethyl-4,4'-bipyridine/MeCN, reflux, 7 d, (2) NH,PF¢/H,O, RT, 12 h, 93%; d) (1)

PhCH,Br/MeCN, reflux, 4 d, (2) NH,PF¢/H,O, RT, 12 h, 75%.

9.2PF¢

Scheme 4. Synthesis of the [2]rotaxane 1-6 PF,. Reagents and conditions: a) (1) MeCN, reflux, 6 d, (2) NH,PF,/
H,O, RT, 12 h, 63 %; b) (1) BPP34C10/MeCN, 50°C, 4 d, (2) NH,PF¢/H,O, RT, 12 h, 59 %.

after counterion exchange (NH,PF¢/H,0), the dumbbell-
shaped compound 2 -6 PF; in 63 % yield.

Obtaining the molecular shuttle by slippage: Heating 2-6PF,
with five equivalents of BPP34C10 in MeCN at 50 °C for four
days led (Scheme 4) to the isolation of the [2]rotaxane 1-6PF,
in 59% yield as a stable compound, which, upon silica gel
column chromatography in MeOH/2 molL~! NH,Cl/MeNO,
(7:2:1 v/viv) as eluent, remained unchanged. However, when
1,5-naphtho-1,4-phenylene-36-crown-10 was used as the mac-
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rocyclic polyether instead of
BPP34C10, slipping of the
crown ether component off the
dumbbell component of the
corresponding  [2]rotaxanel*]
was observed.

Mass spectrometry: Liquid sec-
ondary ion mass spectrometry
(LSIMS) was employed success-
fully in the characterization of
the key compounds 19-3PF;,
4-4PF,, 3-2PF; 9-2PF,, the
dumbbell-shaped molecule 2-
6PF,, and the [2]rotaxane 1-
6 PF. In all cases, peaks for the
successive losses of one, two, or
three PF,~ counterions were
observed (Table 1). Additional-
ly, the [2]rotaxane 1-6PF; was
characterized by electrospray
mass spectrometry.

4.4PF

NMR spectroscopy: Com-
pounds 1-6PF;, 2-6PF,, 3-
2PF,, 4-4PF,, 9-2PF;, 10-16,
17-PF,, 18- 2PF,, and 19-3PF;
were characterized by "H NMR
spectroscopy, which included
'H-'H COSY experiments for
full assignments in cases of 1-
6PF,, 2-6PF,, 4-4PF,, and 9-
2PF,, and by noise-decoupled
BC NMR spectroscopy. The
[2]rotaxane 1-6PF, incorpo-
rates two different bipyri-
dinium recognition sites, a 4,4'-
bipyridinium unit (A;) and a
3,3'-dimethyl-4,4'-bipyridinium
unit (A,), within the dumb-
bell-shaped component, but
only one BPP34C10 macro-
cycle. Thus, the macrocyclic
component is free to move back
and forth from one recognition
site to the other depending
upon their binding affinities,
which can be modified photo-
chemically. The preferential oc-
cupation of site A, in the ground state was anticipated from
previous complexation studies,* which demonstrated that
the binding affinity of BPP34C10 for a model 4,4'-bipyridi-
nium derivative is about ten times greater than for corre-
sponding 3,3'-dimethyl-4,4"-bipyridinium derivative. The par-
tial "H NMR spectroscopic data for the [2]rotaxane 1-6PF;
and the reference compound—the dumbbell-shaped molecule
2-6PFs—are listed in Table 2. Significant upfield shifts are
observed (Figures 5 and 6) only for the signals arising from the
a- and f-protons with respect to the nitrogen atom in the

|
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Table 1. LSIMS datal® for the bpy-based quaternary salts 19-3PF; and 4-
4PF,, the Ru complexes 3-2PF¢ and 9-2PF,, the dumbbell-shaped
compound 2- 6 PF;, and the [2]rotaxane 1-6PF,.

[M]*o] [M—PFJ*  [M—2PFj* [M — 3PFJ*
19-3PF, (1365 1220 1075 929
4-4PF, (1600) 1456 1311 1165
3-2PF, 129414 1127 981 -
9-2PF, (1335) 1189 1045 -
2-6PF, (2765) 2620 2475 2330
1-6PF, 3303 3157 3012 2867

[a] LSIMS mass spectra were obtained using a ZabSpec mass spectrometer
equipped with a cesium ion source operating at ~30 keV. [b] M =molec-
ular weight. [c] The numbers in parentheses refer to peaks that were not
observed. [d] [M+Na]*. [e] [M+H]".

bipyridinium unit A;. The resonances for the a- and -protons
are shifted to higher frequencies by approximately 0.24 ppm
and 0.50 ppm, respectively, while the signal for the
hydroquinone ring protons of BPP34C10 is shifted upfield
by 0.52 ppm (Figure 6). These changes in chemical shifts are

5- and 5'-bip
dmbpy ArH
3- and 3'-bpy

p-phenylene
6- or 6'-bip ArH

2- or 2'-bip
dmbpy
6- or 6'-bip ArH

*NCH,

2- and 2'-bpy _h

2- or 2'-bip j

*NCH, OCH,

CH;

characteristic of the inclusion of a bipyridinium unit inside a
BPP34C10 macrocyle.

Electrochemical behavior: The machine-like behavior of the
[2]rotaxane 1%+ is based on electron transfer processes that
have to bring about the switching of the ring between the two
stations of the dumbbell-shaped component. Since i) the
occurrence of such processes is related to the electrochemical
potentials of the stations and ii) the potential shifts, resulting
from donor/acceptor interactions, can yield useful information
about the station occupied by the ring along the dumbbell-
shaped component, electrochemical features were an integral
part of the design of the [2]rotaxane 1°*. Hence, we have
investigated the electrochemical behavior of the [2]rotaxane
1%+, the dumbbell-shaped compound 2°*, the BPP34C10 ring,
and some of the model compounds shown in Figure 4. The
results obtained are summarized in Table 3 and Figure 7.

Components: Tt is well knownP® 38 that the bipyridinium
dication 8> undergoes two reversible one-electron reduction
processes. The 3,3’-dimethyl an-
alogue 7** also undergoes
two reversible one-electron re-
duction processes, but at con-
siderably more negative poten-
dmbpy |, o1, tial valges t.han 8%+ because of

CH, ° the steric hindrance caused by

|J_| the methyl substituents to the
coplanarity of the two pyridini-
um subunits; this affords a con-
formation which would favor
delocalization of the added
electrons.* In the wire-type
compound 4%, the reduction
processes associated with the

~<—C(CHj)3

[REREEEE R RS manE.;

9 9 8 7 6 5 4

Figure 5. 'H NMR Spectra (500 MHz, CD;COCD:;) of the dumbbell-shaped compound 2 - 6 PF,. Note that bip
refers to 3,3'-bipicoline and bpy refers to 4,4"-bipyridine. The assignments in bold represent the signals that change

their chemical shifts on formation of the [2]rotaxane, 1-6PF,.

BPP34C10
ArH

3- and 3'-bpy 5- and 5'-bip

OCH,
2- and 2'-bpy

T BRI R LR e

BPP34C1

two bipyridinium units 7>+ and
8%+ are clearly distinguishable,
even if some shift is observed in
the potential values, presuma-
bly as a result of the closeness
of the positive charges. It should
also be noted that 4** shows a
nonreversible oxidation process
that can be assigned?* 3 to the
tetraarylmethane stopper. The
[Ru(Me,bpy);** complex (5°*)
displays a metal-localized rever-
sible monoelectronic oxidation
process and three ligand-local-
ized reversible monoelectronic
reduction processes.*!l The Ru
complex 3**, which is obtained
by joining up 5** with 6, practi-
cally behaves just like 5°*. It
does not reveal any new process

e
3 2

r CHy

T T v
d 9 8 7 6 5 4

Figure 6. '"H NMR Spectra (500 MHz, CD;COCD;) of the [2]rotaxane 1-6PF,. Note that bip refers to 3,3'-
bipicoline and bpy refers to 4,4"-bipyridine. The partial assignments for the signals indicate the formation of the

[2]rotaxane.
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attributable to 6, indicating that
this spacer, as expected,*?l does
not exhibit any redox activity in
the potential window examined.
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Table 2. Selected '"H NMR chemical shifts (6 values) in CD;COCD; at 31 °C for the dumbbell-shaped compound

2-6PF; and the [2]rotaxane 1-6PF,.

corresponds to the first reduc-
tion of the A, station, is also

Protons 2-6PF, 1-6PF, A6 displaced toward more negative
Ay oyl 9.40(d, 2H)/9.37 (d, 2H) 9.16 (d, 2H)/9.14 (d, 2H) _024/—023 Ppotentials, demonstrating that,
A, -B/B0 8.82 (d, 2H)/8.79 (d, 2H) 8.31 (d, 4H) —0.51/—-048  at this stage, the A, unit is
Az—a1/a4:zll 9.47 (s, 1H)/9.23 (s, 1H) 9.48 (s, 1H)/9.29 (s, 1H) +0.01/+006  encircled by the BPP34C10
As- e 9.31 (d, 1H)/9.14 (d, 1H) 9.32 (d, 1H)/9.21 (d, 1H) +001/+007  no Tt has to be stressed, how-
A,- BB 8.23 (d, 1H)/8.21 (d, 1H) 8.27 (d, 1H)/8.21 (d, 1H) +0.04/0.00 . .

ArHte B 625 (s, $H) _0.52 ever, that this reduction hap-

[a] Refers to H (2,6/2,6"). [b] Refers to H (3,5/3,5"). [c] Refers to H (2/2'). [d] Refers to H (6/6"). [e] Refers to H
(5/5"). [f] Refers to protons of the hydroquinone rings incorporated within BPP34C10. [g] The ¢ value for
hydroquinone ring protons of BPP34C10 in CD;COCD; at ambient temperature is 6.77.

Table 3. Electrochemical data.[!

pens after the first reduction of
the A, station. This behavior
confirms that, as we planned to
achieve, when the better station
(A;) of the two has been “de-

activated”, the BPP34C10 ring

Eo [V] ; Erea [V moves to the alternative A,

stopper - crown ether - Ru + + station. Under these conditions,

R- . .N-H from the values of the first

= reduction potential of A, and

R'=H Me H Me the second reduction potential

82+ (R =Me) — 043 —0.84 of A, in the dumbbell-shaped

7+ (R=Bn) -0.74 —0.94 component (Table 3), it can be

4 160 » -036 -069 -084 -097 estimated that the translational

BPP34CIO }éz[cl isomer with the BPP34C10 ring

3+ 115 _143 —163 —18  encircling A, is much more

26+ 1.601¢! 115 -036 —068 —08 —09 —143 ads. ads. populated than that in which
10+ 1.70k! 140kl 115 -044 —-073 -0.83 —-099 —143 ads. ads.

the BPP34C10 ring encircles

[a] Argon purged MeCN, room temperature. [b] Halfwave potential values in V vs. SCE; reversible and
monoelectronic processes, unless otherwise indicated. [c] Not fully reversible process; potential value estimated

from DPV peaks. [d] Two-electron process.

The BPP34C10 macrocycle is well known to undergo two not
fully reversible monoelectronic oxidation processes.[*’]

[2]Rotaxane and the dumbbell-shaped compound: In the
dumbbell-shaped compound 2%+, all the redox processes of the
component units are present at almost the same potentials as
in the separated units (Table 3 and Figure 7); this shows that
there is no substantial intercomponent electronic interaction.
In going from the dumbbell-shaped compound 2°" to the
[2]rotaxane 1°*, some processes are affected and others are
not. All the processes related to the Ru-based unit, that is, the
metal-localized oxidation and the ligand-localized reduction,
do not show any appreciable changes. The first reduction of
the A, unit is displaced noticeably toward more negative
potential values, indicating that it is surrounded by the -
electron donating BPP34C10 ring (Figure 8), whose oxida-
tion*is displaced accordingly toward more positive potential
values. These observations are confirmed by the values of the
potential shifts, which are close to those observed for a
previously investigated®! [2]rotaxane that incorporates the
BPP34C10 ring and a station similar to A;. The fact that the
ring encircles the A, station in the more stable isomer was
exactly what we expected, since the A, station is a better -
electron acceptor than the A, one. The reduction potentials
(Table 3) of A, and A, in the dumbbell-shaped compound 2+
(or of the separated 7>* and 8+ compounds) suggest that the
translational isomer of 1°*, shown in Figure 4, is by far more
highly populated than the other one, as confirmed by the
NMR results. The second reduction wave of 1°f, which

Chem. Eur. J. 2000, 6, No. 19
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A,". Also, when the A, station
has been reduced, the position
of the BPP34C10 ring is no
longer controlled by strong do-
nor/acceptor interactions; from the electrochemical results, it
seems that it resides close to A,". The reversibility of the
electrochemical processes involving the two stations shows
that, after a two-electron reduction of the [2]rotaxane 1°*,
one-electron oxidation relocates the BPP34C10 ring on the A,
station and a successive one-electron oxidation entices it back
again onto the A, station. The electrochemical reversibility of
these processes indicates that the rates of the electrochemi-
cally induced ring movements are faster than the highest
scan rate (1 Vs!) used in the conventional electrochemical
experiments. This observation is not surprising since, in a
previously studied®! [2]rotaxane, the shuttling of BPP34C10
between two identical 4,4’-bipyridinium stations was found
to occur with a rate constant of 300000 s! at 298 K, even in
the presence of donor/acceptor interactions. In an attempt
to obtain the value of the rate constant for ring displacement
after the reduction of A; (Step 4 in Figures2 and 3), we
have tried to perform experiments at much faster scan rates
by using a piece of electrochemical equipment described in
the Experimental Section.®! Unfortunately, these experi-
ments were unsuccessful because of severe adsorption phe-
nomena.

Photochemical and photophysical behavior: In order to effect
the photoinduced switching process (Figures 2 and 3) upon
rotaxane 1%+, we needed a component P that exhibited well-
defined spectroscopic and redox properties, namely: i) light
absorption in a region of the spectrum at which the other
components of the system do not show strong bands, ii)
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Figure 7. Cyclic voltammetric patterns (MeCN, 298 K, scan rate 200 mVs™!)
for the model compounds (3*+, 4*, 7%+, and 8**), dumbbell-shaped compound
26+, the BPP34C10 macrocycle (R), and the [2]rotaxane 1°*.
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suitable excited-state energy, lifetime, and reducing power,
and iii) reversible redox behavior. It is well known that Ru!!
complexes of polypyridine ligands exhibit?®! outstanding
excited state and redox properties and that their photo-
induced electron transfer processes with bipyridinium-type
compounds are fully reversible.* Most relevant to our
present objectives are the studies performed®:?>2] on
systems in which [Ru(bpy);]** derivatives are covalently
linked to bipyridinium units. It has been shown that it is
indeed possible to obtain a photoinduced electron transfer
from the Ru complex to the bipyridinium unit, and that the
rate constants of the forward (photoinduced) and back
processes depend upon thermodynamic and kinetic factors,
as expected on the basis of Marcus theory.l” +7]

We have recorded the absorption spectra of all the
compounds shown in Figure 4 and we have found that the
spectrum of [2]rotaxane 1%+ (Figure 9) is substantially that
which would be predicted on the basis of contributions from
its different chromophoric units. It should be noted that the
weak charge transfer band (4, ca. 450 nm with ¢,,, ca.
500M~' em~1)B 38 arising from the interaction between A,
and BPP34C10 cannot be observed because it is hidden by the
much more intense metal-to-ligand charge transfer (MLCT)
band of the Ru-based component 3** (4, =450 nm with &,,,,
ca. 15000M ' cm ") or compound 5%+, Upon excitation of P
at 450 nm, both the [2]rotaxane 1°* (Figure 9) and the
dumbbell-shaped compound 2%+ exhibit an emission band at
Amax = 618 nm, which corresponds to that exhibited by the Ru-
based compound 3** .l Both the lifetime and emission
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O
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Figure 8. Potential shifts caused by the donor/acceptor interactions between the BPP34C10 ring and dumbbell-shaped components when they are assembled

in the [2]rotaxane 1°*.
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Figure 9. Absorption (MeCN, 298 K, full line) and emission (MeCN, 298 K,
dashed line; butyronitrile rigid matrix, 77 K, dotted and dashed line) spectra
of a solution of [2]rotaxane 1°+. Excitation was performed at 450 nm.

Table 4. Luminescence and transient absorption data in degassed MeCN solution at 298 K.

in the spectral region of the ground-state absorption around
450 nm and by an apparent bleaching around 600 nm that
arises from the radiative deactivation of the excited state
(Figure 9). The transient absorption spectrum was found to
decay to the original spectrum with a rate constant in full
agreement with the lifetime obtained from luminescence
decay. For the purposes of this work, it is particularly
important to note the presence of the isosbestic point at
404 nm in the absorption spectra of the ground and excited
states of 3** (Figure 10).

When flash spectroscopy experiments were performed on
the [2]rotaxane 1°* or the dumbbell-shaped compound 2°* , an
increase in absorbance was observed at 404 nm, instead of the
isosbestic point (Figure 11). For both 1%+ and 25+, the risetime
of the transient absorption was
in agreement, within the exper-

Luminescence of Pl

Transient absorption decay®™  imental error, with the lifetime

Amox [nm] B/ 7 [ns] kg 107 [ @z [ns] kx107 (sl of the excited state of the
¥+ 618 0.065+0.005  880+20 - - - - component P. The transient ab-
20 618 005340003  730+10  24+0.1 018  1200+£100 83407 sorption was found to com-
16+ 618 0.057 +0.003 770 +10 1.7+£0.1 0.13 4100 £+ 100 24402

pletely disappear (Figure 11)

[a] Aexe =450 nm. [b] Ao, =532 nm, 4., = 404 nm. [c] Luminescence quantum yield. [d] Quenching rate constant,
1/z,, in which 7, is the lifetime of the reference compound 3?*. [e] Yield of
the electron transfer quenching process, calculated by the equation @, =k, x 7.

calculated by the equation k,=1/7 —

intensity of P are quenched (Table 4) in the [2]rotaxane 1%+
and in the dumbbell-shaped compound 2%+ relative to the
values found for the model compound 3**.1¥ The quenching
constants kg, obtained from Equation (1), in which 7, is the
luminescence lifetime of the reference compound 3%+, are also
listed in Table 4.

ky=1/r— 1/, @)

Flash spectroscopy experiments performed on compound
3%+ showed (Figure 10) the occurrence of the spectral changes
expected for formation of the triplet MLCT excited state of
[Ru(bpy);]**-type compounds.’” As one can see, an increase
in absorption below 400 nm is accompanied by a bleaching
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Figure 10. Transient absorption difference spectra, obtained in laser flash
photolysis (MeCN, 298 K), of reference compound 3** upon excitation at
532 nm at delay times 0 (1), 0.5 (2) 1.0 (3), 1.5 (4),2.0 (5), and 2.5 (6) ps after
the laser pulse.
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with rate constant 2.4 x 10°
and 83 x10°s™' for 1% and
2%+ respectively (Table 4). The
transient absorption spectrum
for 1°* measured 4 ps after the flash showed, besides some
residual bleaching in the spectral region of the ground-state
absorption of the P component, a strong absorption at 400 nm
and a weaker one at 600 nm (Figure 12).

50 10.0 15.0

0.8 t(ps)

AA x 102

0.4

0.0

t(ps)

Figure 11. Transient absorption kinetics at 404 nm of [2]rotaxane 1°%,
dumbbell-shaped component 2+, and reference compound 3% as a
function of time upon excitation at 532 nm (MeCN, 298 K). The inset
shows the complete decay of 1°* on a longer time scale.
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Figure 12. Transient absorption difference spectrum of [2]rotaxane 1°*
(Aexe =532 nm) recorded 4 ps after the laser pulse (MeCN, 298 K).
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The transient species formed upon flash excitation of 1¢*
and 2° is expected to bel®d20271 3 compound in which an
electron has been transferred from the excited state of P to
one of the two bipyridinium units contained in 1°* and 20+.51
In order to understand which of these units was involved
in the photoinduced electron transfer process, we recorded
the absorption spectra of the one-electron reduced forms
of the model compounds 7** and 8 in acetonitrile
(Figure 13).552

3.0

2.0

ex 10 (v cm™)

1.0

0.0
300 500 700 900

A (nm)
Figure 13. Absorption spectra of 7" (dashed line) and 8" (full line)
obtained by photochemical reduction of 7°* and 8** in degassed MeCN
solution at 298 K with [Ru(bpy);]*>* as a photosensitizer and TEOA as a
sacrificial electron donor (the absorption spectrum of [Ru(bpy);]** has
been subtracted).

As one can see, 8" shows the well-known,™! very intense
bands with A,,,, =397 and 607 nm, whereas 7+ shows a weaker
and broader absorption band around 400 nm and an absorp-
tion band with A,,,=780nm.’" The observed transient
spectrum (Figure 12) is clearly very similar to that of 8,
indicating that, as expected, the photoinduced electron trans-
fer process involves the A, station. Whether A;~ is formed
directly or via the intermediate formation of A, followed by
a very fast electron transfer from A, to A, is a detail that will
be discussed below.

When photoexcitation of the
[2]rotaxane 1°* or the dumb-
bell-shaped compound 2%+ was
performed with a continuous
436 nm light in a degassed
MeCN solution containing 2
0.05m TEOA, strong spectral
changes (see, e.g., Figure 14)
were observed. Comparison
with the spectra of 7 and 8"
(Figure 13) shows clearly that
the photochemical reaction
causes a permanent reduction
of A, to A;. If dioxygen was
allowed to enter the irradiated
solution, complete disappear-
ance of the characterisitic
bands of A;~ was observed,
with recovery of the original
spectroscopic properties of the
[2]rotaxane 15+ and the dumb-
bell-shaped compound 2°*.

Energy (eV)

more details, refer to the text.
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Figure 14. Spectral changes observed upon photoexcitation of the [2]ro-
taxane 1%+ (4.5 x 10> M) with 436 nm light in the presence of triethanol-
amine (0.05M) in a degassed MeCN solution at 298 K. Irradiation times are
0, 1, 3, 5, 10 and 30 minutes from lower to upper curve. Similar spectral
changes were observed in the case of 2.

Photochemically driven switching: We will now discuss the
results obtained in the light of the two proposed switching
mechanisms (Figures 2 and 3).

Intramolecular mechanism: The behavior of the [2]rotaxane
1%+ and the dumbbell-shaped compound 2°* can be analyzed
on the basis of Figure 15, which shows on an energy scale the
processes that take place after photoexcitation of the photo-
active component P. The energy of the excited state of P
(2.1 eV) has been obtained from the maximum of the emission
band at 77 K (Figure 9). The energies of the various redox
states have been obtained from the potential values reported
in Table 3. Clearly, the structure of such systems, as far as the
photoinduced electron transfer processes are concerned,
corresponds to the classical arrangement of triads used in
artificial photosynthesis to obtain long-lived charge-separated
states.’> This observation has allowed us to slow the rate of
the electronic reset in rotaxane 1%+ (Table 4) down to the
timescale expected®™ for ring shuttling. We have seen that:
i) for both 15 and 2%, the rate constant for the quenching of
the luminescence of P is equal to the rate constant for A;~

‘P-S-A@T
or

P-S-AALT

P-S-A-AT

Figure 15. Energy level diagrams for the processes taking place in the [2]rotaxane 1°* (left-hand side) and the
dumbbell-shaped compound 2% (right-hand side) after photoexcitation of the photoactive component P. For
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formation, ii) the rate constant of the luminescence quenching
(or A;~ formation) is higher in the case of the dumbbell-shaped
compound 2°* than for the [2]rotaxane 1°*, iii) the rate constant
of the decay of A~ is smaller for 1°* than it is for 2°+, and iv) the
rate constant for the photoinduced electron transfer (Step 2) is
much slower than the rate constant for the intrinsic excited-
state decay (Step 3). The result summarized under point i does
not allow us to establish whether the reduction of A, takes
place directly by electron transfer from *P (Step 2 in Figure 15)
or through intermediate reduction of A,, which is more difficult
to reduce than A, but closer to *P (Step 2" in Figure 15). The
result summarized under point ii, however, rules out the two-
step route (Step 2’ followed by Step2” in Figure 15), since, in
such a case, the quenching rate constants should be equal for
15+ and 2%*. Quenching by direct electron transfer to A, is
consistent with the larger value of the rate constant in the case
of 20*, just as expected for a more exoergonic reaction in the
normal Marcus region (Figure 15). Since the back electron
transfer reactions are expected® ! to lie in the Marcus
inverted region, the smaller rate constant for the decay of
A, in 1% compared with 25" (point iii above) suggests that, in
the [2]rotaxane, such a reaction is more exoergonic; an
observation which means that it takes place when the
BPP34C10 ring still encircles A;~ (Step5 in Figure 15).
Unfortunately, we have not been able to evaluate the rate of
Step 4 by electrochemical measurements. Hence, we cannot
make a direct comparison between the rates of Steps 4 and 5.
Although the above-mentioned indirect evidence would sug-
gest (Figures 2 and 15) that the electronic reset (Step 5) is faster
than the BPP34C10 ring displacement (Step 4), we should not
be too far from a competition.*® It should be noted that, in the
present system, any further increase in the distance between P
and A, or in the exergonicity of Step 5, in the attempt to slow
down its rate, would compromise the occurrence of the forward
(photoinduced) electron transfer Step 2, which is already much
slower (pointiv above) than the intrinsic decay rate of the
excited state, namely, Step 3.

Sacrificial mechanism: We have seen that when photoexcita-
tion of the [2]rotaxane 1°* or the dumbbell-shaped compound
2%+ is performed in the presence of a sacrificial electron donor
in a degassed MeCN solution, the accumulation of A;™ is
observed (Figure 14). This observation shows (Figure 3b’)
that reduction of the oxidized photoactive unit P* by the
sacrificial donor (Step 8) competes successfully with the back
electron transfer reaction (Step 5). Under these conditions,
the BPP34C10 ring has all the time it needs to move (Step 4)
from A;” to A, in agreement with the results of the
electrochemical experiments. The photoinduced movement
of the BPP34C10 ring from the station originally occupied to
the other one has therefore been achieved. Electronic reset
(Figure 3¢’) is obtained when dioxygen, which oxidizes A;~ to
A,, is allowed to enter the solution (Step 9). As a consequence
of this oxidation process, A; once again becomes the better -
electron-acceptor station and nuclear reset follows (Step 7 in
Figure 3d). Thus, it is clear that the photochemically driven
switching of the BPP34C10 ring between stations A; and A, in
the [2]rotaxane 1%* has been achieved by a mechanism
involving a sacrificial electron donor.

Chem. Eur. J. 2000, 6, No. 19
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Conclusion

Calling on a decade’s worth of experience, we have taken the
design, synthesis, and workings of artificial molecular ma-
chinesP"l to a considerably higher level of sophistication and
performance than has been achieved so far with molecular
shuttles.’®! By employing the simplest of thermodynamically
controlled self-assembly procedures, namely, slippage, to
produce a molecular shuttle from its dumbbell-shaped and
ring components, we have constructed a molecular-level
system in which the components are capable of undergoing
abacus-like movements driven by light inputs. The system we
have investigated is a [2]rotaxane, which is comprised of a -
electron-donating macrocycle (BPP34C10) and a dumbbell-
shaped component that contains a photoactive stopper and
two m-electron-accepting recognition sites (stations), assem-
bled as shown in Schemes 1 -4 and Figure 4. We have devised
two working schemes for the photoinduced switching of the
BPP34C10 ring between stations A; and A,—i) a mechanism
based fully on processes which only involves the rotaxane
components, that is, an intramolecular mechanism (Figure 2)
and ii) a mechanism which requires the help of external
reactants, that is, a sacrificial mechanism (Figure 3). The
results we have obtained have shown that, although we
succeeded in slowing the back electron transfer process
(Step 5 in Figure 2) down to the timescale expected for the
ring displacement (Step 4), apparently in the present system
the latter is still slower than the former. We have clearly
shown that the photochemically driven switching can be
performed successfully by the sacrificial mechanism (Fig-
ure 3). Of course, the intramolecular switching mechanism
(Figure 2) is much more appealing than the sacrificial one,
principally because the former mechanism implies the con-
version of light energy into mechanical energy without
generating waste products. In the intramolecular mechanism,
the large excess of energy carried by the excited state,
compared with that needed for the ring movement, is
converted into heat by reversible electron transfer processes.
In principle, it would be convenient to use very low-energy
excited states. However, they usually exhibit lifetimes that are
too short to allow the occurrence of the photoinduced
electron transfer process (Step 2 in Figure 2). It should also
be noted that, contrary to what happens in the sacrificial
mechanism, the intermediate species involved in the intra-
molecular mechanism need to be stable only for short
(submillisecond) time periods. The take-home message is
clear. We have sucessfully created a molecular abacus based
on a sacrificial electron transfer mechanism. Encouraged by
our results, we believe that a molecular abacus based on an
intramolecular electron transfer mechanism is within our
reach.

Experimental Section

General methods: All reactions were carried out under a nitrogen
atmosphere. Chemicals were purchased from Aldrich and used as received.
4-Bromobenzyl rert-butyldimethylsilyl ether®! (10), 1,4-dibromo-2,3,5,6-
tetramethylbenzene,?  [Ru(4,4'-dimethyl-2,2'-bipyridine),]Cl, - 2 H,0,*]
2-{4-[4-ethylphenyl-bis(4-tert-butylphenyl)methyl]phenoxy}ethoxy ethanol
4-methylbenzenesulfonatel®! (16), 3,3'-dimethyl-4,4’-bipyridine,*”) and bis-
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p-phenylene-34-crown-10°1 were synthesized according to literature
procedures. Solvents were dried according to literatures procedures./*!
Lithium bromide, ammonium hexafluorophosphate, n-butyl lithium, trimethyl
borate, palladium (tetrakis)triphenylphosphine, tetrabutylammonium fluo-
roborate, lithium diisopropylamine, 4,4'-dimethyl-2,2’-bipyridine, bis-p-
phenylene-34-crown-10 are indicated by the following formulas or acro-
nyms LiBr, NH,PF¢, nBuLi, B(OMe);, [Pd(PPh;),], TBAF, LDA, dmbpy, and
BPP34Cl10, respectively. The tert-butyldimethylsilyl and p-toluenesulfonyl
groups are identified by the abbreviations TBDMS and Ts, respectively.
Yields refer to chromatographically pure products. Thin-layer chromatog-
raphy (TLC) was carried out on aluminum sheets coated with silica gel 60
(Merck 5554). Column chromatography was performed on silica gel 60
(Merck, 40-60nm). Melting points were determined on an Electro-
thermal 9200 melting point apparatus. Microanalyses were performed by
the University of Sheffield Microanalytical Laboratories or by the
University of North London Microanalytical Services. Liquid secondary
ion mass spectra (LSIMS) were recorded on a VG ZabSpec mass
spectrometer equipped with a cesium ion source with m-nitrobenzyl
alcohol containing a trace of NaOAc. For accurate mass measurements
from high-resolution LSIMS (HRLSIMS), the instrument was operated at
a resolution of about 6000 by narrow-range voltage scanning along with
polyethylene glycol or CsI as reference compounds. Electrospray positive-
ion mass spectra (ESMS) were measured on a VG ProSpec triple focusing
mass spectrometer with MeCN as mobile phase. Electron impact (EI) mass
spectra were recorded at 70 eV on a VG ProSpec mass spectrometer.
'"H NMR spectra were recorded on either a Bruker AC300 (300 MHz) or a
Bruker AMX400 (400 MHz) or a Bruker DRX 500 (500 MHz) spectrom-
eter. ®C NMR spectra were recorded on a Bruker AC300 (75.5 MHz) or a
Bruker AMX400 (100.6 MHz) or a Bruker DRXS500 (125.8 MHz)
spectrometer. The chemical shift values are expressed as ¢ values and the
coupling constant values (/) are in Hertz. The following abbreviations are
used for the signal multiplicities or characteristics: s, singlet; d, doublet; dd,
doublet of doublets; t, triplet; m, multiplet; q, quartet; quint, quintet; br,
broad.

4-(tert-Butyldimethylsilyloxymethyl)phenylboronic acid (11): A solution of
105" (12.0 g, 40.0 mmol) in anhydrous THF (80 mL) was cooled down to
—78°C in an atmosphere of dry nitrogen, and a solution of nBuLi
(1.6 molL~!in hexane, 27.5 mL, 44.0 mmol) was added slowly. After stirring
the mixture at — 78 °C for 1 h, trimethylborate (8.3 g, 80.0 mmol) was added
slowly (while maintaining the temperature below — 65 °C) and then stirring
was continued for a further 1 h at — 78 °C. The mixture was allowed to warm
up to room temperature and stirred for another 16 h. Hydrochloric acid
(5%, 40 mL) was added to the ice-cooled stirred mixture, which was then
extracted several times with Et,0. The combined organic layers were
washed with H,O and brine, and dried (MgSO,). Filtration and evaporation
of the solvent gave the crude product, which was purified by column
chromatography (SiO,: n-hexane/EtOAc, 3:1) to yield the boronic acid 11
(8.4 g, 79%) as a white solid. M.p. 144°C; '"H NMR (300 MHz, CDCl;,
25°C): 6=0.12 (s, 6H), 0.97 (s, 9H), 4.84 (s, 2H), 7.44, 747, 8.19, 8.22
(AA'BB’, 4H); BC NMR (75.5 MHz, CDCl;, 25°C): 6 = —5.2, 18.4, 26.0,
65.0,125.5, 128.8, 135.7, 146.2; elemental analysis calcd (%) for C;;H,;BO;.
Si: C 58.65, H 8.71; found C 58.88, H 8.65.

4-(4-Bromo-2,3,5,6-tetramethylphenyl)benzyl alcohol (12): An aqueous
solution of Na,COj; (2 mol L~! solution, 10 mL, 20.0 mmol) and the catalyst
[Pd(PPhs),] (0.46 g, 5mol %) were added to a solution of 1,4-dibromo-
2,3,5,6-tetramethylbenzenel! (11.0 g, 37.6 mmol) in PhMe (75 mL). The
mixture was purged with nitrogen for 15 min and the boronic acid 11 (2.0 g,
7.52 mmol), dissolved in EtOH (8 mL), was added. The reaction mixture
was heated to reflux and stirred for 3 d, during which time it turned black.
The mixture was cooled down to room temperature before being diluted
with EtOAc (80 mL) and H,O (80 mL). The aqueous layer was discarded
and the organic layer was washed with H,O and brine, and dried (MgSO,).
Evaporation of solvent in vacuo gave a residue from which an excess of 1,4-
dibromo-2,3,5,6-tetramethylbenzene was recovered by crystallization from
MeOH. After removal of solvent from the mother liquor, the residue was
subjected to desilylation by treating with TBAF (1 mol L~! solution in THF,
25 mL, 25.0 mmol) in dry THF (75 mL) at room temperature for 12 h. The
solvent was removed under reduced pressure, and the crude product was
purified by column chromatography (SiO,: CH,Cl,) to yield the alcohol 12
(1.8 g, 75%), as a white solid. M.p. 112°C; 'H NMR (300 MHz, CDCl;,
25°C): 0 =1.80 (s, 1H), 1.96 (s, 6 H), 2.45 (s, 6 H), 4.77 (s, 2H), 7.07,7.09, 7.41,
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744 (AA'BB’, 4H); BC NMR (75.5 MHz, CDCl;, 25°C): 6=19.2, 21.2,
65.3, 1272, 128.4,129.4, 133.5, 133.8, 139.2, 140.9, 141.6; elemental analysis
caled (%) for C;;H,oBrO: C 63.96, H 6.00; found C 64.08, H 6.12.
4-(4-Bromo-2,3,5,6-tetramethylphenyl)benzyl bromide (13): A solution of
the alcohol 12 (2.3 g, 72 mmol) in HBr/AcOH (40 mL, 45 %, w/v) was
heated under reflux for 12 h before being cooled down to room temper-
ature and poured into ice-water (200 mL). The mixture was neutralized
with 5% NaHCOj; and extracted several times with CH,Cl,. The combined
organic layers were washed with H,O and brine, and dried (MgSO,).
Removal of the solvent gave the crude product, which was purified by
column chromatography (SiO,: n-hexane/CH,Cl,, 100:4) to afford the
bromide 13 (2.4 g, 89 %) as a white solid. M.p. 116°C; '"H NMR (300 MHz,
CDCl;,25°C): 0 =1.95 (s, 6 H), 2.45 (s, 6 H), 4.56 (s,2H), 7.05, 7.07, 7.43, 7.46
(AA'BB’, 4H); *C NMR (75.5 MHz, CDCl;, 25°C): 6=19.1, 21.1, 33.4,
128.5,129.2,129.7,133.3,133.9, 136.2, 140.5, 142.4; MS (70 eV, EI1): m/z (% ):
382 (46) [M]*, 338 (13), 301 (100), 223 (22), 207 (65), 192 (46), 178 (27);
elemental analysis calcd (%) for C,;H 3Br,: C 53.43, H 4.75; found C 53.53,
H 4.78.
4-{2-[4-(4-Bromo-2,3,5,6-tetramethylphenyl)phenyl]ethyl}-4'-methyl-2,2'-
bipyridine (14): A solution of 44'-dimethyl-2,2’-bipyridine (1.0 g,
5.43 mmol) in dry THF (45 mL) was added dropwise (15 min) at —78°C,
and under a nitrogen atmosphere, to a stirred solution of freshly prepared
LDA [from iPr,NH (0.8 mL, 5.6 mmol) and nBuLi (1.6 molL"! in hexane,
3.5mL, 5.6 mmol) in dry THF (10 mL) at —78°C]; this resulted in a dark
brown-red solution. The mixture was allowed to warm up to 0°C before
being stirred further at this temperature for 1 h. A solution of the bromide
13 (2.3 g, 6.0 mmol) in dry THF (15 mL) was added at once, making the
reaction mixture light yellow-brown. After 12h of stirring at room
temperature, the orange solution was quenched with MeOH (2 mL) and
concentrated in vacuo. The residue was dissolved in CH,Cl,, and the
resulting solution was washed with H,O and brine, and dried (MgSO,).
Removal of the solvent gave the crude product, which was subjected to
flash column chromatography (SiO,: CH,Cl,/MeOH/NH,OH, 100:1:0.2) to
yield the bipyridine 14 (1.8 g, 66 % ) as a white solid. M.p. 172°C; 'H NMR
(300 MHz, CDCl;, 25°C): 6 =1.93 (s, 6H), 2.44 (s, 9H), 3.05 (s, 4H), 6.95,
6.98,7.19, 721 (AA'BB’, 4H), 7.09 (dd, /=5, 2 Hz, 1H), 714 (d, J=4 Hz,
1H), 8.24 (d, /=6 Hz, 2H), 8.53 (d, /=5 Hz, 1H), 8.55 (d, /=5 Hz, 1H);
BC NMR (75.5 MHz, CDCl;, 25°C): 0 =19.1, 21.2, 36.6, 37.5, 121.4, 122.0,
124.1,127.7,128.3, 128.6, 129.3, 133.6, 133.7, 139.1, 140.0, 141.1, 148.2, 149.0,
151.6, 156.0, 156.3; MS (70 eV, EI): m/z (%): 485 (9) [M+H]", 405 (9), 184
(34), 147 (64), 91 (77); elemental analysis calcd (%) for C,H,BrN,: C
7175, H 6.02, N 5.77; found C 71.65, H 6.05, N 5.70.
4-{2-[4-(4-Hydroxymethylphenyl)-2,3,5,6-tetramethylphenyl]phenyl}ethyl-
4’-methyl-2,2-bipyridine (15): A mixture of the bromide 14 (14 g,
2.9 mmol), the boronic acid 11 (0.91 g, 3.4 mmol), [Pd(PPh;),] (100 mg,
3mol%), PhMe (20 mL), aqueous Na,CO; solution (3.5mL, 2 molL~,
7.0 mmol), and EtOH (2 mL) was heated under reflux for 2 d. The reaction
mixture was then cooled, water (10 mL) was added, and the PhMe layer
was separated. The aqueous layer was extracted with EtOAc (2 x 20 mL),
the combined organic extracts were dried (MgSO,) and filtered, and the
filtrate evaporated to dryness under reduced pressure. The residue was
treated with TBAF (1 molL~! solution in THF, 15 mL) at room temper-
ature for 12 h. Solvent was removed in vacuo, and the crude product
purified by flash column chromatography (SiO,: CH,Cl,/MeOH/NH,OH,
100:2:0.35) to afford 15 (0.92¢g, 62 %) as a white solid. M.p. 194°C; '"H NMR
(300 MHz, CDCl;, 25°C): d =1.63 (s, 1H), 1.92 (s, 6 H), 1.93 (s, 6 H), 2.44 (s,
3H), 3.07 (brs, 4H), 4.77 (d, /=6 Hz, 2H), 7.07, 7.09, 7.43, 745 (AA'BB’,
4H), 710 (dd, /=5, 2 Hz, 1H), 712 (d, J=5Hz, 1H), 717, 720, 721, 724
(AA'BB’, 4H), 8.23 (brs, 1H), 8.27 (brs, 1H), 8.54 (d, /=4 Hz, 1H), 8.56
(d, /=4 Hz, 1H); ®CNMR (75.5 MHz, CDCl;, 25°C): 0 =18.0, 18.1, 21.2,
36.7, 375, 65.3, 121.4, 122.1, 124.1, 124.7, 127.1, 128.4, 129.5, 129.7, 131.8,
132.0,138.8, 139.0, 140.6, 140.8, 141.1, 142.2, 148.1, 148.2, 149.0, 151.8, 156.0,
156.2; MS (LSIMS): m/z: 513.3 [M+H]*; elemental analysis calcd (%) for
Cy3H3N,O: C 84.34, H 7.08; found C 84.27, H 7.16, N 5.34.
{Ruthenium(4,4'-dmbpy),{4-methyl-4'-{2-{4-[4-(4-hydroxymethylphenyl)-
2,3,5,6-tetramethylphenyl]phenyl}ethyl}-2,2'-bipyridine}}  bis(hexafluoro-
phosphate) (3-2PFy): A mixture of [Ru(4,4-dmbpy),]CL™! (0.99g,
1.83 mmol) and the alcohol 15 (0.85 g, 1.66 mmol) in EtOH/H,0 (60 mL,
3:1, v/v) was heated under reflux and an N, atmosphere for 24 h. After
removal of the solvent, the residue was purified by flash column
chromatography (SiO,: MeOH/2 mol L' NH,CI/MeNO,, 7:2:1). Fractions
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containing the product were collected and concentrated in vacuo. The
residue was treated with an excess of a 50 % aqueous NH,PF, solution. The
red solid was filtered off, washed with H,O and Et,0, and dried in vacuo
(70°C/0.1 Torr) to afford the Ru-(hydroxymethyl) complex 3-2PF, (1.4 g,
66%). M.p. 210°C (decomp); 'H NMR (300 MHz, CD;COCD;, 25°C):
0=178 (s, 6H), 1.89 (s, 6 H), 2.51-2.56 (m, 15H), 3.14 (m, 2H), 3.25 (m,
2H), 4.72 (s, 2H), 6.96, 6.99, 721, 724 (AA'BB’, 4H), 7.09, 7.12, 7.46, 749
(AA'BB’, 4H), 7.38 (m, 6H), 7.75 (d, /= 6 Hz, 1H), 7.82 (m, 5H), 8.65 (m,
6H); C NMR (75 MHz, CD;COCD;, 25°C): 6 =18.3,21.1, 36.7, 37.6, 64.5,
125.4,125.8,1275,128.9,129.3, 129.4, 129.6, 129.9, 130.0, 132.6, 132.7, 133.0,
151.3,151.5,132.1,132.3,139.3, 141.4, 141.5, 141.6, 141.8, 142.0, 150.8, 154.0,
1576, 157.7; MS (LSIMS): m/z : 1294 [M+Nal*, 1127 [M — PF,]*, 981 [M —
2PF¢]*; elemental analysis caled (%) for CqHgF,NsOP,Ru: C 56.65, H
4.75, N 6.61; found C 56.75, H 4.75, N 6.46.
{Ruthenium(4,4’-dmbpy),{4-methyl-4'-{2-{4-[4-(4-bromomethylphenyl)-
2,3,5,6-tetramethylphenyllphenyl}ethyl}-2,2"-bipyridine}} bis(hexafluorophos-
phate) (9-2PF): A solution of 3-2PF; (1.0 g, 0.79 mmol) in HBr/AcOH
(12 mL, 45 % wi/v) was heated under reflux for 4 h. After cooling, an excess
of 50% aqueous NH,PF, solution was added to precipitate the product,
which was then filtered off, washed with H,O and Et,0, and dried in vacuo
(70°C/0.1 Torr) to give the Ru-(bromomethyl) complex 9 -2 PF, (0.94 g,90 % ),
as an orange solid. M.p. 197°C (decomp); '"H NMR (300 MHz, CD;COCD;,
25°C):0=1.79 (s, 6 H), 1.89 (s, 6 H), 2.51-2.56 (m, 15H), 3.14 (m, 2H), 3.25
(m, 2H), 4.76 (m, 2H), 6.97, 6.99, 7.22, 724 (AA'BB’, 4H), 7.15, 7.17, 7.58,
7.60 (AA'BB’,4H), 7.38 (m, 6 H), 7.75 (d, /= 6 Hz, 1 H), 7.82 - 7.84 (m, SH),
8.66 (m, 6H); *C NMR (125 MHz, CD;COCD;, 25°C): 6 =18.2,21.1,34.4,
36.7, 37.6, 125.5, 125.9, 128.9, 129.3, 129.5, 129.6, 130.1, 130.2, 130.6, 132.6,
132.7,132.8, 151.4, 151.6, 132.2, 132.3, 137.5, 139.3, 141.4, 141.4, 141.9, 143.8,
150.9, 154.1, 157.7, 157.8; MS (LSIMS): m/z: 1189 [M — PF¢]*, 1045 [M —
2PF¢]*; elemental analysis calcd (%) for C4HsoBrF,N.P,Ru: C 53.98, H
4.45, N 6.29; found C 54.04, H 4.37, N 6.26.
N-{2-{4-[4-Ethylphenyl-bis(4-tert-butylphenyl)methyl]phenoxy}ethoxyeth-
yl}-4,4'-bipyridinium Hexafluorophosphate (17-PF;): A mixture of 16°!)
(4.45 g, 6.2 mmol), 4,4"-bipyridine (5.8 g, 37.2 mmol) and anhydrous LiBr
(0.2 g) in dry MeCN (30 mL) was heated under reflux for 3 d. The solvent
was evaporated to dryness and the crude product was purified by column
chromatography (SiO,, the first eluent was MeOH to remove an excess of
4,4'-bipyridine and the second eluent MeOH/MeNO,/2 molL~! NH,Cl,
8:1.9:0.1). The isolated residue was dissolved in H,0/Me,CO, and a
saturated aqueous solution of NH,PF, was added. After the evaporation of
the a Me,CO, the precipitated solid was filtered off, washed with H,O, and
dried (70°C/0.1 Torr) to yield 17- PF4 (4.3g, 82%). M.p. 182°C; '"H NMR
(300 MHz, CD;CN, 25°C): 6 =1.17 (t, /=8 Hz, 3H), 1.26 (s, 18 H), 2.58 (q,
J=8Hz, 2H), 3.77 (m, 2H), 4.00 (m, 4H), 4.70 (m, 2H), 6.71 (d, /=9 Hz,
2H),7.07-712 (m, 10H), 729 (d, /=8 Hz, 4H), 7.83 (d,J = 6 Hz, 2H), 8.19
(d, J=7Hz, 2H), 8.72-8.86 (m, 4H); *C NMR (75.5 MHz, CD;CN,
25°C):0=15.9,28.8,31.6,34.9,62.4,64.1,68.1,69.7,70.4,114.3,125.4, 126.6,
128.0, 131.3, 131.6, 132.7, 140.8, 142.7, 143.1, 145.5, 145.8, 146.5, 149.5, 151.4,
154.8, 157.5; elemental analysis caled (%) for C,HssFoN,O,P: C 69.33, H
6.53, N 3.30; found C 69.16, H 6.71, N 3.27.
N-(3-Bromopropyl)-N'-{2-{4-[4-ethylphenyl-bis(4-tert-butylphenyl)methyl]-
phenoxy}ethoxy}ethyl-4,4'-bipyridinium bis(hexafluorophosphate) (182 PF):
A solution of 17-PF; (2.54 g, 3.0 mmol) and 1,3-dibromopropane (6.1 g,
30.0 mmol) in dry MeCN (40 mL) was heated under reflux for 4 d under
nitrogen atmosphere. The solvent was removed under reduced pressure and
the residue was purified by column chromatography (SiO,: MeOH/MeNO,/
2molL~! NH,CI, 8:1.9:0.1) to afford, after counterion exchange [H,O/
Me,CO, a saturated aqueous solution of NH,PF], 18 -2PF, (2.3 g,69%) as a
white-gray solid. M.p. 212°C (decomp); 'H NMR (300 MHz, CD;COCD;,
25°C): 6=1.18 (t,/ =8 Hz, 3H), 1.28 (s, 18 H), 2.59 (q, /=8 Hz, 2H), 2.77
(quint, /=7 Hz, 2H), 3.65 (t, /=7 Hz, 2H), 3.88 (m, 2H), 4.10 (m, 2H),
4.23 (m, 2H), 5.06-5.16 (m, 4H), 6.81 (d, /=7 Hz, 2H), 7.05-713 (m,
10H), 7.30 (d, /=8 Hz, 4H), 8.77 (d, /=7 Hz, 2H), 8.81 (d, /=6 Hz, 2H),
9.38(d, /=7 Hz,2H),9.43 (d,/ =6 Hz,2H); ®C NMR (75.5 MHz, CDCl;,
25°C): 6=15.9, 28.7, 29.7, 31.5, 34.0, 34.9, 61.3, 62.5, 64.1, 68.0, 69.7, 70.4,
114.4,125.5,127.7,128.0, 128.3, 131.2, 131.5, 132.7, 141.0, 142.8, 145.5, 145.8,
146.8, 1472, 149.6, 151.0, 1574; elemental analysis calcd (%) for
Cs,Hg,BrF,N,0,P,: C 55.97, H 5.51, N 2.51; found C 56.11, H 5.59, N 2.36.
N-[3-(3,3-Dimethyl-4,4' -bipyridinium-1-yl) propyl]-N'-{2-{4-[ 4-ethylphen-
yl-bis(4-tert-butylphenyl)methyl]phenoxy}ethoxy}ethyl-4,4'-bipyridinium
tris(hexafluorophosphate) (19-3PF;): A solution of 18-2PF, (1.5g,
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1.34 mmol) and 3,3'-dimethyl-4,4'-bipyridinel”! (2.4 g, 13.4 mmol) in dry
MeCN (30 mL) was heated under reflux for 7 d. After removal of solvent
by evaporation, the residue was purified by column chromatography (SiO,:
MeOH/2 molL-! NH,CI/MeNO,, 7:2:1) to afford, after counterion ex-
change (50% aqueous solution NH,PF;), 19-3PF, (1.7 g, 93%) as a light
brown solid. M.p. 218°C (decomp); 'H NMR (300 MHz, CD;CN), 25°C):
5=1.18 (t, J=8 Hz, 3H), 127 (s, 18H), 2.23 (s, 3H), 2.25 (s, 3H), 2.59 (q,
J=17Hz,2H), 2.76 (quint, J = 8 Hz, 2H), 3.80 (m, 2H), 4.00-4.11 (m, 4H),
4.67-4.84 (m, 6H), 6.82 (d, J =9 Hz, 2H), 7.09-7.20 (m, 10H), 731 (d, J =
8 Hz,4H),7.77 (brs, 1H), 7.87 (d,J= 6 Hz, 1H), 8.36 (d,/ =7 Hz, 2H), 8.45
(d, J=7Hz, 2H), 8.69 (d, J =6 Hz, 2H), 8.76 (brs, 2H), 8.91 (d, /=7 Hz,
2H), 8.94 (d, /=7 Hz,2H); 3C NMR (75.5 MHz, CD,CN, 25°C): 6 =15.9,
16.8, 17.4, 28.8, 31.6, 32.8, 34.9, 58.7, 59.3, 62.7, 64.1, 68.0, 69.7, 70.5, 114.4,
125.5,127.8,128.0, 128.6, 129.0, 131.2, 131.5, 132.8, 139.2, 140.9, 142.7, 143.1,
145.5,145.8, 146.0, 146.5, 146.6, 146.9, 147.2, 149.5, 150.0, 151.0, 151.5, 156.2,
1575; MS (LSIMS): m/z: 1220 [M — PF|*, 1075 [M — 2PF]*, 929 [M —
3PF4]*; elemental analysis calcd (% ) for CoH;3FsN,O,P5: C 56.31, H 5.39,
N 4.10; found C 56.38, H 5.39, N 3.96.

N-{3-[(1’-Benzyl)-3,3'-dimethyl-4,4'-bipyridinium-1-yl |propyl}-V'-{2-{4-[ 4-
ethylphenyl-bis(4-zert-butylphenyl)methyl]phenoxy}ethoxy}ethyl-4,4"-bi-
pyridinium tetrakis(hexafluorophosphate) (4-4PF¢): A solution of 19-
3PF, (158 mg, 0.116 mmol) and benzyl bromide (200 mg, 1.17 mmol) in
dry MeCN (10 mL) was heated under reflux for 4 d. Solvent was removed
on a rotary evaporator, and the residue was subjected to flash column
chromatography (SiO,: MeOH/2 mol L~! NH,CI/MeNO,, 7:2:1) to afford,
after counterion exchange (50% aqueous solution NH,PFy), the quater-
nary salt 4-4PF, (140 mg, 75%). M.p. 238°C (decomp); 'H NMR
(500 MHz, CD;COCD;, 25°C): 6 =1.20 (t, /=8 Hz, 3H), 1.29 (s, 18H),
2.37 (s,3H),2.41 (s, 3H), 2.60 (q, /=7 Hz, 2H), 3.13 (quint, / = 8 Hz, 2H),
3.90 (m, 2H), 4.13 (m, 2H), 4.26 (m, 2H), 5.11 (t, /=7 Hz,2H), 5.16 (t, /=
5Hz,2H), 5.19 (t,J=7 Hz,2H), 6.08 (s, 2H), 6.83 (d, /=9 Hz, 2H), 7.08 —
713 (m, 10H), 7.31 (d, /=9 Hz,4H), 748 - 7.52 (m, 3H), 7.65-7.68 (m, 2H),
8.18(d,/=6Hz,1H),820(d,/=6 Hz,1H),8.79 (d,/=7 Hz,2H), 8.81 (d,
J=7Hz,2H),9.12 (d, /=6 Hz, 1H), 9.20 (brs, 1H), 9.26 (d,/ =6 Hz, 1 H),
9.35 (d, J=7Hz, 2H), 9.39 (brs, 1H), 9.41 (d, /=7 Hz, 2H); *C NMR
(125 MHz, CD,;COCD;, 25°C): 6 =14.9, 16.3, 16.4, 30.7, 32.1, 58.6, 58.8,
61.9,64.8,67.1,69.0,69.6,113.2,124.2,126.8, 126.8, 126.9, 127.6, 127.8, 127.9,
129.3,129.5,129.9, 130.5, 130.8, 132.0, 142.7, 142.8, 146.1, 146.4, 146.6, 32.1,
33.9,133.2,138.1, 138.2, 139.7, 141.5, 144.3, 144.7, 148.3, 150.3, 150.6, 152.3,
156.7; MS (LSIMS): m/z: 1456 [M — PF]*, 1311 [M —2PF]*, 1165 [M —
3PF]*; elemental analysis caled (% ) for C;;HgF,,N,O,P,: C 53.23, H 5.04,
N 3.50; found C 53.19, H 5.11, N 3.52.

Dumbbell-shaped compound 2:-6PF;: A mixture of 9-2PF, (0.80g,
0.6 mmol) and 19-3PF, (0.82 g, 0.6 mmol) in dry MeCN (40 mL) was
heated under reflux in an N, atmosphere for 6 d. After cooling, the solvent
was evaporated and the residue was purified by flash column chromatog-
raphy (SiO,: MeOH/2 molL~! NH,Cl/MeNO,, 7:2:1). The fractions con-
taining the product were combined and concentrated in vacuo, and the
residue was then treated with an excess of a 50 % aqueous NH,PF; solution.
The red solid was filtered off, washed with H,O and diethyl ether, and dried
in vacuo (80°C/0.1 Torr) to afford the dumbbell-shaped compound 2 - 6 PF,
(1.05 g, 63%). M.p .216°C (decomp); 'H NMR (500 MHz, CD;COCD;,
31°C): 0=1.19 (t, /=8 Hz, 3H), 1.29 ( s, 18H), 1.79 (s, 6 H), 1.88 (s, 6 H),
2.40 (s,3H),2.44 (s,3H), 2.50 (s, 3H), 2.52 (s, 3H), 2.56-2.58 (m, 9H), 2.60
(q, J=8Hz, 2H), 3.07-3.18 (m, 4H), 3.19-3.29 (m, 2H), 3.90 (m, 2H),
4.13 (m, 2H), 4.26 (m, 2H), 5.13 (t, J=8 Hz, 2H), 5.16 (t, /=5 Hz, 2H),
5.20 (t,/J=8Hz,2H), 6.17 (s,2H), 6.83 (d,/ =9 Hz, 2H), 6.97 (d, / = 8 Hz,
2H), 709-7.14 (m, 10H), 7.24 (d, J=8 Hz, 2H), 7.28-7.31 (m, 6 H), 7.32—
737 (m, 6H), 7.73 (d, /=6 Hz, 2H), 7.76-7.82 (m, 6H), 8.21 (d, /=6 Hz,
1H), 8.23 (d,/=6 Hz, 1H), 8.60-8.62 (m, 6 H), 8.79 (d, /=7 Hz, 2H), 8.82
(d, J=7Hz, 2H), 9.14 (d, J=7 Hz, 1H), 9.23 (s, 1H), 9.31 (d, J=7 Hz,
1H), 9.37 (d, /=7 Hz, 2H), 9.40 (d, J =7 Hz, 2H), 9.47 (s, 1H); *C NMR
(125 MHz, CD;COCD;, 25°C): 6=15.8, 17.2, 17.3, 18.2, 18.3, 21.0, 21.1,
31.6, 31.6, 33.0, 34.8, 36.7, 37.6, 59.5, 59.7, 62.8, 65.5, 68.0, 69.9, 70.5, 114.1,
125.1,125.4,125.8,127.7,127.8, 128.5, 128.8, 128.9, 129.3, 129.6, 130.1, 130.3,
131.4,131.7, 132.8, 143.7, 147.0, 147.3, 147.5, 151.4, 151.6, 151.7, 132.1, 132.3,
132.4,139.0,139.1,139.4,140.6, 141.0, 141.4, 142.1, 142.4,145.2, 145.4, 145.6,
149.2,150.9, 151.2, 153.2, 154.2, 157.6, 157.7, 157.8; MS (LSIMS): m/z: 2620
[M —PFy]*, 2475 [M —2PF]*, 2330 [M —3PF*, 2185 [M—4PF]*;
elemental analysis calcd (%) for C,,H,3,F3N,,O,PRu: C 53.86, H 4.81,
N 5.07; found C 53.46, H 4.51, N 4.91.
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[2]Rotaxane 1-6PF,: A solution of the dumbbell-shaped compound 2-
6PF, (280 mg, 0.1 mmol) and bis-p-phenylene-34-crown-10 (268 mg,
0.5 mmol) in dry MeCN (3 mL) was stirred at 50°C for 4 d. The solvent
was removed in vacuo and the residue was purified by flash column
chromatography (SiO,: MeOH/2 molL~! NH,CI/MeNO,, 7:2:1) to give,
after counterion exchange (50 % aqueous solution NH,PF) the dumbbell
compound 2- 6 PF, (80 mg) and the rotaxane 1-6PF, (140 mg, 59% based
on the amount of the reacted dumbbell) as a red solid. M.p. 193°C
(decomp); '"H NMR (400 MHz, CD;COCD;, 31°C): 6 =1.19 (t, /=8 Hz,
3H), 1.28 (s, 18 H), 1.79 (s, 6 H), 1.88 (s, 6 H), 2.44 (s, 3H), 2.47 (s, 3H), 2.50
(s,3H), 2.52 (s, 3H), 2.53-2.56 (m, 9H), 2.59 (q, / =8 Hz, 2H), 3.07-3.15
(m,2H), 3.18-3.29 (m, 4H), 3.60-3.66 (m, 8 H), 3.68-3.74 (m, 8 H), 3.76 -
3.81 (m,8H), 3.82-3.87 (m, 8H), 4.04 (m, 2H), 4.24 (m, 2H), 4.34 (m, 2H),
5.13-5.22 (m,6H), 6.18 (s,2H), 6.25 (s,8H), 6.88 (d, /=9 Hz, 2H), 6.97 (d,
J=8Hz,2H), 7.08-7.10 (m, 10H), 7.24 (d, /=8 Hz, 2H), 7.27 (d, /=9 Hz,
2H),729-7.36 (m, 10H), 7.73 (d, /=6 Hz,2H), 7.76 - 7.82 (m, 6 H), 8.21 (d,
J=6Hz, 1H),827 (d,/=6 Hz, 1 H), 8.31 (d,/ =7 Hz, 4H), 8.61-8.63 (m,
6H), 9.14 (d, /=5 Hz, 2H), 9.16 (d, /=6 Hz, 2H), 9.21 (d, /=6 Hz, 1H),
9.29 (s, 1H), 9.32 (d, J=6 Hz, 1H), 9.48 (s, 1H); *C NMR (100 MHz,
CD;COCD;, 25°C): 6 =15.8,174,21.1, 31,6, 32.6, 36.7, 37.6, 59.0, 59.9, 62.1,
65.5, 68. 2. 68.5, 69.5, 70.4, 70.8, 71.2, 71.5, 114.1, 115.8, 125.1, 125.5, 125.9,
126.3,127.6,128.8, 129.3, 129.6, 130.1, 130.3, 131.4, 131.7, 132.9, 143.8, 146.7,
147.2,147.3,151.4,151.6, 132.1,132.3, 132.4, 139.2, 139.4, 140.6, 141.0, 141.4,
142.1, 142.4, 145.2, 1454, 145.6, 147.8, 149.2, 150.9, 153.2, 154.2 157.8; MS
(LSIMS): m/z: 3303 [M]*, 3157 [M — PF4]*, 3012 [M — 2PF]*+, 2867 [M —
3PF]*; ESMS: m/z: 1506 [M —2PF]**, 956 [M —3PF*, 680 [M—
4PF(]*; elemental analysis caled (%) for C5,H;7,F3N;(O,PsRu: C
55.29, H 5.25, N 4.24; found C 55.13, H 5.15, N 4.13.

Photophysical and photochemical experiments: Measurements were
carried out at 298 K on MeCN (Merck Uvasol) solutions with concen-
trations ranging from 5 x 107 to 1 x 10~*m. UV-Vis absorption spectra
were recorded on air-equilibrated solutions with a Perkin Elmer 116
spectrophotometer. Uncorrected luminescence spectra were obtained with
a Perkin Elmer LS-50 spectrofluorimeter, equipped with a Hamamatsu
R928 phototube, on solutions degassed with at least four freeze-pump-thaw
cycles and sealed under vacuum (p =7 x 10~ atm). Luminescence quan-
tum yields were determined by the optically dilute method®! with
[Ru(bpy);]** in air equilibrated water (@ =0.028)[ as a standard. Low-
temperature (77 K) luminescence spectra were obtained on a butyronitrile
(Fluka) rigid matrix. Photochemical experiments were carried out by
irradiation of degassed solutions (see above) with a tungsten halogen lamp
(150 W, A>350 nm). Luminescence lifetimes were measured by time-
correlated single-photon counting with Edinburgh Instruments DS199
equipment. The exciting light (1 =300 nm) was produced by a gas arc lamp
(model nF900, filled with D,) that delivered pulses of about 1 ns (fwmh).
The detector was a cooled Hamamatsu R928 photomultiplier. Nanosecond
transient absorption experiments were performed by exciting the sample
with 10 ns (fwmh) pulses of a Continuum Surelite I-10 Nd:Yag laser (10 Hz
repetition rate) and using a pulsed 150 W Xe lamp, perpendicular to the
laser beam, as a probing light. Excitation was performed at 4 =532 nm
(obtained by frequency doubling) with a laser power of 1.5 mJ per pulse,
except for the kinetic studies carried out at A, =404 nm (see text), in
which the laser power was 4 mJ per pulse. The Xe lamp was equipped with
an Applied Photophysics power supply (Model 40) and pulsing unit
(Model 410, 2 ms pulses). A shutter (Oriel 71445), placed between the
lamp and the sample, was opened for 100 ms to prevent phototube fatigue
and photodecomposition. Suitable pre- and post-cutoff, and bandpass
filters were also used to avoid photodecomposition and interferences from
scattered light. The light was collected in an LDC Analytical monochro-
mator, detected by a Hamamatsu R928 tube, and recorded on a LeC-
roy 9360 (600 MHz) oscilloscope. Synchronous timing of the system was
achieved by means of a built-in-house digital logic circuit. The absorption
transient decays were plotted as AA =log(/y/I,) vs. time, where [, and I,
were the probing light intensity prior to the laser pulse and after delay ¢,
respectively. Each decay was obtained by averaging ten pulses. Transient
absorption spectra were obtained from the decays measured at various
wavelengths, by sampling the absorbance changes at constant delay time.
The same laser/monochromator/phototube setup was employed to measure
luminescence lifetimes, giving the same values (within 2 %) obtained by
single-photon counting. Lifetimes were also checked by a Spex Fluorolog-
73 system, which uses the phase-modulation technique (exciting light

3572 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

modulated in the 0.1-10 MHz range; A..=450nm). The frequency-
domain intensity decays (phase-angle and modulation vs. frequency) were
analyzed with the DataMax software.

Electrochemical measurements: Conventional electrochemical experi-
ments were carried out in argon-purged MeCN solution at room temper-
ature with a Princeton Applied Research 273 multipurpose instrument
interfaced to a personal computer. In the cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) experiments, the working electrode
was a glassy carbon electrode (0.08 cm?, Amel); its surface was routinely
polished with a 0.05 pm alumina-water slurry on a felt surface, immediately
prior to use. In all cases, the counter electrode was a Pt wire and the
reference was a saturated calomel electrode (SCE) separated with a fine
glass frit. The concentration of the compounds examined was 5.0 x 107 M;
tetracthylammonium hexafluorophosphate (0.05M) was added as the
supporting electrolyte. Cyclic voltammograms were obtained as sweep
rates of 20, 50, 200, 500, and 1000 mVs~!; DPV experiments were
performed with a scan rate of 20 mV's™, a pulse height of 75 mV, and a
duration of 40 ms. Ferrocene was present as an internal standard. The
experimental error was estimated to be =10 mV. Attempts were made to
study the electrochemical behavior of the [2]rotaxane 1°* by using very fast
scan rates (up to 3 x 10° Vs~') with a CH Instruments Model 660 Electro-
chemical Workstation.[*’] Unfortunately, severe adsorption phenomena on
both Pt and glassy carbon microelectrodes prevented the acquisition of
meaningful results.
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Predetermined Chirality at Metal Centers of Various Coordination Geo-
metries: A Chiral Cleft Ligand for Tetrahedral (T-4), Square-Planar (SP-4),
Trigonal-Bipyramidal (TB-5), Square-Pyramidal (SPY-5), and Octahedral

(0C-6) Complexes

Olimpia Mamula,!®! Alex von Zelewsky,*/#! Thomas Bark,! Helen Stoeckli-Evans,!"!
Antonia Neels,”! and Gérald Bernardinelli'!

Abstract: Two tetradentate bis-
pinene —bipyridine type ligands, each
with six stereogenic carbon centers, were
synthesized from (—)-a-pinene. Their
ability to predetermine chiral configu-
rations at metal centers was studied. The
two diastereoisomers, L1 and L2, differ
in their absolute configuration at the
bridgehead position. These ligands form

plexes of inverted absolute configura-
tion at the metal centers. These diaster-
eomeric coordination species can be
obtained either as separate compounds
or, in some cases, as solids containing
them in a 1:1 ratio. Ligands L1 and L2
thus show that the pinene - bipyridines
are versatile molecules for the formation
of metal complexes with predetermined

chirality. In all cases, absolute configu-
rations were determined in the solid
state by X-ray diffraction methods and
in solution by CD spectroscopy. The sign
of exciton couplets from the m-m*
transitions always agrees with the ex-
pectations for a given local configura-
tion at the metal center. The five-coor-
dinate, inherently chiral species of Zn"

metal complexes with Ag!, Pd", Zn!,
Cu", and Cd", with coordination num-
bers four, five, and six and with complete
control of chirality at the metal centers.
Using L1 rather than L2 leads to com-

chemistry -

Introduction

Stereoselective synthesis of metal complexes was previously
introduced by Smirnoff and Werner in 1919. However, it has
remained a somewhat neglected subject that has not been
studied to a comparable degree as in organic chemistry. There,
the synthesis of natural products has made it imperative to
develop many stereoselective synthetic methods, especially
for the generation of controlled configurations at carbon
centers. In view of the highly variable coordination numbers
and geometries of metal centers in coordination compounds,
control of the absolute configuration is a rather formidable
task in molecular engineering. Recent progress in various
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and Cu" described in this article are the
first examples of trigonal-bipyramidal
metal complexes with predetermined
absolute configuration containing topo-
logically linear ligands.

fields of coordination chemistry, such as self-assembly," 2
enantioselective catalysis,® 4 and the synthesis of multicenter
functionalized complexesP! has stimulated interest in this
field. A review of the development of diastereoselective
synthesis with the aim of predetermination of absolute
configurations at metal centers in coordination chemistry
was published recently.’)! Here we present a series of results
obtained with two diastereoisomers of a new ligand of the
Chiragen®! family: (—)-5,6-Chiragen[0] (R,R,S) (L1), and
(—)-5,6-Chiragen[0] (R,R,R) (L2)(Scheme 1).

In the Chiragen type ligands, two pinene—bipyridine
moieties are connected in such a way as to produce a
tetradentate ligand, which is, from a topological point of view,
linear. The pinene part is attached to the bipyridine (bpy) in
either the 4,5 or 5,6 position and the bridge [-B-] can be varied
using xylyl or alkyl spacers, for example.

If the two pinene — bpy moieties are directly connected, the
ligand is called Chiragen/0] ! Since the Chiragen ligands have
been shown to predetermine the chirality at metal centers in
mononuclear and polynuclear species, as well as in circular,!]
linear,[' or infinite['] helicates, we investigated the ability of
these new ligands to control the chirality at metal centers
(Figure 1). The (—)-5,6-Chiragen 0] ligands possess two bind-
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ing domains, which are disposed o}
in such a way as to make the
simultaneous coordination to |
two metal centers very unlikely.
Therefore, coordination of the

ligand to mainly one metal cen-

ter is to be expected. In order to

probe the steric control of these
ligands, metals exhibiting vari-

ous coordination numbers and
geometries were tested.

a) Brp

Results and Discussion

Synthesis and characterization
of the ligands: As has been
described previously, Chiragen
ligands are prepared by using
the sequence of reactions given
in Scheme 1. It has been shown
in several cases that the con-
nection through a bridge be-
tween the pinene—bpy units
occurs in a highly stereoselec-
tive manner.[’! In the example
shown, the bridgeheads are S§,S-
configured. If the deprotonated

BrCHy-B-CH,Br

Abstract in German:
hend von (—)-a-Pinen, wurden
zwei neue tetradentate bis-Pi-
nen-Bipyridin Liganden synthe-
tisiert und deren Tauglichkeit
zur Pridetermination der chiralen Konfiguration an Metall-
zentren untersucht. Die beiden diastereomeren Liganden L1
und L2 unterscheiden sich durch die absolute Konfiguration
des Zentrums am Briickenkopf des Molekiils. Mit L1 und L2
konnten unter vollstindiger Kontrolle der Chiralitit Komplexe
der Metallzentren Ag', Pd", Zn", Cu' und Cd" mit den
Koordinationszahlen vier, fiinf und sechs erhalten werden. Die
diastereomeren Liganden bilden meist ebensolche Komplexe,
welche in reiner Form dargestellt werden konnen, in anderen
Fillen bilden sich Verbindungen, die einer stochiometrischen
1:1 Zusammensetzung beider Formen entsprechen. Die Li-
ganden L1 und L2 zeigen somit, dass Pinen-Bipyridine in
vielfaltiger Art und Weise zur Bildung von Metallzentren mit
pradeterminierter Konfiguration eingesetzt werden konnen.
Die absoluten Konfigurationen der Metallzentren wurden
durch Rontgendiffraktion im Festkorper, beziehungsweise
durch CD-Spektroskopie in Losung bestimmt. Das Vorzeichen
der Signale, die den Exciton gekoppelten m-m* Ubergingen
zugeordnet werden konnen, stimmt in allen Fillen mit den
erwarteten lokalen Konfigurationen an den Metallzentren
iiberein. Die fiinfach koordinierten, inhdrent chiralen Kom-
plexe von Zn!" und Cd", sind die ersten Beispiele priidetermi-
nierter absoluter Konfiguration an trigonal-bipyramidalen
Zentren mit topologisch linearen Liganden.

Ausge-

3576 ——

b) pyridine

(-)-5,6-Chiragen|[B]
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NH,OAc
Acetic Acid

(-)-5,6-Chiragen[0]

Scheme 1. Synthetic pathway for the Chiragen type ligands containing a bridge: (—)-5,6-Chiragen[B] or
connected directly: (— )-5,6-Chiragen[0].

a) mirror plane

b)

0

#3 #11 #14

Figure 1. a) Skew line system for the chirality descriptors 4 and A in
nonoctahedral complexes. The ligands are projected onto lines. b) The
possible configurations of a complex in octahedral geometry containing a
bis-bidentate ligand.

species obtained using lithium diisopropylaminde (LDA) is
treated with I,, direct oxidative coupling of the two pinene —
bpy units occurs. However, stereoselectivity is not quantita-
tive in this case. Two diastereoisomers, L1 (R,R,S) and L2
(R,R,R), are formed in a ratio of 10:1. The formation of two

0947-6539/00/0619-3576 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 19





Chiral Cleft Ligands

3575-3585

differently configured bridgeheads indicates that the oxida-
tive coupling of the two pinene-—bpy moieties occurs via a
radical intermediate (Scheme 2) as opposed to the nucleo-
philic substitution with the dibromo compounds employed for
Chiragen ligands having a bridge. However, it is surprising

Scheme 2. Radical mechanism of the reaction leading to a mixture of L1 and L2.

that the decreased configurational stability of the radical, as
compared with the carbanion, does not yield the mixed R,R,S-
R,R,R diastereoisomer in a statistically preferred ratio. Model
studies show that coupling most probably occurs via a
template complex, where Li" (introduced through LDA)
coordinates to two bpy units.['’] In this template (Scheme 2),
both the R,R,R and RR,S configurations are sterically
feasible, whereas the R,R,S-R,R,R is highly disfavored.["!

Both 5,6-Chiragens[0] L1 and L2 formed crystals (see
Table 1) suitable for X-ray diffraction, yielding the molecular
structures shown in Figure 2.

In the more abundant L1, as expected, the two pyridine
rings of each bipyridine unit are in the transoid conforma-
tion!" (dihedral angle is 10.4°) and the angle between the
planes of the two pyridine rings connected by the pinene
groups is 78.6°. A C, crystallographic axis, bisecting the
C13—C13’" bond is present.

'] The R,R,S-R,R,R isomer can be formed in small quantities by adding
tetramethylethylenediamine (TMEDA) to the reaction mixture before
the oxidative coupling. The TMEDA will complex Li* ions and the
template effect no longer occurs.

Abstract in Romanian: Doi liganzi diastereoizomeri (L1 si
L2) de tip bis-pinen-bipiridind au fost sintetizati utilizand (—)-
a-pinen in scopul de a studia capacitatea lor de a predetermina
chiralitatea centrilor metalici. Fiecare ligand posedd sase
centrii de carbon stereogenici dintre care doi au o configuratie
inversd comparativ cu celalalt diastereoizomer. L1 si L2 au fost
complexati cu ioni metalici: Ag', Pd", Zn", Cu", Cd", avind
numere de coordinatie diferite: patru, cinci, sase. Chiralitatea
centrilor metalici din combinatiile complexe obtinute este
indusa de chiralitea ligandului: ligandul L1 impune centrului
metalic o chiralitate A in timp ce ligandul L2 obligd ionul
metalic si adopte configuratia inversi A. In toate cazurile
configuratia absolutd a centrilor metalici a fost determinatd in
stare solida prin difractie de raze X si in solutie prin
spectroscopie DC (dicroism circular). Combinatiile complexe
ale zincului (I1) si cuprului (II) cu numadr de coordinatie cinci,
descrise in prezentul articol, sunt primele exemple de complecsi
metalici cu configuratii absolute controlate de catre liganzi
lineari din punct de vedere topologic.

Chem. Eur. J. 2000, 6, No. 19

In the L2 isomer, the C, crystallographic axis is no longer
present, yielding two dihedral angles for the two pyridine
rings of each bipyridine moiety (8.9° and 2.9°, respectively).
The angle between the planes of the two pyridine rings
connected by the pinene groups is 33.7°. This difference in the
conformation of the two ligands
with respect to rotation about
the C13—C13’ bond is most
probably due to steric hin-
drance.

In the 'H NMR spectrum
(Table 2) the two protons at
the bridgeheads (C13) appear
as singlets and are shifted to
low field compared with the
corresponding protons of bridg-

/L1
\ L2

Table 1. X-ray crystallographic data collection and refinement details for
L1 and L2.

L1 L2
formula Cy,Hy N, Cy,HyuN,
mol. weight 498.65 498.65
crystal appearance colorless rods colorless blocks

crystal system monoclinic orthorombic
space group n P2.2,2,
a[A] 13.0151(13) 8.9165(6)

b [A] 6.1910(4) 17.0668(11)
c[A] 16.9432(16) 17.7943(12)
al’] 90 90

AN 92.815(12) 90

v [°] 90 90

volume [A3] 1363.6(2) 2707.9(3)

V4 2 4

p [gem™3] 1.214 1.223

u [mm~1] 0.072 0.072
crystal size [mm] 0.70 x 0.10 x 0.05 0.45 x 0.40 x 0.40
temperature [K] 223(2) 223(2)

radiation [A]

Moy, (1 =0.71073)

Moy, (1 =0.71073)

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

scan type ¢ oscillation ¢ oscillation

6 max [°] 3.13 <6<25.86 239<60<2592
measured reflections 5383 18043
independent reflections 2588 5230

observed reflections 1835, 1 <20(1) 4555, 1 <20(I)
RE 0.0289 0.0279

WR,! 0.0553 0.0654

RE (all data) 0.0493 0.0342

wR,! (all data) 0.0595 0.0674
absolute structure param. 0.0(2) —0.1(15)

[a] R factor definition: R=3(| | F,|—|F.||)/Z|F,|. [b] SHELXL-97 wR,
factor definition: wR,=[Ew(F2 — F2?)2/Ew(F3)]1/2. Weighting scheme:
w = 1/[d*(Fo)*+ (np)*+0.00p], p = (max(F2) + 2 F2)/3.

ed Chiragens, for instance (—)-Chiragen-5,6-[p-xyl].l'! This
shift is large for the R,R,S isomer (Ad =1.16 ppm) and small
in the case of R,R,R isomer (A0 =0.18 ppm). The methyl
groups in L1 have signals comparable to those of bridged
Chiragens, whereas those in L2 show a distinct low field shift
(A6 =0.73 ppm) for the methyl group C16.

CD spectra of L1 and L2 are remarkably different (Fig-
ure 3). In contrast to Chiragen ligands having a bridge
between the pinene —bpy moieties, they show significant CD
signals in the region of the ;w—m* transitions of the bpy groups
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L1

Figure 2. ORTEP representations of the ligands L1 and L2. Hydrogen atoms are omitted for clarity.

Table 2. Comparison of the chemical shifts of protons in L1, L2, and the bridged ligand (—)-Chiragen 5,6-
[p-xyl].'Y The presence of one half of the total protons is consistent with C,-symmetry.

restricted. As a consequence,
the CD spectrum of this ligand

shows a reduced CD activity.

Ligands Chemical shift of the protons (ppm)

1 2 3 4 7 8 10 12 13 152 15b 16 17
L1 861 721 7.71 833 810 7.34 278 213 458 138 249 076 1.30
L2 827 694 730 7.09 7.88 737 284 265 3.6 133 279 136 151

(—)-Chiragen 5,6-[p-xyl] 8.65 725 7.79 8.46

812 734 280 216 342 143 258 0.63 136

Metal complexes: Since the
R,R,S isomer is formed in a

20 —

20 —

-30 I I
250 300 350 400
wavelength [nm]

Figure 3. CD spectra of L1 (dashed line) and L2 (solid line) measured in
dichloromethane.

(250-340 nm). Such CD signals are due to exciton coupling,
often observed in coordinated bpy-type ligands.[”]

In the case of L1 the spatial orientational average of the two
bpy units relative to each other corresponds to a chiral
configuration of the relatively close & systems, resulting in the
exciton couplet with a minimum at 309nm (Ae=
—29M'cm™!) and a maximum at 285 (Ae =+20 M~'cm™).
The rotation about the C13—C13" bond in L2 is severely

3578
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much larger proportion, not all
complexes were studied in de-
tail with both diastereomers.
However, a sufficient number
of X-ray structures could be solved to allow a detailed
discussion of the coordination behavior of these ligands.

All complexes that could be studied by NMR spectroscopy,
with the exception of the paramagnetic Cu®® species, show the
same number of protons as the free ligand. The protons of the
bridgehead (H13) show the strongest shift, more significant
for complexes with L1 (Ad=0.7 ppm) than those with L2
(A6 =0.5 ppm, see Figure 4 and the Experimental Section). In

13%
10, 10%

13 15b, 15b*

f T T T T T T T T T T T

‘28 24
- )

Figure 4. Fragment of the 'H NMR spectrum (300 MHz, CD;CN) of a
mixture of two diastereoisomers [PdL1](PF;), and [PdL2](PF), (with *).
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addition the spectra are well resolved. These observations
clearly show that the ligand retains its C,-symmetry in
solution upon complexation. Furthermore, it indicates con-

figurational stability of the complexes in solution.

Coordination number 4

Complexes of Ag' with L1: With Ag', only the complex with
the R,R,S isomer of the Chiragen/[0] was obtained. It was fully
characterized, including an X-ray structure analysis (Table 3).

The structure of the cation given in Figure 5 shows a
coordination geometry that can be considered to be either a

very strongly distorted (flat-
tened) tetrahedron, or a heli-
cally twisted square. A some-
what similar structure was re-
cently obtained by McCleverty
et al.l'l with another tetraden-
tate diimine type ligand. How-
ever, the Chiragen shows a
predetermined chiral configu-
ration, whereas the complex
with the achiral diimine ligand
yields a chiral but racemic co-
ordination species.

The absolute configuration of
[AgL1]" is 4, as can be seen
from Figure 5b. The angle be-
tween the two N-Ag-N chelate
planes is 25.4°, rendering the
structure closer to a planar,
rather than a tetrahedral geom-
etry. In agreement with the
relatively large ionic radius of
Ag!, the metal to nitrogen dis-
tances (Table 4) are significant-
ly bigger than the other com-
plexes discussed below. The
bite angles of the bpy units are
consequently smaller than in
the complexes with the smaller
metal ions (Table 5). The exci-
ton couplet in the CD spectrum
(Figure 6) is in full agreement
with the assignment of the con-
figuration.

Complexes of Pd" with L1 and
L2: Although ligand L2 is
formed in a much smaller
amount than L1 (ca. 1:10) the
only complex which can be
crystallized from a mixture of
[PAL1]** and [PAL2]** in ace-
tonitrile by slow diffusion of
diethyl ether is the complex
[PAL2](PF¢),, because of its
strongly reduced solubility.
The two complexes have also

Chem. Eur. J. 2000, 6, No. 19

Figure 5. Representation of the cation [AgL1]*: a) parallel (ORTEP) and
b) perpendicular to the C, crystallographic axis. Hydrogen atoms are
omitted for clarity.

Table 3. X-ray crystallographic data collection and refinement details for [AgL1](PF,), [PdL1](PFy),, and

[PAL2](PFy),.
[AgL1](PFy) [PAL1](PF¢), [PAL2](PF),
formula CyHyN,PF(Ag Cy,H3,N,F,P,Pd Cy,H3 N,F,P,Pd
(C4H190)05(H,0)25
crystal appearance pale yellow rods yellow blocks yellow rods
mol. weight 793.06 894.99 894.99
crystal system orthorombic orthorombic trigonal
space group P2.2.2, P2,.2.2, P3,
a[A] 10.9300(8) 14.1480(10) 14.7064(9)
b [A] 14.7695(11) 15.2271(11) 14.7064(9)
c[A] 23.055(3) 16.843(13) 13.8813(10)
a (] 90 90 90
A1 90 90 90
y [°] 90 90 120
volume [A?] 3721.7(6) 3486.6(5) 2600.0(3)
V4 4 4 3
p [gem™] 1.415 1.705 1.715
u [mm~1] 0.647 0.721 0.726
crystal size [mm] 0.6 x 0.2 x0.1 0.4x02x0.2 0.2x0.1x0.1
temperature [K] 223(2) 223(2) 223(2)

radiation [A]
scan type
6 max [°]

measured reflections
independent reflections
reflections in refinement

Rl
WR,
R (all data)
wR,! (data)

absolute structure param.

Moy, (4=0.71073)
¢ oscillation
2.06 <0<26.0
29564

6938

2918, 1>20(1)
0.0522

0.1151

0.1254

0.1354

0.03(5)

Moy, (A =0.71073)

¢ oscillation

1.96 <0 <259

20475

6719

6196, I >20(I)
0.0280
0.0718
0.0318
0.0737

—0.032(18)

Moy, (A =0.71073)

¢ oscillation

217<60<25.87

20405

6652

4639, 1>20(1)
0.0384
0.0652
0.0685
0.0706

—0.01(2)

[a] R, factor definition: R=2(| | F,| — | F.||)/Z|F,]|. [b] SHELXL-97 wR, factor definition: wR,=[Ew(F2 —

F2)2/Zw(F?)]1/2. Weighting scheme: w =1/[0*(F,)* + (np)*+0.00p], p = (max(F2) +2 F2)/3.

Table 4. Metal-to-ligand bond lengths [A] in the complexes.

[AgL1]* [PAL1]* [PAL2P* [ZnL2]* [ZnL1(CIO,)]* [CuL1Br]* [Zn,LLOHJ* [ZnL1(NO,)]'l

M-N1 2298(7) 2.035(2) 2.018(4) 2.070(2) 2.076(2) 1.95(1)  2.088(5) 2.107(6)
2.164(5)

M-N2  2.347(7) 2.053(2) 2.026(4) 2.052(2) 2.065(2) 2.060(9)  2.124(5) 2.101(5)
2.122(5)

M-N1’ 2.289(7) 2.016(3) 2.002(4) 2.054(2) 2.091(2) 205(1)  2.140(5) 2.085(6)
2.091(5)

M-N2' 2.359(7) 2.070(2) 2.067(4) 2.039(2) 2.066(2) 1.99(1)  2.120(5) 2.094(5)
2.103(4)

M-X - - - - 2.316(2) 2512(2)  2.011(4) 2.354(8)

(X=0) (X=Br)  2.009(4) 2.421(8)

(X=0) (X=0)

[a] For the molecule with coordination number 6.

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000
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Table 5. Selected bite and dihedral angles (the angle between the two planes formed by the metal and two nitrogen atoms belonging to the same bipyridine

unit) determined in the complexes.

[AgL1](PF)  [PdL1](PF,), [PdL2](PF;), [ZnL2](ClO,), [ZnL1(ClO,)](ClO,) [CuL1Br|(PF;) [Zn,L1,(u-OH)](ClO,);
N1-M-N2 72.3(3) 80.69(10) 81.93(16) 81.56(9) 80.83(9) 81.7(5) 79.8(2) 76.1(2)
N1-M-N2' 722(2) 80.67(10) 80.43(16) 81.36(9) 80.71(9) 80.9(4) 76.6(2) 81.30(19)
dihedral angle  25.4(4) 27.4(14) ~283(2) —38.0(15) 33.1(14) 54.2(4) 49.8(3) 47.7(3)
100
50 —
~ 3
7 50 o ,
e , \ Y SN

— 0 - = ’ :; H N . Y

| N - ’/ ’ S H en /«'\ ‘.‘ e
- é / - E 0 7 -‘ I W ST

2,50 4 P

w h

< -S04

100 h
—100 4V
I T I T T
-150 200 250 300 350 400 450 500
: : . wavelength [nm]
250 300 350 400 Figure 8. CD spectra of [PdL1](PF), (solid line) and [PdL2](PF,),

wavelength [nm]

Figure 6. CD spectra of [AgL1](PF,) (solid line), and [CuL1Br|(PF)
(dashed line).

been synthesized separately using diastereomerically pure
ligands. It is more difficult to crystallize [PAL1](PF),. In this
case crystals for X-ray diffraction could be obtained by slow
cooling of the solution of the complex in acetone/ethanol
(from 50°C to —10°C).

The cation of [PAL1](PF;), has a structure similar to the Ag
complex (Figure 7a). The absolute configuration is the same
as in [AgL1]". The most notable difference is the M—N
distances of about 2.3 A for the Ag complex and 2.01 A for
the Pd complex.

Figure 7. Perpendicular ORTEP views to the C, crystallographic axis of
[PAL1]* (a) and [PAL2]* (b) ions. Hydrogen atoms are omitted for clarity.

The X-ray structure of [PdL2](PF), (Figure 7b) again
shows a helically distorted square-planar coordination. How-
ever, the absolute configuration at the metal center is inverted
as compared with complexes formed by L1 (4 for [PdL1]**
and A for [PAL2]J?*). This is corroborated by their respective
CD spectra (Figure 8). The two spectra are not exact mirror
images, since they result from diastereoisomers and not
enantiomers.
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(dashed line).

It has to be stressed that these two configurations at the
metal center have been obtained by using the same enan-
tiomer of the a-pinene, (—)-a-pinene, as starting material in
the ligand synthesis. The difference is due to the inverted
configuration at the bridgeheads connecting the two halves of
the Chiragen ligand.

In the complex with the R R,S-configured Chiragen ligand
the four methyl groups of the pinene point away from the
“coordination plane”, whereas they are forced into the
“plane” in the R,R,R-configured form. The helical deviation
from planarity is approximately the same for the two
complexes (being slightly larger in the case of the R,R,R
stereoisomer), but with opposite sign (see Table 5). This
shows that the chirality at the metal center is mainly
determined by the configuration of the carbon centers at the
bridgehead positions. The angles between N—Pd—N planes are
—28.3° for (R,R,R) and 274° for (R,R,S).

Complexes with higher coordination numbers

Complexes of Zn" with L1 and L2: The Zn!! cation is known
for its chameleon-like behavior!'”l and our findings confirm this
designation. Three different solids were obtained by variation
of the anion and/or the crystallization conditions (Table 6).

Using the mixture of L1 and L2 in the 10:1 ratio obtained
after the oxidative coupling, crystalline {[ZnL1][ZnL2]}-
(Cl0O,), is obtained by slow diffusion of diethyl ether into a
solution of the complex in CH;NO,. The crystal lattice thus
contains two independent complexes in a 1:1 ratio, one with
L1 and the other with the “inverted” ligand L2, despite the
fact that L1 is present in a 10-fold higher concentration in
solution than L2. The structure of the [ZnL2]** ion (Fig-
ure 9a) is very similar to that of [PdL2]** (Tables 3 and 4).
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Table 6. X-ray crystallographic data collection and refinement details for [(ZnL1),0H](ClO,);, [CuL1Br](PF,),

[ZnL1ZnL2](ClO,), and [ZnLINO;](NO;) (for the molecule with coordination number 6).

probably due to favorable pack-
ing conditions. Using either

[CuL1Br](PF,) [(ZnL1),0H](ClO,);  [ZnL1ZnL2](ClO,), [ZnLINO;](NO;) pure L1 or L2 with Zn(CIO,),
formula CuBr(CyHyN,)(PF,) [(CsHyuN)Zn(OH)Zn CyHuN,CLOZn  CyHyN,Zn(NOs), yields the quasimirror CD spec-
(CH;CN) (C3,H3,NY](ClO,), (CH;NO,) (H,0),,(CH,CN),,,  tra shown in Figure 10. Again
(CH;CN);(H,0) (C4sH,40)o07 the sign of the exciton band at
crystals appearance green needles colorless blocks colorless rods colorless rods 330 nm is in agreement with the
mol. weight 828.1 1580.55 823.97 725.66 bsol fi .
crystal system monoclinic monoclinic triclinic monoclinic absolute con. lgu.ratlon.
space group P2, P2, Pl P2, Recrystallization of the Zn!
a[A] 14.024(2) 14.1398(8) 7.0155(9) 24.9123(13) complex described above from
b[A] 7.1274(7) 15.8595(9) 15.137(2) 19.7696(15) acetonitrile containing small
c[A] 18.046(2) 16.2898(10) 16.909(2) 26.0354(13) amounts of water vields crvstals
al] 90 90 89.233(15) 90 Watery y
B 101.248(5) 95.209(7) 78.773(15) 104.180(6) of composition [(ZnL1),0H]-
7 [] 90 90 84.444(15) 0 (ClO,);. X-ray structure analysis
volume [A}] 17691(4) 36379(4) 17530(4) 124319(1 3) reveals a hydroxy_brldged di-
zZ 2 2 2 14 :
meric [L1Zn-(u-OH)-ZnL1]**
o [gem3] 1.555 1.443 1.561 1.357 . [ . (u ) ]
o [mm-] 3195 0.842 0.92 0.748 cation (Figure 11),. where 'each
crystal size 0.054 x 0.1 x 0.32 0.2x0.1x0.1 0.7 x 0.25 x 0.25 0.7 x 0.25 x 0.25 metal center has trigonal-bipyr-
temperature [K]  200(2) 223(2) 223(2) 223(2) amidal (TB-5) coordination ge-

radiation [A]

Cug, (A =1.5418)

Moy, (1 =0.71073)

Moy (1=0.71073)

Moy, (4 =0.71073)

ometry.

Scan type w-20 ¢ oscillation ¢ oscillation ¢ oscillation

0 max [°] 1<6<54 20<60<2597 2.46 < 0 <2591 1.97 <6 <2595 At each Zn center L1 occu
measured 4734 28838 13780 44303 pies two axial and two equato-
reflections rial positions. The hydroxy li-
independent 4307 14077 11402 44303 gand is located at the thlrd
reflections equatorial position, forming
reflections in 3737, | F|> 40 (F,) 5477, 1>20(1) 10578, 1> 20(I) 22443, 1>20(1) .

refinement the bridge .between the two
Rlal 0.055 0.0416 0.0291 0.0677 metals, which are crystallo-
WR, 0.055 0.0578 0.0711 0.1579 graphically inequivalent but
R (all data) - 0.1528 0.0323 0.1291 topographically the same. Each
W (all data) N 0.0805 00722 0.1823 air of axial ligand atoms at one
absolute structure  0.00(0) ~0.014(11) ~0.013(6) 0.001(10) p g

param.

[a] R, factor definition: R =2(| |F,| — | F.||)/Z|F,|. [b] SHELXL-97 wR, factor definition: wR, = [Ew(F2— F2)2/
Ew(Fi)]1/2. Weighting scheme: w=1/[c*(F,)*+ (np)*+0.00p], p=(max(F2)+2F2)/3. [c]w=1/[02(F,)+
0.0002(F,)?].

center comes from one terminal
pyridine and a pyridine adja-
cent to the pinene. The edge
configuration (Figure 12) is in-
herently chiral.

200
/ "\
/ \
100 / \
! \
! \
-~ ! \
04— \/\ === ’ N
~-7 ~ /
D \/ \ /,
\
Figure 9. ORTEP representations of the cations [ZnL2]>* (a) and 100 ~
[ZnL1ClO,]* (b) in the compound [ZnL1ZnL2](ClO,),. Hydrogen atoms -
are omitted for clarity.
The second complex in the unit cell is a five-coordinate —200 | : :
species (Figure 9b) with the more abundant L1 ligand and one 200 250 300 350 400

wavelength [nm]

Figure 10. CD spectra of the complexes: [ZnL1ClO4](ClO,) (solid line)
and [ZnL2](ClO,), (dashed line).

loosely bound ClO," ion, with a Zn—O distance of 2316 A.
The CI-O-Zn angle of 130.7° is similar to that found in other
coordinated perchlorates (136.2°).'1 One reason for the
increased coordination number in [ZnL1ClO,]* as compared
with [ZnL2]** is most likely the smaller dihedral angle of 33°
between the N-Zn-N of the two bipyridine moieties (see
Table 4). In [ZnL2]** the same angle amounts to 38°, making
the metal somewhat less accessible for additional coordina-
tion. The 1:1 stoichiometry in the crystal lattice is most

The six chiral carbon atoms in (—)-5,6-Chiragen[0], partic-
ularly the two centers at the bridgehead atoms C13 and C13’,
render the two edge configurations diastereoisomeric. In fact,
ligand L1 yields, as in all other cases studied so far, only one of
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Figure 11. ORTEP representation of the cation [(ZnL1),4-OH]*. Hydro-
gen atoms are omitted for clarity.

the two possible stereoisomers,
leading to a homochiral 44
dimer.

Using NO;~ as anion and
diastereoisomerically pure L1,
ZnL1(NOs;), can be obtained
quantitatively in crystalline
form. The crystals are of space

A group P2, and have seven in-
Figure 12. Chiral edge config-  dependent molecules per unit
3:230012; gHirif;’;;dc;;p;}e‘i cell. In one of the molecules
of [(ZnL1)-OH]" . (Figure 13a), the NO;™ acts as a
bidentate ligand with two very
similar Zn—O distances (2.35 and 2.42 A), whereas in the
other six complexes the nitrate ligand approaches the metal
with one of the oxygen atoms (Figure 13b) significantly closer
(2.10-2.20 A) than the second (2.57-2.87 A). These results
indicate that there is a similar tendency toward both five and
six coordination in the Zn coordination sphere. All complexes
have A absolute configuration, with respect to the two
bipyridine moieties of the Chiragen ligand. The CD spectra
are in agreement with this assignment. The NMR spectra
clearly show the C,-symmetry of the complexes.

Copper complex with L1: Upon addition of [Cu(CH;CN),-
(PFy)] to a solution containing L1 at room temperature under
argon atmosphere, the solution immediately turns deep blue.
After the addition of an equimolar amount of NaBr, followed
by precipitation with diethyl ether, a green compound
[CuL1Br](PF,) is obtained. X-ray diffraction shows a mono-
nuclear five-coordinate copper(ll) in an environment that can
be considered to be between a tetragonal pyramid (TPY-5)
and a trigonal bipyramid (TB-5) (Figure 14). In the former the
base of the pyramid is formed by the four nitrogen donors, and
the bromine ligand occupies the apical position. However, this
“chemical” way of looking at this structure is very approx-
imate, since the four nitrogen donors are not coplanar. From a
geometrical point of view, the structure is closer to a trigonal-
bipyramid with N2, N4, and Br in equatorial, N3 and N1 in
apical positions. With this assignment, the five-coordinate
structure [CuL1Br]" and that found in [L1Zn-(u-OH)-
ZnL1)** are closely related, both having a predetermined A
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Figure 13. ORTEP representations of the cations [ZnLINO;]t with
coordination number 6 (top) and 5 (bottom). Hydrogen atoms are omitted
for clarity.

Figure 14. ORTEP representation of the cation [CuL1Br|*. Hydrogen
atoms are omitted for clarity.

configuration at the metal center. This is also confirmed by
similar CD spectra. The facile oxidation to Cu!!, most
probably by dissolved O,, seems to be favored by the
geometry of the ligand, since bis-complexes with unconnected
pinene bipyridine ligands are very stable in the Cu' oxidation
state.
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Cadmium complex with L1: No high quality X-ray data were
obtained for the compound [(H,0)CdL1(u-Cl0,)CdL1(ClO,)]-
[Cd,L1,(Cl0,),(#-Cl0,)]1(ClO,);, due to the twinning of the
crystals. The final R value of 0.13 does not allow for a detailed
analysis of the structure. However, some features (Figures 15a

Figure 15. Ball and stick representations of the cations [(H,O)CdL1(u-
ClO,)CdL1(CIO,)J** (top) and [Cd,L1,(ClO,),(u-ClO,)]* (bottom), with-
out hydrogens.

and 15b) can be discussed. The Cd centers are all octahedrally
coordinated, with ligand L1 occupying a distorted equatorial
plane of the octahedron. The remaining trans positions of the
octahedra are occupied by coordinated ClO,~ or in one case
by a water molecule.

This trans configuration corresponds to an inherently
achiral arrangement,['! (see also Figure 1) of a topologically
linear tetradentate ligand. However, the chiral ligand de-
creases the idealized symmetry of this configuration from C,,
to C,. As expected, and in analogy with the structure of the
Ag! and Pd" complexes, the two halves of the ligand define
two skew lines of the 4 configuration. There are two dinuclear
species in the unit cell, in each of them ClO,~ bridges the two
Cd centers.

Conclusion
The two newly introduced ligands (—)-5,6-Chiragen[0]
(R,R,S) L1 and (—)-5,6-Chiragen (R,R,R) L2, both derived

from the same chiral pool precursor, (—)-a-pinene, go a long

Chem. Eur. J. 2000, 6, No. 19
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way in our aim to predetermine the chirality at metal centers.
With these tetradentate ligands it is now possible to synthesize
metal complexes with coordination numbers four, five, and six
having different coordination geometries, with complete
control of their stereochemical configuration. The two ligands
yield species of opposite chirality at the metal centers. These
Chiragen type ligands are two representatives of a class of
molecules that may be engineered for total control of the
stereochemistry of coordination species.

Experimental Section

General: Caution: perchlorate salts are potentially explosive! All com-
mercial chemicals (Fluka, Merck, or Strem Chemicals) were of best
available grade and used without further purification. The ligand (—)-5,6-
pinene bipyridine was prepared according to published procedures.?]
NMR spectra ('H, *C, 2D-COSY, 'HBC-HETCOR, and decoupling
experiments) were recorded either on a Varian Gemini 300 or Bruker
Avance DRXS500 instrument, with residual solvent peak as standard.
Chemical shifts are reported in ppm on the J scale. Mass spectral data were
obtained on a Bruker FTMS 4.7 T BioApex II using a standard electrospray
ion source and a VG Instruments 7070E with a FAB inlet system.
Electronic spectra were measured using a Perkin Elmer Lambda 40. The
results are given in A[nm] versus e [M~'cm~!]. CD spectra were recorded on
a Jasco J-715 spectropolarimeter and the results are given in [nm] versus Ae
[M~em™']. Rotation angles were obtained with a Perkin Elmer MC-241
polarimeter.

The numbering scheme of the ligands is given in Figure 2.

Ligand L1: Dry THF (10 mL) was cooled to —20°C in a two-necked flask
equipped with a septum and connected to an argon line. Under stirring,
diisopropylamine (0.46 mL, 3 mmol) and BuLi (1.87 mL 1.6M in hexane,
3 mmol) were injected. The temperature was raised to 0°C (water-ice bath)
for 10 min and then dropped to —40°C. The (—)-5,6-pinene - bpy (504 mg,
2 mmol), dissolved in dry THF (10 mL), was added dropwise over 30 min.
The dark solution was stirred at —40°C for 4 h, then I, (254 mg, 1 mmol)
dissolved in THF (10 mL) was injected slowly over 30 min. The solution
became orange and was stirred at room temperature overnight. Water
(2mL) was added in order to quench the reaction and the solution was
concentrated to half of the volume under reduced pressure. After addition
of a saturated aqueous solution of NaHCO; (30 mL), the mixture was
extracted with CH,Cl, (4 x 20 mL). The organic phase was dried (MgSO,)
and evaporated in vacuo. The brown residue was purified by silica gel
column chromatography (72%). R; =0.34 (hexane:EtOAc:TEA =
3:1:0.1) (TEA is triethylamine); Rotation angle (CH,Cl,, 25*°C): [a]p=
—65.5°mLgtdm%; 'H NMR (300 MHz, CDCl;, 25°C): 0=38.61 (ddd,
3J,,= 48Hz, *J;;=18Hz,°J,,=0.8 Hz, 2H; H(1)), 8.33 (d, 3/,5="7.8 Hz,
2H; H(4)), 8.10 (d, 3J,3="7.8 Hz, 2H; H(7)), 7.71 (ddd, 3/, =78 Hz, 3/5, =
6.0 Hz, “J;; =1.8 Hz, 2H; H(3)), 7.34 (d, *Js;, =78 Hz, 2H; H(8)), 7.21 (ddd,
3,1 =48 Hz,3],;=6.0 Hz, *J,, = 1.2 Hz, 2H; H(2)), 4.58 (brs, 2H; H(13)),
2.78 (dd, 3Jy9,5,=5.7 Hz, 41}y, =5.7 Hz, 2H; H(10)), 2.49 (ddd, 3/ s5p10=
5.7Hz, 3] i5512="5.7Hz, %] 5,15, = 9.6 Hz, 2H; H(15b)), 2.13 (dd, 3/ 15,5 =
5.7Hz, *J15,0=>5.7 Hz, 2H; H(12)), 1.38 (d, %/,5,15, = 9.6 Hz, 2H; H(15a)),
1.30 (s, 6H; H(17)), 0.76 (s, 6H; H(16)); *C NMR (75.44 MHz, CDCl,,
25°C): 0=158.27 (q), 157.00 (q), 152.93 (q), 148.84 (C(1)), 143.12 (q),
138.65 (q), 136.75 (C(3)), 133.51 (C(8)), 123.00 (C(2)), 120.81 (C(4)), 117.67
(C(7)), 46.42 (C(10)), 46.25 (C(13)), 42.74 (C(12)), 41.87 (q, C(11)), 29.07
(C(15)),26.33 (C(17)), 21.03 (C(16)); CD (CH,CN, 3.95 x 10— m): 4 (Ae) =
256 (—10), 284 (+20), 309 (—29); UV/Vis (CH,Cly): Ay (6) =251 (1.8 x
104, sh), 256 (1.85 x 10%), 297 (3.5 x 10%), 308 (2.6 x 10%, sh); MS (FAB,
m-nitrobenzyl alcohol): m/z (%): 499 (100) [L1]*, 249 (30) [L1-—
C;H;;N,]*; elemental analysis (%) caled for C;H3N,: C 81.89, H 6.87, N
11.24; found: C 81.62, H 7.03, N 11.04.

Ligand L2: The ligand was obtained as a by-product in the coupling
reaction used to produce the ligand (—)-Chirogen [0] §,S (ratio 1:10). After
purification by column chromatography, the fraction collected (R;=0.23)
contained the other diastereoisomer also. For complete separation a Lobar
(Merck) column (silica gel 40—63 um) was used (hexane:CH,CL,:TEA =
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4:1:0.1. R;=0.18) yielding 6%. Rotation angle (CH,Cl,, 22°C): [a]p=
~268°mLg-'dm~'; '"H NMR (500 MHz, CDCl,, 25°C): 6 =827 (ddd,
3,,=4.7Hz, 4J,,=18 Hz, 3J,,=0.9 Hz, 2H; H(1)), 788 (d, 3,3 =78 Hz,
2H; H(7)), 737 (d, ¥y, =78 Hz, 2H; H(8)), 730 (ddd, ¥/, =74 Hz, 7, =
76 Hz, 4, =18 Hz, 2H; H(3)), 709 (d, 3,;=7.6 Hz), 2H; H(4)), 6.94
(ddd, 3J,,=4.7 Hz, *J,,=T4 Hz, “J,,=12Hz, 2H; H(2)), 3.6 (s, 2H;
H(13)), 2.84 (2H; H(10), superposition with H(15b)), 2.79 (2H; H(15b),
superposition with H(10)), 2.65 (dd, 3/,,,5,=6.12 Hz, %/,,,,=6.1 Hz, 2H,
H(12)), 1.51 (s, 6H; H(17)), 1.36 (s, 6H; H(16)), 1.33 (H(15a) partially
superposed with H(16)); 3C NMR (75.44 MHz, CDCl;, 25°C): 6 =1573
(q), 156.1 (q), 151.8 (q), 148.2 (C(1)), 142.3 (g), 136.1 (C(3)), 133.0 (C(8 or
7)), 122.5 (C(2)), 120.4 (C(4)), 116.8 (C(7 or 8)), 50.7 (C(13)), 47.8 (C(10)),
452 (C(12)), 39.7 (q, C(11)), 34.4 (C(15)), 27.6 (C(17)), 23.3 (C(16)); CD
(CH,CL, 111 x 10, 0.1 cm cell): 2 (Ae) =319 (5), 302 (—21), 286 (sh,
14), 268 (= 6), 259 (— 11); UV/Vis (CH,Cl, 1.11 x 10-*M, 0.1 cm cell): Apys
(g) =308 (22 x 103, sh), 296 (29 x 10%), 254 (18 x 10°); HRMS (ESI): calcd
for [L2]* 499.28562, found 499.28558.

[AgL1]PF,: AgPF, (252 mg, 0.1 mmol) was dissolved in acetonitrile
(3mL) and the ligand L1 (50 mg, 0.1 mmol) in acetonitrile/chloroform
(2 mL: 2 mL) was added rapidly. The light yellow solution was stirred in the
absence of light and after a few minutes about 5 mL of the solvent was
removed under reduced pressure. The white complex was precipitated with
tert-butyl methyl ether and filtered through a glass frit. The residue was
dissolved in acetonitrile and the solution evaporated to dryness (96%).
'H NMR (300 MHz, CD;CN, 25°C): 6=8.76 (ddd, *J;,=4.6Hz, “J;
=17Hz, 5J,,=08Hz, 2H; H(1)), 8.19 (ddd, 3/,;=75Hz, *J,,=11,
3= 0.8Hz, 2H; H(4)), 793 (d, 3J;,3=78 Hz, 2H; H(7)), 8.06 (ddd,
354=9.2 Hz, 3J;, =76 Hz, /5, =17 Hz, 2H; H(3)), 7.58 (d, /s, =78 Hz
2H; H(8)), 7.57 (ddd, 3J,; = 4.6 Hz, *J,5="7.6 Hz, *J,, = 1.1 Hz, 2H; H(2)),
3.98 (s, 2H; H(13)), 2.94 (dd, 3,915, =5.6 Hz, *J,9;, =5.6 Hz, 2H; H(10)),
2.81 (ddd, *Jys,0=5.6 Hz, *J 5,1, =15.6 Hz, 2J,5,,5,=9.7 Hz, 2H; H(15b)),
2.61 (dd, 3Jp15,=5.6 Hz, “J15,0=>5.6 Hz, 2H; H(12)), 1.47 (d, 50150 =
9.7 Hz, 2H; H(15a)), 1.35 (s, 6 H; H(17)), 0.56 (s, 6H; H(16)); *C NMR
(75.44 MHz, CD;CN, 25°C): 6 =162.4 (q), 154.3 (q), 152.4 (C(1)), 151.9 (q),
146.3 (q), 140.5 (C(3)), 136.2 (C(8)), 126.0 (C(2)), 123.8 (C(4)), 121.2
(C(7)), 48.8 (C(13)),46.9 (C(10)), 42.8 (q, C(11)), 42.4(C(12)), 32.3 (C(15)),
26.7 (C(17)), 21.5 (C(16)); CD (CH;CN, 1.86 x 10 —*m, 0.1 cm cell): 4
(Ag) =313 (—92), 287 (63); UV/Vis (CH;CN, 1.86 x 10~*m, 0.1 cm cell):
Amax (€) =297 (2.5 x 10%), 273 (sh, 1.7 x 10%), 264 (sh, 1.75 x 10%), 258 (1.8 x
10*); MS (FAB, m-nitrobenzyl alcohol): m/z (%): 605 (100) [M — PF¢]*;
elemental analysis (%) calcd for AgCs,H3,N,PF,: C 54.34, H 4.56, N 7.46;
found: C 54.16, H 4.54, N 7.31.

[PAL1](PF;),: To a solution of the ligand L1 (50 mg, 0.1 mmol) in
chloroform/methanol (1:20, 21 mL) was added solid Pd(OCOCH,),
(22.4 mg). The suspension was stirred overnight at room temperature.
The solvent was removed under high vacuum and the solid residue was
redissolved in a minimum amount of methanol, filtered, and precipitated
by addition of a methanolic solution of NH,PF, 5%. The precipitate was
washed with methanol and dried (56%). '"H NMR (500 MHz, CD;CN,
25°C): =836 (4H; H(1), H(3)), 8.26 (ddd, *J,;=8.25 Hz, *J,,=1.4 Hz,
°J,,=0.5Hz, 2H; H(4)), 8.13 (d, *J;3=8.0 Hz, 2H; H(7)), 7.93 (d, 3Jy;=
8.0 Hz, 2H; H(8)), 7.78 (ddd, 3J,, = 5.9 Hz, 3J,; =75 Hz, *J,, = 1.4 Hz, 2H;
H(2)), 3.77 (s, 2H; H(13)), 3.03 (dd, 3/,9,5,=5.6 Hz, J,0;,=5.6 Hz, 2H;
H(10)), 2.82 (ddd, 3J 5510 =5.6 Hz, 3] 5,10 ="5.6 Hz, %J\5,15,=10.3 Hz, 2H;
H(15b)), 2.47 (dd, /1,5, =5.6 Hz, %J,,,,=5.6 Hz, 2H; H(12)), 1.35 (d,
2J1sa150 = 10.3 Hz, 2H; H(152)), 1.4 (s, 6H; H(17)), 0.76 (s, 6H; H(16));
3C NMR (125.76 MHz, CD;CN, 25°C): 6 =166.8 (q), 159.0 (q), 156.0 (q),
152.3 (C(1)), 149.4 (q), 143.6 (C(3)), 139.4 (C(8)), 129.0 (C(2)), 124.8
(C(4)), 1234 (C(7)), 48.1 (C(10)), 45.7 (C(13)), 415 (q, C(11)), 41.3
(C(12)), 31.2 (C(15)), 25.0 (C(17)), 20.9 (C(16)); CD (CH,CN, 1.8 x 10~*m,
0.1 cm cell): 4 (Ae) =374 (11), 338 (—56), 308 (12), 26 (— 64), 242 (30); UV/
Vis (CH;CN, 1.8 x 107*m, 0.1 cm cell): A, (€) =329 (24.1 x 10%), 261 (32 x
10%); MS (ES): m/z (%): 302.1 (60) [M — 2PF4]**, 749.17 (100) [M — PF(]*;
elemental analysis (%) calcd for PdC;,H3N,P,F,,: C 45.63, H 3.83, N 6.26;
found: C 46.0, H 3.99, N 6.21.

[PAL2](PF),: The complex was obtained following the same procedure as
for the complex [PAL1](PFy), (50 %). '"H NMR (500 MHz, CD;CN, 25°C):
0=8.37 (4H; H(1), H(3)), 8.26 (ddd, */,5=8.25Hz, */,,=14Hz, °J,, =
0.5 Hz, 2H; H(4)), 8.14 (d, *J;3=8.0 Hz, 2H; H(7)), 7.95 (d, *J5,=8.0 Hz,
2H; H(8)), 7.79 (ddd, 3J,; =5.9 Hz, 3/, =75 Hz, *J,, = 1.4 Hz, 2H; H(2)),
3.92 (s, 2H; H(13)), 3.06 (dd, 3,915, =5.6 Hz, *J,y,, =5.6 Hz, 2H; H(10)),
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2.83 (ddd, ¥,510="5.6 Hz, 1501 = 5.6 Hz, 2,505, = 10.3 Hz, 2H; H(15b)),
2.6 (dd, 3Jp515,=>5.6 Hz, “J15,0=5.6 Hz, 2H; H(12)), 1.51 (d, 5015 =
10.3 Hz, 2H; H(15a)), 149 (s, 6 H; H(17)), 0.67 (s, 6H; H(16)); °C NMR
(75.44 MHz, CD,CN, 25°C): 6 = 166.7 (q), 158.9 (q), 156.1 (@), 152.0 (C(1)),
1493 (q), 143.6 (C(3)), 139.4 (C(8)), 129.0 (C(2)), 124.8 (C(4)), 123.5
(C(7)), 485 (C(13)), 46.9 (C(10)), 45.1 (C(12)), 38.8 (q, C(11)), 32.8
(C(15)), 25.6 (C(17)), 25.1 (C(16)); CD (CH;CN, 2 x 10~*m, 0.1 cm cell:
(Ae) =371 (— 13), 0347 (sh, 30), 335 (50), 303 (— 6), 290 (sh, 6), 264 (58), 242
(—23),227 (2), 206 (—104); UV/Vis (CH5CN, 2 x 10*M, 0.1 cm cell,): A4
(¢)=390-461 (br., 457), 329 (24.7 x 10%), 261 (32.5 x 10°); HRMS (ESI):
calced for [M — 2PF¢)** (C3,H3,N,°Pd) 302.09036, found 302.09053; caled
for [M — PF4]* (C3,H3,N,PF%Pd) 749.14545, found 749.14581.

[ZnL1](ClO,),: The ligand L1 (50 mg, 0.1 mmol) was dissolved in CHCl;
(10 mL) and CH;CN (5 mL). To this solution was added Zn(ClOy,), - 6H,0
(37 mg, 0.1 mmol) dissolved in CH;CN (5 mL). After stirring, the solution
was concentrated and diethyl ether was added dropwise. The white
precipitate obtained was filtered off, washed with diethyl ether and dried
(98%). '"H NMR (300 MHz, CD;CN, 25°C): 6 =8.62 (dd, 3J,,= 5.5 Hz, J 3
=1.71Hz, 2H; H(1)), 849 (d, 3/,;=8.1Hz, 2H; H(4)), 8.37 (d, /3=
8.0 Hz, 2H; H(7)), 8.35 (ddd, 3/;,=8.1 Hz, 3J;,=7.6 Hz, “J;;=1.71 Hz,
2H; H(3)), 7.87 (d, *Jy;=8.0 Hz, 2H; H(8)), 7.82 (ddd, 3/,, =5.5 Hz, 3/, 5=
7.6 Hz, *J,,=1.07 Hz, 2H; H(2)), 3.83 (s, 2H; H(13)), 3.10 (dd, 3/ 0,5, =
5.5Hz, “J,,=5.5Hz, 2H; H(10)), 2.88 (ddd, 3J5,,0=5.5Hz, 3Jisp10=
5.5 Hz, %/1515,=10.01 Hz, 2H; H(15b)), 2.54 (dd, /15,5, =5.5Hz, *J};0=
55Hz, 2H; H(12)), 1.53 (d, 25,5 =10.01 Hz, 2H; H(15a)), 143 (s, 6H;
H(17)), 0.63 (s, 6H; H(16)); 3C NMR (75.44 MHz, CD;CN, 25°C): 6 =
163.2 (q), 151.1 (q), 149.1 (C(1)), 148.8 (q), 148.5 (q), 142.9 (C(3)), 139.1
(C(8)), 1274 (C(2)), 123.4 (C(4)), 121.0 (C(7)), 47.7 (C(13)), 46.5 (C(10)),
42.4 (C(12)), 42.0 (q, C(11)), 31.9 (C(15)), 26.3 (C(17)), 21.0 (C(16)); CD
(CHiCN, 2.2 x 107*m, 0.1 cm cell): 1 (Ae)=330 (—173), 305 (97), 270
(—22), 222 (29); UV/Vis (CH;CN, 2.2 x 104Mm, 0.1 cm cell,): A, (€) =327
(sh) (23 x 10%), 312 (36 x 10%), 273 (sh, 17 x 10°), 264 (20.5 x 10°); MS (FAB,
m-nitrobenzyl alcohol): m/z (%): 661 (100) [M — ClO,]*, 562 (22) [M —
2ClO,J**; MS (ES): m/z: 281 [M —2ClO4)*, 661 [M — ClO,]*; elemental
analysis (%) calcd for ZnC;,H3N,Cl,04+0.5H,0: caled C 52.9, H 4.57, N
7.26; found: C 52.77, H 4.53, N 6.96.

[ZnL2](Cl0,),: The complex was obtained following the same procedure
as in the case of [ZnL2](ClO,), but using ten times less of the compounds.
'H NMR (500 MHz, CD;CN, 25°C): 6 =8.5-8.46 (4H; H(1), H(4)), 8.35
(ddd, *J;,=1.7Hz, 3J;,=7.6 Hz, °J,,=9.2 Hz, 2H; H(3)), 8.33 (d, /3=
8.0Hz), 794 (d, 2H; H(), %J5;=8.0Hz, 2H; H(7)), 777 (ddd, 3J,,=
52Hz, 3,,="76Hz, “I,,=1.1 Hz, 2H; H(2)), 4.03 (s, 2H; H(13)), 3.05
(dd, 370,15, =8.0 Hz, “J,;, = 8.0 Hz, 2H; H(10)), 2.86 (ddd, 3J,5,,0= 5.8 Hz,
3ispi=5.8 Hz, %1515, =10.2 Hz, 2H; H(15b)), 2.68 (dd, /,,,5,=5.8 Hz,
J110=>5.8 Hz, 2H; H(12)), 1.53 (s, 6H; H(17)), 1.4 (d, %J,5,.55 = 10.2 Hz,
2H; H(15a)), 0.71 (s, 6H; H(16)); 3C NMR (75.44 MHz, CD,CN, 25°C):
0=162.7(q), 151.0 (q), 149.3 (C(1)), 149.0 (q), 148.3 (q), 143.4 (C(3)), 139.5
(C(8)), 127.7 (C(2)), 123.7 (C(4)), 121.8 (C(7)), 51.3 (C(13)), 47.7 (C(10)),
45.9 (C(12)), 39.3 (q, C(11)), 34.1 (C(15)), 25.9 (C(17)), 25.2 (C(16)); CD
(CH;CN, 1.5 x 107*m, 0.1 cm cell): 4 (Ag) = 330 (153), 304 (—78), 266 (18),
224 (—23); UV/Vis (CH;CN, 1.5 x 107*M, 0.1 cm cell,): Ay (€) =362 (sh,
14.1 x 10°%), 331 (38.7 x 10°), 264 (sh, 46 x 10%), 245 (52.4 x 10°); HRMS
(ESI): caled for C3,H3N,%Zn [M —2ClO,]** 281.10319, found 281.10315;
caled for C3Hy,N,#Zn¥ ClO, [M — Cl1O,]* 661.15545, found 661.15608.

[CuL1Br](PF;): [Cu(CH;CN),](PF,) (37.2 mg, 0.1 mmol) was added to a
suspension of L1 (50 mg, 0.1 mmol) in ethanol (15 mL). The solution
immediately turned dark blue. After the mixture had been stirred for 1 h,
the ligand was completely dissolved and NaBr (10.7 mg, 0.1 mmol) was
added. After one night of stirring, part of the solvent was evaporated under
low pressure and the remaining blue solution was filtered and precipitated
by adding diethyl ether. The precipitate was washed with ethanol and
diethyl ether and dissolved in chloroform. The color of the solution became
green after a few minutes. This solution was evaporated to dryness and the
resulting solid was analyzed (64 % ). CD (CH;CN, 2.3 x 107*m, 0.1 cm cell):
A (Ag) =333 (—128), 307 (+41), 271 (—20), 233 (+23), 210 (—20); UV/Vis
(CH;CN, 2.3 x 107%™, 0.1 cm cell): 4,,,, (€) =380-450 (700), 328 (sh, 20 x
10%), 315 (27.9 x 10%), 258 (26 x 10%); MS (ES): m/z (%): 642.1 (100)
[CuL1Br]*, 280.6 (60) [CuL1]**; elemental analysis (%) caled for
CuC;H;N,BrPF,+2.5H,0: C 49.08, H 4.72, N 6.73; found: C 49.39, H
4.71, N 6.46.
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[ZnL1](NOs),: Zn(NOs),-4H,0 (26 mg, 0.1 mmol) was dissolved in
acetonitrile (10 mL). The ligand L1 (50 mg, 0.1 mmol) dissolved in CHCl;
(5 mL) was rapidly added to the clear solution. The mixture was stirred at
room temperature overnight and the solvent removed. No further
purification was necessary. '"H NMR (300 MHz, CD;CN, 25°C): ¢ =8.47
(2H; H(1), H(4), superposed), 8.31 (d, */,4=8 Hz, 2H; H(7)), 8.30 (2H;
H(3) superposed with H(7)), 7.86 (d, *Js;=8 Hz, 2H; H(8)), 7.72 (ddd,
3J,,=4.0 Hz, J,5=175 Hz, %J,,=1.1 Hz, 2H; H(2)), 3.90 (s, 2H; H(13)),
3.05 (dd, 3,45, =5.8 Hz, %J19;, =5.8 Hz, 2H; H(10)), 2.85 (ddd, 3/,5,,0=
5.8 Hz, 3Ji5,1,=5.8 Hz, %/15,15,=10 Hz, 2H; H(15b)), 2.51 (dd, /1515, =
5.8 Hz, “J;5,0=5.8 Hz, 2H; H(12)), 1.42 (d, %/;5,15, = 10 Hz, 2H; H(15a)),
1.4 (s, 6H; H(17)), 0.61 (s, 6H; H(16)); *C NMR (75.44 MHz, CD,CN,
25°C): 0=163.1 (q), 151.2 (q), 149.2 (C(1)), 148.8 (q), 1482 (q), 142.9
(C(3)), 139.1 (C(8)), 1274 (C(2)), 123.1 (C(4)), 121.1 (C(7)), 47.7 (C(13)),
46.6 (C(10)), 42.4 (C(12)), 42.1(C(11)), 32.0 (C(15)), 26.4 (C(17)), 21.0
(C(16)); CD (CH4CN, 1.93 x 10*m, 0.1 cm cell): 4 (Ae) =329 (—193), 304
(90); UV/Vis (CH;CN, 1.93 x 107*m, 0.1 cm cell,): A,y (€) =330 (sh, 2.4 x
10%), 311 (3.5x10%, 275 (sh, 1.6 x 10%), 266 (2x 10*); MS (FAB, m-
nitrobenzyl alcohol): m/z (%): 624 (100) [M —NOs]*, 562 (10) [M —
2NO;)**; elemental analysis (%) caled for ZnCy;H3N,O+1.5H,0: C
5711, H 5.22, N 11.75; found: C 57.10, H 5.24, N 11.92.

[CdL1](C10y),: Cd(ClO,),-6H,0 (42mg, 0.1 mmol) and L1 (50 mg,
0.1 mmol) were stirred overnight at room temperature in chloroform/
acetonitrile 1:1 (20 mL). The solvent was partially removed and the
solution (2-3 mL) was filtered and precipitated by addition of diethyl
ether. The precipitate was filtered off, dried, and analyzed (95 % ). '"H NMR
(300 MHz, CD;CN, 25°C): 0 =8.90 (ddd, *J,,=5.1 Hz,*J,; =1.6 Hz, ], , =
0.95Hz), 2H; H(1), 8.49 (d,3/,3=9.2 Hz, *J,, =1.0,°],; =0.95, 2H; H(4)),
827 (d, 3J;3=8.0Hz, 2H; H(7)), 8.33 (ddd, *J;,=9.2 Hz, 3/;,="7.6 Hz,
415, =1.6 Hz), 2H; H(3), 7.87 (d, *J3;=8.0 Hz, 2H; H(8)), 7.84 (ddd, 3/, , =
5.1 Hz,3J,3="76 Hz,*],,=1.0 Hz, 2H; H(2)), 3.85 (s, 2H; H(13)), 3.06 (dd,
310150 =5.5Hz, J,01,=5.5Hz, 2H; H(10)), 2.90 (ddd, 3/,5,30=>5.5 Hz,
3isp12=5.5 Hz, 2J 515, = 10.1 Hz, 2H; H(15b)), 2.69 (dd, */,,,5, = 6.0 Hz,
4J1210= 6.0 Hz, 2H; H(12)), 1.54 (d, %J}5,15 = 10.1 Hz, 2H; H(15a)), 1.40 (s,
6H; H(17)), 0.59 (s, 6H; H(16)); 3C NMR (75.44 MHz, CD,CN, 25°C):
0=162.1(q), 151.0 (q), 150.8 (1), 148.8 (C(q)), 148.6 (q), 142.9 (C(3)), 138.9
(C(8)), 127.6 (C(2)), 124.6 (C(4)), 122.9 (C(7)), 48.6 (C(13)), 46.6 (C(10)),
42.7 (C(12)), 42.4 (q, C(11)), 32.1 (C(15)), 26.5 (C(17)), 21.0 (C(16)); CD
(CH;CN, 2 x 107#M, 0.1 cm cell): 1 (Ag) =324 (—146), 299 (87), 270 (—20),
222 (34); UV/Vis (CH;CN, 2 x 10~*M, 0.1 cm cell,): A, (¢) =321 (sh, 2.3 x
10%), 307 (3.5 x 10%), 273 (sh, 1.6 x 10%), 264 (1.9 x 10*); MS (ES): m/z (%)
711.1 (100) [M — ClO,4]*, 306 (30) [M —2ClO,J**; elemental analysis (%)
calcd for CdC;,H;,N,Cl,04+2H,0: C48.27, H 4.53, N 6.62; found: C 48.25,
H 4.38, N 6.67.

X-ray crystallography: Crystallographic and refinement details are given in
Tables 1, 3, and 6. For [CuL1Br](PF) cell dimensions and intensities were
measured at 200 K on a Stoe Stadi4 diffractometer with graphite-mono-
chromated Cuy, radiation (1 =1.5418 A). Data were corrected for Lorentz
and polarization effects and for absorption.?!l The structure was solved by
direct methods using MULTAN 87,22 the XTALP system was used for all
further calculations. The hydrogen atoms were included in calculated
positions. All nonhydrogen atoms were refined anisotropically, using
weighted full-matrix least-squares refinement based on F. The Flack
parameter,?¥ x =0.00(0), indicates that the coordinates correspond to the
absolute structure of the molecule in the crystal. The PF¢ anions and
acetonitrile molecules are located in channels parallel to the [010] direction
and show no disorder. For the ligands and the remaining complexes the
intensity data were collected at 223 K on a Stoe Image Plate Diffraction
system using MoKa graphite monochromated radiation (A=1.5418 A).
The structures were solved by direct methods using the program SHELXS-
97.251 The refinement and all further calculations were carried out using
SHELXL-97.2% The hydrogen atoms were included in calculated positions
and treated as riding atoms using SHELXL-97 default parameters (AFIX
137 for the methyl hydrogen atoms). The non-hydrogen atoms were refined
anisotropically, using weighted full-matrix least-squares on F2. For all of
the complexes the coordinates correspond to the absolute structure of the
molecules in the crystals. The bond lengths and angles in the ligands and the
complexes are close to expected values. In the crystal of [AgL1](PF) half a
molecule of water and one quarter of a molecule of diethyl ether per
molecule of complex were located. These two molecules were refined
isotropically and only the diethyl ether hydrogen atoms were included
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(calculated positions and as riding atoms). For [PdL2](PF;), the space
group P3, is enantiomorphously determining, hence it can be seen that the
absolute structure of the molecule agrees with the stereochemistry of the
ligand. In [ZnL1ZnL2](ClO,),, space group P1, there are two independent
molecules per unit cell together with two molecules of solvent of
crystallization CH;NO, In [ZnLINO;](NO;) there are seven independent
Zn" complex molecules per asymmetric unit together with three molecules
of acetonitrile (two of them having occupancies of 0.5), eleven water
molecules (six having occupancies of 0.5) and one ether molecule
(occupancy 0.5). The uncoordinated nitrate anions were refined with
constraints on bond lengths and bond angles; the corresponding thermal
factors were constrained to be equal. The hydrogen atoms were included in
calculated positions and treated as riding atoms using SHELXL-97 default
parameters. Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publications no. CCDC-
142472: L1, CCDC-142473: L2, CCDC-142474: [AgL1](PF,),, CCDC-
142475: [PdL1](PFy),, CCDC-142476: [PdL2](PF,),, CCDC-142477:
[(ZnL1),0H](CIO,);, CCDC-142478: [ZnL1ZnL2](ClO,),, CCDC-
142479: [ZnLINO;](NO;), CCDC-142480: [(H,0)CdL1(x-ClO,)CdL1-
(C104)][Cd,L1,(ClO,),(u-Cl0,)](ClO,);, CCDC-142809: [CuL1Br](PFy).
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+444)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).

Acknowledgements

This work was supported by the Swiss National Science Foundation.

[1] J-M. Lehn, Supramolecular Chemistry— Concepts and Perspectives,
VCH, Weinheim, 1995, Chapter 9.
[2] M. Fujita, Chem. Soc. Rev. 1998, 27, 417.
[3] B.Kagan, C. Girard, Angew. Chem. 1998, 1103088 ; Angew. Chem. Int.
Ed. 1998, 37,2922.
[4] R.Noyori, Asymmetric catalysis in organic synthesis, Wiley, New York,
1994.
[5] A. Archut, F. Vogtle, Chem. Soc. Rev. 1998, 27, 233.
[6] U. Knof, A. von Zelewsky, Angew. Chem. 1999, 111, 302; Angew.
Chem. Int. Ed. 1999, 38, 302.
[7] P. Hayoz, A. von Zelewsky, H. Stoeckli-Evans, J. Am. Chem. Soc.
1993, 115, 5111.
[8] H. Muerner, A. Von Zelewsky, H. Stoeckli-Evans, Inorg. Chem. 1996,
35, 3931.
[9] N.C. Fletcher, F.R. Keene, M. Ziegler, H. Stoeckli-Evans, H.
Viebrock, A. von Zelewsky, Helv. Chim. Acta 1996, 79, 1192.
[10] O. Mamula, A. von Zelewsky, G. Bernardinelli, Angew. Chem. 1998,
110, 301; Angew. Chem. Int. Ed. 1998, 37, 289.
[11] H. Muerner, A. Von Zelewsky, G. Hopfgartner, Inorg. Chim. Acta
1998, 271, 36.
[12] O. Mamula, A. von Zelewsky, T. Bark, G. Bernardinelli, Angew.
Chem. 1999, 111, 3129; Angew. Chem. Int. Ed. 1999, 38, 2945.
[13] C. Dietrich-Buchecker, J.-P. Sauvage, Chem. Commun. 1999, 615.
[14] S.T. Howard, J. Am. Chem. Soc. 1996, 118, 10269.
[15] M. Ziegler, A. von Zelewsky, Coord. Chem. Rev. 1998, 177, 257.
[16] L.V.K. Mann, C.J. Jeffery, J. A. McCleverty, M. D. Ward, J. Chem.
Soc. Dalton Trans 1998, 3029.
[17] H. Sigel, R. B. Martin, Chem. Soc. Rev. 1994, 83.
[18] W. Dai, H. Hu, X. Wei, S. Zhu, D. Wang, K. Yu, N. K. Dalley, X. Kou,
Polyhedron 1997, 16, 2059.
[19] A.von Zelewsky, Stereochemistry of Coordination Compounds, Wiley,
Chichester, UK, 1996.
[20] P. Hayoz, A. von Zelewsky, Tetrahedron Lett. 1992, 33, 5165.
[21] E.Blanc, D. Schwarzenbach, H. D. Flack, J. Appl. Cryst. 1991, 24, 1035.
[22] P. Main, S. J. Fiske, S. E. Hull, L. Lessinger, G. Germain, J.-P. Declercq,
M. M. Woolfson, A System of Computer Programs for the Automatic
Solution of Crystal structures from X-Ray Diffraction Data, 1987.
[23] XTAL 3.2 User's Manual (Eds.: S. R. Hall, H. D. Flack, J. M. Stewart),
Universities of Western Australia and Maryland, 1992.
[24] H. D. Flack, Acta Crystallogr. Sect. A 1983, 39, 879.
[25] G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467.
[26] G. M. Sheldrick, Universitat Gottingen, 1999.

0947-6539/00/0619-3585 $ 17.50+.50/0 3585






FULL PAPER

Enantioselective Reduction of Prochiral Ketones by Catecholborane
Catalysed by Chiral Group 13 Complexes
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Abstract: LiGaH,, in combination with the §,0-chelate 2-hydroxy-2’-mercapto-1,1'-
binaphthyl (MTBH,), forms an active catalyst for the asymmetric reduction of

prochiral ketones, with catecholborane as the hydride source. Enantioface differ-
entiation is on the basis of the steric requirements of the ketone substituents. Aryl/
n-alkyl ketones are reduced in 90-93 % ee and RC(O)Me (e.g. R =iPr, cycloC¢Hy;,

Keywords: asymmetric catalysis
gallium - indium - S ligands

tBu) in 60—-72 % ee. Other borane sources and alternative catalyst structures based on

indium do not form enantioselective catalysts.

Introduction

Enantioselective reduction of prochiral ketones R'C(O)R? (1,
Scheme 1) is an important transformation in asymmetric
synthesis as the resultant chiral sec-alcohols RICH(OH)R? (2)

S
. OH 1 H
o asymmetric A ; HO-._’/
Rl)J\Rz reduction R R2 | R? Rl
1 2 ent-2
Terepulsion if
'y Ar here
Ph
Rupig Phis 0O Me R Q? ’0
O:< il £ Arjlf‘H Ao -
= N N\—R, AN
ﬁ Rsmar BHSY 9 o\ 6 e
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best if Ryg also
electron donating
3 4

Scheme 1. Asymmetric reduction of prochiral ketones and the “loaded”
states of the CBS and BINAL reagents.
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are present in numerous targets of synthetic interest. One
effective method for carrying out this reaction is use of the
ruthenium transfer hydrogenation catalysts introduced by
Noyori and typified by the structure (R,R)-[RuCl(#5-
Ar)(H,NCH(Ph)CH(Ph)NSO,Ar)] (Ar=aryl).l! " Super-
lative enantioselectivities, turnover numbers and rates are
attained providing R! in 1 is an aryl or a closely related
unsaturated (Un) group. However, substrates outside this
range, for example, dialkyl or a,f-unsaturated enones are
often much less suitable. Synthetically useful ee values for
such substrates, and many others, can sometimes be at-
tained by using oxazaborolidine catalysed borane reductions
(CBS reduction).?! In this case, the enantioselectivity results
from the propensity of the CBS catalyst to bind the ketone by
the most electron rich and sterically accessible lone pair (as in
the “loaded” catalyst structure 3, Scheme 1). The primary
borate product is hydrolysed on workup to afford 2. However,
for CBS reduction relatively high catalyst loadings are
required (5-20 mol%). This, taken together with the rela-
tively narrow substrate range for ruthenium transfer hydro-
genation, indicates that there is still a need to identify new
efficient catalysts in ketone reduction, especially for “prob-
lematic” substrates.

In 1979, Noyori noted that a 1,1’-(bi-2-naphthol) modified
LiAlH, reagent (BINAL-H) could reduce aryl/alkyl ketones
in 22100 % ee.l’] This remarkable selectivity was proposed to
be attained by the electronically controlled transition state 4.
We determined to attempt the design of a catalytic version of
Noyori’s BINAL-H reagent, as electronic control is rarely
used as an enantioselection mechanism in asymmetric catal-
ysis. This paper describes our full investigation of this area,
elements of which have been communicated.™
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Results and Discussion

HSAB matching studies: When one designs a catalytic version
of the BINAL-H reagent, two significant problems have
to be overcome. Firstly, the reactivity of the catalyst system
must be improved relative to BINAL-H [typically 300 mol %
BINAL-H is required to reduce PhC(O)Me (1a) at — 100°C].B!
Secondly, only release of the product sec-alkoxide (produced
from 4) should occur and not the bound chiral auxiliary [the
dialkoxide of 1,1-(bi-2-naphthol)]. If this is not realised, the
enantioselectivity of the catalyst system will soon be compro-
mised by chiral ligand loss. To attempt to solve these problems
we applied Pearson’s “Hard/Soft Acid/Base” (HSAB) prin-
ciple.! As the product sec-alkoxide contains a “hard” oxygen
donor we reasoned that use of “hard” catecholborane would
rapidly remove the product alkoxide from the catalytic centre,
whilst a suitable metal hydride is regenerated. To avoid chiral
ligand dissociation at the metal centre, we proposed to use
analogues of 1,1'-(bi-2-naphthol) that contain “soft” thiolate
donors in conjunction with a “softer” gallium Lewis acid. That
is, the reagent and catalyst requirements are matched into two
HSAB pairs (“hard/hard” for the substrate/reagent and “soft/
soft” for the catalytic metal/chiral ligand). To test this
proposal a series of trial reactions was carried out using
LiMH, (M = Al, Ga) and the ligands BINOLH, 5, MTBH, 6
and DTBH, 7 (Scheme 2). Mixtures of LiIMH, and 5-7 were

i) 5 mol% catalyst

o O\ -780C to RT OH
DI T -
Ph Me o ii) workup Ph Me

2a

Ligand
MeOH

LiMH,4
| Al Ga

with (R)-ligand (5 mol%)

BINOL | 6% RE! 39 RE

MTB | 1% R®l[720 ™!

DTB | 49 R[] 269% Sla
30% s

A BINOLH,5 A=B=O0H
MTBH, 6 A=SH B =0H
DTBH, 7 A=B=SH

e B

(Ra)-5-7

[a] with LIMH(OMe)(Ligand)

Scheme 2. HSAB matching experiments in the reduction of acetophe-
none la.

stirred at room temperature and in the presence of 1-2
equivalents of methanol and then cooled to —78°C. Once
twenty equivalents of acetophenone (1a, R'=Ph, R>=Me)
and catecholborane had been added (at — 78 °C), the mixture
was allowed to come to room temperature overnight.
Typically 70—-80% yields of alcohol 2a were isolated in all
cases. The table in Scheme 2 shows the enantiomeric purity of
the 2a produced as a function of catalyst type. It is helpful to
know at this point that the Noyori transition state 4 predicts
that the (R,) binaphthyl ligand leads to the (R) sec-alcohol
product and that in the original formulations methanol was
added in the BINAL-H preparation to improve the enantio-
selectivity.’] The initial screen matrix soon revealed the
apparent usefulness of the HSAB matching approach as high
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chemical yields, with significant enantioselectivity (72%),
were realised for the gallium-MTB complex. Additionally, the
moderate and reversed enantioselectivity shown by the
gallium-DTB species provided the insight that although the
“soft —soft” interaction of the catalytic metal/ligand is im-
portant, matching of all the Lewis acid base pairs must be
accommodated. That is, binding of the hard lithium cation in
the bimetallic catalyst must also be achieved. For example, the
poor selectivity of the LiGaH,_,(OMe),(DTB) species (n =1,
2) suggests that the BINAL transition state 4 may involve
additional Li--- BINOL contacts at the binaphthyl alkoxides
as has been suggested before for enantioselective aldehyde
alkylation by MgEt, in the presence of Li,(BINOL).I

If the catalysis was conducted at a fixed temperature of
—40°C, using LiGa(OMe),(MTB), both the chemical yield
and ee fell to 32 and 64 %, respectively. Below this temper-
ature only low yields of essentially racemic 2a were produced.
However, in reactions catalysed by LiGaH,(MTB) [prepared
from LiGaH, and just MTBH, 6], with warming from —78°C
to room temperature, a quantitative yield of 2a with 82 % ee
was realised. These reactions suggest that the presence of
lithium alkoxide sources can promote a competing achiral
catalytic cycle. Control reactions of catecholborane and 1a in
the presence of 10 mol % LiOMe led to 45 % yield of (+)-2a
(—78 to 22°C, 16 h), while a similar reaction using LiBHEL;
gave a 60 % yield of (+)-2a. The simplest explanation of these
findings is that alkoxide sources promote the formation of
borohydride species [C,H,O,BH(OR)]~ and that these re-
duce 1a with negligible enantioselectivity and give a racemic
borate product and regenerate the alkoxide. DiMarel® and
Arasel’l have noted similar findings. At temperatures below
—20°C, the rate of the selective gallium catalysed reaction
becomes slow and the achiral alkoxide manifold significantly
erodes the overall enantioselectivity of the product 2a.

To maximise the enantioselectivity, the reaction temper-
ature was fixed at —25°C and use of thiolate rather than
methoxide spectator ligands investigated. Addition of
2-HSC(H, to LiGaH,(MTB) lowered the selectivity to
72 % ee, while HSCH,CH,OH was worse (20% ee). Fortu-
nately, addition of a second equivalent of MTBH, led to a
rather selective catalyst, LiGa(MTB),, which showed high
activity. This formulation proves rather robust to the reaction
conditions and additional stirring of the reaction mixture is
not required (runs could be conducted in any cryostat or even
a domestic freezer). The activity and selectivity of this catalyst
system (2 to 2.5 mol %) with a range of substrates were then
investigated (Table 1).

In general, substrates with a phenyl/n-alkyl motif are
reduced in good chemical yield and ee (ketonesa-c, f-g).
The reaction is slightly affected by the presence of (+)-1
substituents on the 4-position. However, the presence of more
sterically demanding alkyl substituents is detrimental both to
the reaction rate and the enantioselectivity (ketones d-e, h—i).
Similarly, the enantioselectivities realised are dependent on
the size of the aryl substituent in the ketone; both smaller
(ketone j) and larger (ketones k-1) aryl substituents lead to
lower enantioselectivities. As the enantioselectivity criterion
for these substrates appeared to be steric rather than
electronic, as in the BINAL transition state 4, further ketones
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Table 1. Enantioselective reduction of ketones 1 by (R,,R,)-LiGa(MTB),
(2 or 2.5 mol% unless otherwise stated) and catecholborane (1.1 equiv-
alents).

Ketone R! R? Temp [°C] Time [h] Yield [%]@ ee [%]P)
a Ph Me -25 18 90 90
b Ph Et -25 18 96 93

c Ph nBu -25 18 80 92
d Ph iPr — 15l 60 65 24
e Ph iBu — 15l 60 65 92

f 4-BrPh Me -25 18 80 87

g 4-MePh Me -25 18 95 87
h Ph CH,Br —25 18 60 70

i Ph CH,Ph —20 19 88 68

j 2-furyl nCgH;; —25 18 76 81

K 1-CoH, Me  —20 20 82 59

1 2-C,,H; Me —20 20 83 73
m Ph C=CH -15 60 50 0
n PhCH=CH Me -25 18 70 75

o C=CEt Me =25 18 60 63

p C=CH nCsH;, —25 18 88 221d]
q CH=CH, nCH,, -25 18 50 1214
r iPr Me -20 18 81 69

s iBu Me -20 18 93 46

t cCgHy, Me -20 18 72 72
u tBu Me -20 18 76 79

[a] Determined by '"H NMR, GC or by isolation. [b] Determined by GC,
HPLC or MTPA ester formation. [c] 4 mol% 10. [d] Absolute stereo-
chemistry not determined.

were selected to shed light on the mechanism. Consistent with
electronic control PhC(O)CCH (m) gave a low yield of
racemic product, while significant selectivities were realised
with benzylidene acetone (m) and 3-hexyn-2-one (o). How-
ever, the former result may be indicative of poor Li* binding
in the transition state due to the poor electron density in the
ketonic lone pairs of m. The negligible enantioselectivities
shown in the reduction of ynone (p) and enone (q) are not
indicative of an electronically controlled transition state. Few
asymmetric studies of the reduction of q have been reported
but stoichiometric BINAL reduces ynone p in 84 % ee;l this
suggests that the gallium and aluminium systems may operate
by different mechanisms. Studies with dialkyl ketones also
support steric discrimination in the transition state of the
gallium catalysed process. The ee values for the reduction of
ketones r—u correlate well with the steric demands of the
larger group.

Mechanistic studies: One working model for the gallium/
MTB catalysed ketone reductions is shown in Scheme 3
(where X is the spectator ligand, normally a second MTB

o)
L,
1
S\ /H #
/Ga\
© x 7N\
Li _
RO),B H—B(OR),
(TR, RO% ~o
(R)-8 R1/=\R2 (R)-9

Scheme 3. Working model for the gallium catalysed reduction (X=MTB
ligand).

3588

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

ligand). Under this proposal, an initial gallium hydride (8)
reacts with the ketone 1 to provide a gallium alkoxide (9).
Interaction of 9 with catecholborane [represented in
Scheme 3 as H-B(OR),] leads to selective decomplexation
of the alkoxide, while the MTB ligand remains anchored to
the gallium centre by virtue of a strong thiolate bond. To
investigate this hypothesis, stoichiometric reaction studies of
LiGaH,, MTBH, (6) and catecholborane were carried out.

When treated with two equivalents of MTBH, (6) at room
temperature, 20mm solutions of LiGaH, in Et,O/THF
mixtures spontaneously lose four equivalents of hydrogen.
The nature of the clear solution formed can be investigated by
'H NMR spectroscopy. The undeuterated solvents cause
intense peaks in the spectrum at approximately 6=1.1
(Et,0), 1.7 (THF), 3.3 (Et,0) and 3.6 (THF). However, the
MTB aryl C—H region is clear and reproducibly indicates the
presence of two different types of MTB ligand in a 3:1 ratio
consistent with the formulation [Ga,(MTB);][Li,(MTB)]. An
identical spectrum is obtained from mixtures of GaCl,
etherate, MTBH, (6) and BuLi after filtration of the
precipitated LiCl. In the signal derived from the three
equivalent MTB ligands, one of the H3(3’) binaphthyl protons
suffers a large downfield shift relative to the free ligand
MTBH, (6). These electronic effects are also apparent in the
13C NMR spectrum of [Ga,(MTB);][Li,(MTB)], in which one
of the signals appears at appreciably higher frequency
(PC NMR: 0 =158.4) than the rest (3*C NMR: 6 =120.0-
139.3). Full assignment of the carbon spectrum was not
possible because of problems in obtaining adequate signal/
noise in the 'H:*C COSY spectrum. However, complete
connectivity for all the MTB !'H environments could be
established by 'H:'H COSY studies. Mass spectrometry is an
ideal technique to probe the constitution of such species: two
natural gallium isotopes (®"'Ga) exist approximately in a
60:40 ratio. When these solutions, assayed by 'H NMR
spectroscopy as containing only [Ga,(MTB);][Li,(MTB)], are
subjected to negative ion electrospray mass spectrometry, a
major peak at m/z 669 with a Ga, isotope pattern can be
identified. This peak corresponds to the formulation [LiGa-
(MTB),]. A small (1% of the base peak) signal is observed
at m/z 1347 and its isotope pattern indicates it is [Ga,-
(MTB);][Li(MTB)].

When the reaction mixture from the addition of two
equivalents of MTBH, (6) to LiGaH, is layered with pentane,
colourless crystals form. This procedure reproducibly gives
not the solution species [Ga,(MTB);][Li,(MTB)] but [Li-
(THF);Ga(MTB),] (10), whose x-ray structure is shown in
Figure 1. This compound is isostructural with [Li(THF);Al-
(BINOL),], which has been characterised by Shibasaki from
reactions of AICl; and BINOLH, (5) in the presence of
BuLi.®l If one changes from an AIl-BINOL to a Ga-MTB
complex, the average M—Y (Y = O, S) distances increase from
1.75 A in [Li(THF);Al(BINOL),] to 1.89 (Y=0) and 2.24
(Y=S) A in [Li(THF);Ga(MTB),] (10).

On redissolution in THF, the solid-state structure of
[Li(THF);Ga(MTB),] (10) is not retained. Proton spectra of
these solutions indicate regeneration of [Ga,(MTB);]-
[Li,(MTB)]. However, this situation is complicated by the
apparent decomposition of some 10 by minor protonolysis
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Figure 1. Molecular structure of [Li(THF);Ga(MTB),] (10) shown with
30% probability ellipsoids. Hydrogens have been omitted for clarity and
only one component of the disorder is shown. Selected bond lengths and
angles [A, °]: Ga(1)-O(1) 1.880(5), Ga(1)-0(2) 1.898(7), Ga(1)-S(1)
2.238(2), Ga(1)-S(2) 2.243(2), Li(1)-O(1) 1.900(14), O(1)~Ga(1)-S(1)
104.75(15), O(2)—-Ga(1)-S(2) 108.52(19), O(1)—Ga(1)—O(2) 102.7(2),
S(1)—Ga(1)—S(2) 106.08(9).

reactions. It is clear that in solution there exists only a minor
energy difference between [Li(THF);Ga(MTB),] (10) and a
dimer of constitution [Ga,(MTB);][Li,(MTB)] but at present
unknown structure.

To try and access the structural type of the dimer,
[InCl;(THF);] was treated with two equivalents of MTB
dianions (generated from MTBH, 6 and BuLi) in THF. It was
hoped that because of longer In—Y (Y=0O, S) bonds, any
potential steric clashes in the dimer would be minimised and
this structure favoured. However, after removal of the
precipitated LiCl and layering with pentane, colourless blocks
of [Liy(THF)sInCI(MTB),] (11) are obtained in moderate
yield. The molecular structure of [Li,(THF)sInCI(MTB),]
(11), together with selected bond lengths and angles, is shown
in Figure 2. Clearly the chemistry for the indium analogue

Figure 2. Molecular structure of [Li,(THF)sInCI(MTB),] (11) shown with
30% probability ellipsoids. Hydrogens have been omitted for clarity.
Selected bond lengths and angles [A, °]: In—Cl 2.452(3), In—O1 2.206(7),
In—02 2.196(7), In—S1 2.480(2), In—S2 2.471(3), Li—O1 1.92(2), Li2—02
1.91(2), O1-In—S1 91.11(17), O2—In—S2 91.09(17), O1-In—02 173.9(3),
S1-In—S2 124.37(10), Cl-In—0O1 91.64 (18), Cl-In—02 82.29(19), Cl-In—S1
115.63(11), Cl-In—S2 119.85(10).
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is quite different and not all of the chlorides are liberated. The
solution structure of 11 could not be unequivocally deter-
mined because of its relatively low solubility, fluxionality and
its pronounced tendency to undergo MTB ligand solvolysis.
For example, positive ion FAB mass spectra of 11 show
[Li,InCI(MTB),]* as the highest mass ion. Additional peaks
assigned to In,Cl,O, and its daughter ions are observed in
some samples of aged 11. The proton NMR spectra of 11 at
ambient temperature indicate that the MTB ligands are
equivalent in solution. Use of freshly prepared mixtures of
Li,(MTB) and InCl;(THF); leads to the clean reduction of
cyclohexylmethylketone 1t in 70 % yield but negligible enan-
tioselectivity at a 2 mol % catalyst loading.

Addition of a slight excess of catecholborane to a 20mm
solution of [Ga,(MTB);][Li,(MTB)] in THF (prepared from
LiGaH, and MTBH, 6) leads to the clean formation of a new
species. Only very broad and uninformative NMR resonances
could be observed at room temperature. On cooling the
sample to —50°C, these sharpen significantly. In addition to
unreacted catecholborane, the spectra suggest that two non-
equivalent MTB ligands are present together with a bound
catechol fragment. However, no gallium or boron hydride
signal could be detected. Layering of these 'H NMR samples
with pentane led only to the formation of oils. A second
catalytic state can be identified spectroscopically by sequen-
tially treating 20mMm solutions of [Ga,(MTB);][Li,(MTB)]
with catecholborane followed by pinacolone 1u (as a repre-
sentative ketone). However, the 'TH NMR spectra in the aryl
region are complex and fluxional and complete assignment of
the spectrum is not possible. The speciation of the catalyst at
the enantio-discriminating step was also investigated by
searching for a Nonlinear Effect (NLE) in the catalytic
asymmetric reaction.’! No significant NLE was detected. The
data (six points for the reduction of 1a) fit a straight line:
ee,ps = 0.93ee;, with R =0.999. The absence of any NLE may
be taken as indicative of three possibilities: either the
asymmetric transition state contains only one MTB ligand
(despite the 2:1 MTB:Ga mixing formulation); or alterna-
tively diastereomeric mixtures of catalyst species that are
formed all react at the same rate with 1a; or the active catalyst
is not able to form heterochiral species, as is observed in
Kaufmann’s B,(BINOL), species.'”) The present data do not
allow differentiation between these possibilities. The working
model of the gallium catalysed reduction is suggested to
involve attack of a gallium hydride 8 on the ketone 1 to yield
an alkoxide 9 (Scheme 3). If this mechanism does indeed
operate then the enantioselectivities realised should, for a
given ketone (1), be independent of the borane used in the
reaction. This is not the case. Five representative boranes
were compared in their efficiency for the reduction of
acetophenone 1a under standard conditions (Table 2).16 11-14]

The absence of any enantioselection in reactions using
BH; - THF and (iPrO),BH (runs 1-2) can be attributed to the
formation of reactive borohydrides Li[BHY,{(R)-OCH-
(Me)(Ph)}] (2mol%, Y=H, OiPr). Such species could be
formed by Li[(R)-OCH(Me)(Ph)] abstraction from 9 by
BHY, and would be efficient catalytic activators of the
remaining BHY,, but would be expected to show negligible
enantioselectivity. As judged by literature "B NMR shifts, the
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Table 2. Enantioselective reduction of acetophenone1 by (R,R)-LiGa-
(MTB), (2 mol %) and various boranes.

Run Borane Equiv. used 6 "B Yield [% ] ee [% ]

1 BH,- THF 45 —0.611 95 <2
2 (iPrO),BH 45 27.0101 81 <2
o]
3 :B_H L5 287071 41 <2
o]
O\
4 B—H 1S 29.91131 90 90 (R)
o
I’\\I/Ie
N [14]
5 @E ‘B—H 15 281041 49 5(R)
o
Me
6 N, 15 22314 9 <2
JB—H " :
s

[a] Determined by GC. [b] Determined by GC, absolute stereochemistry in
parentheses.

Lewis acidities of pinacolborane (run 3), catecholborane
(run 4), and the very closely related oxazaborole (run 5) and
thiazaborole (run 6) are very similar, as are their structures.
These values are not significantly changed for samples run in
THF with the exception of 1,2-C;H,S(NMe)BH, which
resonates at higher frequency ('B NMR: 6=41.0, Jgz,=
158 Hz), and catecholborane itself, which shows the presence
of the free borane and its THF adduct. Only reactions using
catecholborane reduced acetophenone 1a in high yield and
ee. This specific dependence on catecholborane is not in
accord with the proposed working model for the catalytic
cycle (Scheme 3). One explanation of these observations is
that the role of [Li(THF);Ga(MTB),] (10) is to bind the
catecholborane and activate it by Lewis acid/base interactions
akin to those in the CBS “loaded” catalyst state 3. In this case
as the hydride is delivered from a coordinated borane, the
enantioselectivity for the reduction of 1 is expected to be
highly dependent on the nature of the R,BH species used. In
further support of this idea the enantioselective transition
state is strongly affected by even minor solvent changes. For
example, use of (+)-2-methyl-THF in runs otherwise identical
to Table 1 (substrate 1a, THF solvent, 90% ee, R-product)
leads to the alcohol being isolated in only 43% ee (R). Further
experiments are required to prove this hypothesis and to
identify the exact reasons for the specific need for catechol-
borane in this chemistry.

Experimental Section

General: Infrared spectra were recorded by using a Perkin-Elmer 983G
infrared spectrophotometer and a Perkin-Elmer 882 infrared spectropho-
tometer. Proton and '3C NMR spectra were recorded on either Jeol
(INM GX270, INMLA400) or Bruker (DRXS500) spectrometers (tetra-
methylsilane as a standard, J values given in Hz). The "B NMR spectra
were acquired on the JNMLA400 or Bruker DRX500 machines. All
spectra were recorded at ambient temperature unless otherwise noted.
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Mass spectra were obtained on Finnigan MAT 1020 or Autospec VG
(electron impact ionisation, EI), Finnigan QMS (electrospray ionisation,
ESI), VG ZAB or Autospec VG (fast atom bombardment, FAB) machines.
Elemental analyses were performed by using a Fisons Instruments
EA1108 CHN elemental analyser. Optical rotations were measured on
an Optical Activity AA10 instrument in units of 107'°cm?g™' (¢ in
2/100 cm?). Light petroleum refers to that fraction with b.p. 40-60°C.

The ligands 5-7571 and ketones 2j,'¥! 2m,") and 2p-q® 2! were
obtained by literature procedures. All boranes, except BH;- THF and
catecholborane, were obtained by known techniques (see Table 3). All
other compounds were commercial products (Aldrich).

Procedure for the preparation of LiGaH,: This compound was prepared by
a modification of Shriver and Shirk’s procedure.??l A solution of anhydrous
Ga(l; (0.57™ in Et,0) was prepared by slow addition of Et,O to a chilled
(0°C) suspension of GaCl; so that generation of HCl was minimised. A
sample (10 mL, 5.7 mmol) of this solution was added dropwise to an ice-
cooled suspension of LiH (finely powdered under argon, 0.74 g, 92 mmol)
in Et,0 (10 mL) and the resulting mixture was stirred overnight and then
filtered through an oven-dried medium porosity Schlenk frit. The resulting
solution was analysed for active hydrogen by quenching into a 1:1 mix of
THF/1m HCI and measuring the gas evolved. The titre was typically 0.23 -
0.28M and the solution could be kept in a suitable storage flask at —20°C
under argon for at least four months without appreciable decomposition.

Representative reduction of ketone 1a (cryostat method): A solution of
(R)-(-)-MTBH, (6, 15 mg, 0.05 mmol) in THF (5 mL) was treated with
LiGaH, (0.25m in Et,0, 0.025 mmol) and the resulting colourless solution,
nominally containing [Li(THF);Ga(MTB),] (10), was stirred at room
temperature for 25 minutes and then placed in a pre-equilibrated cryostat
at —25°C. Acetophenone 1a (145 pL, 1.25 mmol) was added and after five
minutes a solution of catecholborane (1.0M in THF, 1.5 mmol) was added
dropwise over five mins. The mixture was swirled in the cryostatic bath and
allowed to stand overnight at —25 °C. After quenching with dilute HCI, the
reaction was diluted with Et,0. The aqueous phase was extracted with
Et,0. The combined organic phases were washed successively with water,
1M NaOH (x 2), water and then brine, dried over MgSO, and concentrated
to afford, after filtration through SiO, (9:1 hexanes/Et,0), 137 mg (89 %)
of (R)-(+)-1-phenylethan-1-ol (90% ee by GC). 'H NMR (270 MHz,
CDCl,): 0 =737-721 (m, 5H; ArH), 4.84 (q,/=6 Hz, 1H; CH), 1.19 (brs,
1H; OH), 1.46 (d, /=6 Hz, 3H; Me). Stirring the cooled mixture had no
affect on the chemical yield or enantioselectivity realised. Equivalent
reactions could be carried out in a domestic freezer. Other ketones were
reduced by similar procedures. Chemical yields were determined by
isolation, GC or 'H NMR conversion.

Representative reduction of ketone 1a (warm-up method): A stirred
solution of 10 (prepared from LiGaH, and (R)-MTBH, 6; 0.025M, ca.
0.025 mmol) was diluted with THF (1 mL) and the solution was cooled to
—78°C. Acetophenone 1a (58 uL, 0.5 mmol) was added and after five
minutes a solution of catecholborane (1.0m in THF, 0.55 mmol) was added
dropwise over 5 mins. The mixture was stirred and allowed to warm slowly
overnight, then quenched with dilute HCI and worked up as described
above to yield (R)-(+)-1-phenylethan-1-ol (58 mg, 95 %, 90 % ee by GC).
Other ketones were reduced by similar procedures.
(R)-(+)-1-Phenyl-1-propanol (2b): Reduction of propiophenone 1b
(2.5 mol% 10, —25°C, 18 h); yield 96% (93 % ee). '"H NMR (270 MHz,
CDCly): 0=737-723 (m, 5H; ArH), 4.59 (t, J=6.5Hz, 1H; CH), 1.89
(brs, 1H; OH), 1.82-1.72 (m, 2H; CH,), 0.92 (t, /=7 Hz, 3H; Me).
(R)-(+)-1-Phenyl-1-pentanol (2c¢): Prepared by the reduction of valero-
phenone 1¢ (2.5 mol % 10, —25°C, 18 h); yield 80% (92 % ee). '"H NMR
(400 MHz, CDCLy): 0 =745-7.24 (m, 5H; ArH), 4.68-4.64 (m, 1H; CH),
1.85 (d, J=3.2 Hz, 1H; OH), 1.83-1.70 (m, 2H; CH,), 1.42-1.26 (m, 4H;
CH,CH,), 0.88 (t, /=7 Hz, 3H; Me).
(R)-(+)-1-Phenyl-2-methyl-1-propanol (2d): Prepared by the reduction
isobutyrophenone 1d (4 mol% 10, —15°C, 60 h); yield 65% (24 % ee).
'"H NMR (270 MHz, CDCl;): 6 =7.37-7.26 (m, 5H; Ar), 4.37 (dd, J=6.5,
3 Hz, 1H; CHO), 1.96 (octet, J=6.5 Hz, 1H; CHMe,), 1.85 (d, J=3 Hz,
1H; OH), 1.00 (d, J=6.5Hz, 3H; CHMe,), 0.80 (d, J=6.5Hz, 3H;
CHMe,).

(R)-(+)-1-Phenyl-3-methyl-1-butanol (2e): Prepared by the reduction of
isovalerophenone 1e (4 mol% 5, —15°C, 60 h); yield 65% (92 % ee).
'"H NMR (400 MHz, CDCl;): 6 =7.38-2.28 (m, 5H; Ar), 4.79-4.71 (m,
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Table 3. Methods used for the determination of the enantiopurity of the alcohols 2.

Ketone Product Conditions for ee assay Elution order and retention time [min]

la 1-phenylethanol 2a GC. Lipodex A: §16:47
initial temp 75°C R17:12
ramp rate 1°Cmin™! R 14:52
GC. Cyclodex B: §15:20
120°C isothermal

1b 1-phenyl-1-propanol 2b GC. Cyclodex B: R 22:38
120°C isothermal §23:35

1c 1-phenyl-1-pentanol 2¢ GC. Lipodex A: §24:41
initial temp 100°C R 25:07
ramp rate 1°Cmin~!

1d 1-phenyl-2-methyl-1-butanol 2d HPLC. Chiralcel §22:44
OD: R 26:00
0.5 mLmin~! 20:1 hexane:isopropanol

le 1-phenyl-3-methyl-1-butanol 2e GC. Lipodex A: §27:35
initial temp 100°C R 28:37
ramp rate 0.3°Cmin™!

1f 1-(4-bromophenyl)-ethanol 2 f GC. Cyclodex B: R 37:50
140°C isothermal §38:58

1g 1-(4-methylphenyl)-ethanol 2g Cyclodex B R 20:30
120°C isothermal §21:50

1h 1-phenyl-2-bromo-ethanol 2h (as epoxide) GC on epoxide §13:52
Lipodex A: R 14:09
initial temp 100°C
ramp rate 0.3°Cmin~!

1i 1,2-diphenyl-1-ethanol 2i HPLC. Chiralcel R 23:18
OD: §29:54
1.0 mLmin~! 39:1 hexane:isopropanol

1j 1-(2-furyl)hexanol 2j Lipodex A: §25:50
initial temp 100°C R 26:19
ramp rate 0.3°Cmin™!

1k 1-(1-naphthyl)-ethanol 2k HPLC. Chiralcel R 24:36
OD: §39:12
0.5 mLmin~! 9:1 hexane:isopropanol

11 1-(2-naphthyl)-ethanol 21 HPLC. Chiralcel R 25:06
OD: §26:36
0.5 mLmin~! 9:1 hexane:isopropanol

1m 1-phenyl-propyn-1-ol 2m Lipodex A: 21:160]
initial temp 100°C 21:54]
ramp rate 0.3°Cmin™!

1n 4-phenyl-3-buten-2-ol 2n MTPA ester see text

1o 3-hexyn-2-ol 20 Lipodex A: R 13:18
initial temp 50°C §13:28
ramp rate 0.3°Cmin~!

1p 1-heptyn-3-0l 2p Lipodex A: 15:140
initial temp 75°C 15:300
ramp rate 0.3°Cmin~!

1q 1-hepten-3-0l 2q Lipodex A: 9:51kl
initial temp 75°C 10:08(2
ramp rate 0.3°Cmin~!

1r 3-methyl-butan-2-ol 2r GC on acetate R 6:05
y-Cyclodex[™ S7:12
50°C isothermal

1s 4-methyl-pentan-2-ol 2s GC on acetate R 8:31
y-Cyclodex[™! $10:20
50°C isothermal

1t 1-cyclohexylethanol 2t GC on acetate R 14:20
y-Cyclodex[! $15:26
initial temp 60°C
ramp rate 5.0°Cmin~! to 90°C

1u 3,3-dimethyl-butan-2-ol 2u GC on acetate R 8:21
y-Cyclodex["! $9:12

50°C isothermal

[a] Absolute configuration order not determined. [b] Oktakis-(6-O-methyl-2,3-di-O-pentyl)-y-cyclodextrin (6-me-2,3-pe-y-CD).
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1H; CHOH), 1.81-1.63 (m, 2H; CH.,), 1.58—1.43 (m, 1 H; CHMe,), 0.91
(2 x d, J=6.5 Hz, 6 H; CHMe,).

(R)-(+)-1-(4-Bromophenyl)ethanol (2f): Prepared by the reduction of
4-bromoacetophenone 1f (2.5mol% 10, —25°C, 18h); yield 80%
(87 % ee). '"H NMR (270 MHz, CDCl;): 6 =749-7.44 (m, 2H; Ar), 7.27-
721 (m, 2H; Ar), 4.89-4.82 (m, 1H; CH), 1.90 (brd, J~3 Hz, 1H; OH),
1.47 (d, J=6.2 Hz, 3H; Me).

(R)-(+)-1-(4-Methylphenyl)ethanol (1g): Prepared by the reduction of
4-methylacetophenone 1g (2.5mol% 10, —25°C, 18h); yield 95%
(87 % ee). '"H NMR (270 MHz, CDCl,): 6 =7.29-723 (m, 2H; Ar), 718 -
7.82 (m,2H; Ar), 4.85 (q,J/=6.5 Hz, 1H; CH), 2.34 (s, 3H; ArMe), 1.47 (d,
J=6.5Hz, 3H; Me).

(S)-(—)-Styrene epoxide (from 2h): Prepared by reduction of 2-bromo-
acetophenone 1h (2.5 mol% 10, —25°C, 16 h). The (S)-2h produced was
cyclised directly during the workup to yield (S)-styrene epoxide (60 %,
70 % ee). 'H NMR (400 MHz, CDCl;): 6 =7.36—7.21 (m, 5H; Ar), 3.83 (dd,
J=4,2Hz, 1H; CH), 3.10 (dd, J=5.5, 4 Hz, 3H; CH,), 2.76 (dd, J=5.5,
2.5 Hz, 1H; CH,).

(R)-(—)-2-Phenyl-1-phenylethanol (2i): Prepared by the reduction of
deoxybenzoin 1i (2mol% 10, —20°C, 19h); yield 88% (68% ee).
'H NMR (400 MHz, CDCl;): 6 =7.18-735 (m, 10H; Ar), 4.90 (m, 1H;
CH), 3.04 (dd,J=14,5 Hz,1H; CH,),2.99 (dd,/= 14,8 Hz, 1 H; CH,), 1.93
(d, /=3 Hz, 1H; OH).

(R)-(+)-1-(2-Furyl)hexanol (2j): Prepared by the reduction of 2-hexanoyl-
furan 1j (2.5mol% 10, —25°C, 18 h); yield 76% (81 % ee). 'H NMR
(400 MHz, CDCl;): 6 =738-736 (m, 1H; H-5), 6.43-6.31 (m, 1H; H-4),
6.24-6.22 (m, 1H; H-3),4.68 (t,/=8 Hz, 1H; CH), 1.9-1.8 (m, 2H; CH,)
1.45-1.3 (m, 6H; (CH,);), 0.83 (t, /=12 Hz, 3H; Me).

(R)-(+)-1-Naphthylethanol (2k): Prepared by reduction of 1-acetonaph-
thone 1k (2 mol% 10, —20°C, 20 h); yield 82% (59% ee). 'H NMR
(400 MHz, CDCl;): 6 =8.08-8.05 (m, 1 H; Ar), 7.86-7.83 (m, 1 H; Ar), 7.74
(d, J=8 Hz, 1H; Ar), 7.63 (d, /=7 Hz, 1H; Ar), 7.51-742 (m, 3H; Ar),
5.60 (q, /=6 Hz, 1H; CH), 2.18 (brs, 1H; OH), 1.62 (d, /=6 Hz, 3H; Me).

(R)-(+)-2-Naphthylethanol (21): Prepared by reduction of 2-acetonaph-
thone 11 (2mol% 10, —20°C, 20 h); yield 83% (73%ee). 'H NMR
(400 MHz, CDCl;): 6 =7.84-7.80 (m, 4H; Ar), 7.51-743 (m, 3H; Ar), 5.06
(q,J=6.5Hz, 1H; CH), 1.94 (brs, 1H; OH), 1.58 (d, /= 6.5 Hz, 3H; Me).

1-Phenyl-prop-2-yn-1-ol (2m): Prepared by the reduction of 1-phenyl-
propynone 1m (4 mol % 10, —15°C, 60 h); yield 50 % (<2 % ee). 'H NMR
(270 MHz, CDCl,): 6 =7.57-7.35 (m 5H; Ar), 5.47 (s, 1 H; CHO), 2.68 (s,
1H; alkyne CH), 2.29 (brs, 1H; OH).

(R)-(+)-4-Phenyl-3-buten-2-ol (2n): Prepared by the reduction of benzyl-
idenacetone 1n (2.5 mol % 5, —25°C, 18 h); yield 82 % (75 % ee). 'H NMR
(270 MHz, CDCl;): 6 =7.39-736 (m, 2H; Ar), 7.33-729 (m, 2H; Ar),
725-721 (m, 1H; Ar), 6.56 (d, /=16 Hz, 1H; PhCH=), 6.26 (dd, J =16,
6.4 Hz, 1H; =CH), 4.52-4.45 (m, 1H; CH), 1.64 (brs, OH), 1.37 (d, /=
6.4 Hz, 1H; Me).

(R)-(+)-3-Hexyn-2-o0l (2 0): Prepared by the reduction of 3-hexyn-2-one 10
(25 mol% 5, —25°C, 18 h); yield 52% (63 % ee). 'H NMR (270 MHz,
CDCly): 6 =4.47-4.55 (m, 1H; CH), 2.27-2.18 (m, 2H; CH;CH,), 1.42 (d,
J=7Hz, 3H; Me), 1.13 (t, J=8 Hz, 3H; MeCH,).

Oct-1-yn-3-0l (2p): Prepared by the reduction of oct-1-yne-3-one 1p
(2.5 mol% 10, —25°C, 16 h); yield 88% (22% ee). 'H NMR (270 MHz,
CDCl;): 6 =4.29 (dt,J=7,2 Hz, 1H; CHO), 2.39 (d, /=2 Hz, 1 H; alkyne
CH), 1.89 (brs, 1H; OH), 1.69-1.18 (m, 8 H; (CH,),), 0.83 (t,/ =7 Hz, 3H;
Me). Absolute stereochemistry not determined.

Oct-1-en-3-0l (2q): Prepared by the reduction of oct-1-en-3-one 1q
(2.5 mol% 10, —25°C, 16 h); yield 50% (12% ee). '"H NMR (270 MHz,
CDCl;): 0=5.80 (m, 1H; CH=), 5.21 (dt, /=17, 1.5 Hz, 1H; =CH,), 5.10
(dt, /=10, 1.5 Hz, 1H; =CH,), 4.10 (m, 1H; CHO), 1.66-1.20 (m, 9H;
(CH,), and OH), 0.89 (t, /=7 Hz, 3H; Me). Absolute stereochemistry not
determined.

(R)-(—)-3-Methyl-2-butanol (2r): Prepared by the reduction of methyl-
isopropylketone 1r (2 mol% 10, —20°C, 18 h); yield 81% (69 % ee).
Determination of ee by GC analysis on acetate. 'H NMR (400 MHz,
CDCl;): 6 =3.56 (quintet, /=6 Hz, 1H; CHO), 1.68 (brs, 1H; OH), 1.61
(m, 1H; CHMe,) 1.15 (d, J=6Hz, 3H; Me), 0.92 (d, /=7 Hz, 3H;
CHMe,), 091 (d, /=7 Hz, 3H; CHMe,).
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(R)-(—)-4-Methyl-2-pentan-2-ol (2s): Prepared by the reduction of meth-
ylisobutylketone 1s (2 mol% 10, —20°C, 18 h); yield 93% (46 % ee).
Determination of ee by GC analysis on acetate. 'H NMR (400 MHz,
CDCl;): 6=3.88 (m, 1H; CHO), 1.75 (m, 1H; CHMe,), 1.55 (brs, 1H;
OH), 1.41 (ddd,J=13.5,8,6 Hz, 1H; CH,), 1.23 (ddd,/=13.5,8,6 Hz, 1H;
CH,), 1.19 (d, J =6 Hz, 3H; Me), 0.92 (d, /=7 Hz, 3H; CHMe,), 0.91 (d,
J=17Hz, 3H; CHMe,).

(R)-(—)-1-Cyclohexylethanol (2t): Prepared by the reduction of methyl-
cyclohexylketone 1t (2 mol% 10, —20°C, 18 h); yield 72% (72 % ee).
Determination of ee by GC analysis on acetate. 'H NMR (400 MHz,
CDCl;): 6 =3.54 (quintet, / =6 Hz, 1H; CHO), 1.86 - 1.65 (m, 5H; cCH,,),
1.39 (brs, 1H; OH), 1.15 (d,/ =6 Hz, 3H; Me), 1.29-0.86 (m, 6 H; cC{H,,).

(R)-(—)-3,3-Dimethyl-butan-2-0l (2u): Prepared by the reduction of
pinacolone 1u (2 mol % 10, —20°C, 18 h); yield 76 % (79 % ee). Determi-
nation of ee by GC analysis on acetate. 'H NMR (400 MHz, CDCl;): 6 =
3.48 (q, /=6 Hz, 1H; CHO), 1.26 (brs, 1H; OH), 1.13 (d, J=6 Hz, 3H;
Me), 0.90 (s, 9H; Bu).

Chromatographic conditions for separation of the enantiomers: All
compounds, with the exception of 2i-h, 2k-1, 2n and 2r-2u, were
baseline separated by using GC with Lipodex-A (25 m, Machery-Nagel) or
Cyclodex-B (J&W Scientific). The analyses were run on a Varian 3380
machine with a head pressure of approximately 12 psi (150 °C injector port
temp. 250°C detector temp). Details of the temperature programming and
enantiomer elution order are given in Table 3. The configuration of the
product alcohols was confirmed by comparison with authentic samples
where possible. For 2d, 2i and 2k -1, the ee measurement was carried out
by HPLC by using a Hewlett Packard Series 1100 machine under
conditions described in Table 3. The enantioselectivity of 2h was deter-
mined by derivatisation to styrene epoxide and subsequent analysis on
Lipodex-A. For 2n, the assay was carried out by formation of the
(trifluoromethyl)-phenylacetic acid (MTPA) esters. For 2r-2u, the ee
values were determined by GC analysis of the derived acetates (see below)
on a 25 m oktakis-(6-O-methyl-2,3-di-O-pentyl)-y-cyclodextrin (6-me-2,3-
pe-y-CD; y-Cyclodex) column by using the general procedure given above
and the conditions in Table 3.

Preparation of MTPA ester of 4-phenyl-3-buten-2-o0l (2n): A mixture of
4-phenyl-3-buten-2-ol (74 mg, 0.5 mmol), dicyclohexylcarbodiimide
(113 mg, 0.55mmol), (S)-(—)-a-methoxy-a-trifluoromethylphenylacetic
acid (129 mg, 0.55 mmol) and dimethylaminopyridine (7 mg, 0.05 mmol)
in CH,Cl, (about 5 mL) was stirred at room temperature for 24 h and then
filtered. The solution was concentrated, taken up in 1:1 light petroleum/
Et,0 and then filtered through SiO,. After removal of the solvents, the
residue was examined directly by 'H NMR spectroscopy.

Preparation of acetates of aliphatic alcohols (2r-2u): Pyridine (2.5 mL)
and acetic anhydride (0.15mL, 1.6 mmol) were added to the crude
alcohol 2 and the mixture was stirred (16 h). The reaction was quenched
with 2M hydrochloric acid and extracted with diethyl ether. The organic
phase was washed successively with 2m HCI, 2M NaOH, water and brine.
The solution was dried (MgSO,) and analysed directly by GC (Table 3).

Investigation of potential nonlinear effects: Portions of scalemic MTB were
made up as follows: 20 % ee from 3 mg (—) and 12 mg (+), 33 % ee from
Smg (—) and 10 mg (£), 50% ee from 7.5 mg (—) and 7.5 mg (£) and
66 % ee from 10 mg (—) and 5 mg (£). These were each dissolved in THF
(5mL) and treated with LiGaH, (0.25M in Et,O, 0.025 mmol) and the
solution was stirred at room temperature for 25 minutes and then placed in
a pre-equilibrated cryostat at —25°C. Acetophenone 1a (116 pL, 1 mmol)
was added and after five minutes a solution of catecholborane (1.0M in
THE, 1.1 mmol) was added dropwise over five minutes. The mixture was
allowed to stand for 18 h at —25°C, then quenched with dilute HCI and
worked up as described above to afford the product, which was examined
by GC. The results of this study showed (eegy, eeprop.): (20 %,20%), (33 %,
33%), (50%, 47 %), (66 %, 63 %) and (100%, 92%).

Catalysis of the reduction of 1a with catecholborane by LiOMe: A solution
of MeOH (8 pL, 0.2 mmol) in THF (2.5 mL) was treated with n-BuLi (2.5M
in hexanes, 0.08 mL, 0.2 mmol) and the resulting solution cooled to —78°C.
Acetophenone (240 mg, 232 puL, 2.0 mmol) was added followed by
catecholborane (1.0m in THF, 2.2 mmol). The mixture was allowed to
warm to room temperature overnight, quenched with 2m HCI and
pentadecane (100 pL) was added. The organic phase was washed with 1m
NaOH, after which GC analysis revealed 42 % yield of alcohol.
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Spectral studies of LiGaH,/MTBH, (6)/catecholborane/(1u) mixtures:
Solution 'H NMR spectra were recorded by using a sample prepared from
(S)-(+)MTB (30 mg, 0.1 mmol) and LiGaH, (0.25m in Et,0O, 0.05 mmol) in
THF (2.5 mL). Proton NMR spectra were recorded at 400 MHz relative to
external [Dglacetone. The 'D and 2D spectra indicate the presence of two
different MTB ligands present in the ratio 3:1. 'H NMR (400 MHz,
[DgJacetone): 6 =7.44 (d, J=8.7 Hz, 1H; H-3 major), 7.33 (d, J=8.7 Hz,
1H; H-4' major), 7.32-7.19 (m, 4 1/3H; H-4, 5, 5’ major, H-4, 4, 5, 5
minor), 6.95 (d,J = 9.3 Hz, 1/3H; ArH minor), 6.81 (d,/=8.9 Hz, 1 H; H-3'
major), 6.73-6.71 (m, 1 H; ArH major), 6.71 -6.65 (m, 1/3H; ArH minor),
6.63-6.57 (m, 1 1/3H; ArH major, ArH minor), 6.53-6.43 (m, 4H; 3 ArH
major, 3 ArH minor), 6.38 (d, /=9.3 Hz, 1/3H; ArH minor), 6.25 (d, J=
8.7 Hz, 1/3H; ArH minor), 6.22 (d, J=9.3 Hz, 1 H; ArH major); C NMR
(125.7 MHz, THF): 6 =158.4, 139.3, 139.0, 135.4, 134.3, 134.0, 131.5, 127.9,
1275, 1271 (2C), 126.9 (2C), 126.1, 125.6, 125.2, 124.5, 124.0 (2C), 123.6,
122.6, 120.0. Signals from the quaternary carbons of the minor MTB ligand
could not be detected because of insufficient intensity. Electrospray MS
data were collected on a FinniganLCQ instrument in the negative
ionisation mode which gave: m/z 1347 [Ga,(MTB);][Li(MTB),] (dimer
M —Li, 1%), 669 [LiGa(MTB),] (100).

When [Ga,(MTB);][Li,(MTB)] was treated with catecholborane, only
broad resonances were observed in the '"H NMR spectrum of the reaction
mixture at room temperature. On cooling, the signals sharpened: 'H NMR
(500 MHz, THF, —50°C, aryl region only): 6 =8.55 (d, /=8 Hz, H-4 or 5),
8.17-8.12 (m, 1H; Ar), 8.09 (d,/ =8 Hz, 1H; H-4 or 5), 8.05-7.98 (m, 2H;
Ar),791 (d,/=8Hz, 1H; H-4 or 5), 7.56 -7.53 (m, 2H; Ar), 7.48-7.42 (m,
2H; Ar), 7.39-727 (m, 6H; Ar), 7.24-719 (m, 2H; Ar), 715-7.12 (m, 1 H;
Ar), 7.09-7.02 (m, 2H; Ar), 702-6.88 (m, 7H; Ar). On addition of
pinacolone at room temperature followed by cooling to —50°C, a new
species appeared: '"H NMR (500 MHz, THF, —50°C, aryl region only): 6 =
8.24-8.15 (m, 1H; Ar), 8.14-8.06 (m,
1H; Ar), 8.05-8.01 (m, 2H; Ar),
8.01-7.94 (m, 3H; Ar), 7.92-7.86 (m,

days. Representative crystals of (R,,R,)-10 and (R,,R,)-11 were mounted
using oil. Compound 10 was collected on Station 9.8 at the Daresbury
Synchrotron Radiation Source by using a Bruker SMARTCCD area
detector diffractometer and silicon monochromated radiation (A=
0.6890 A). Compound 11 was collected on a SMART area detector
diffractometer by using graphite monochromated Mog radiation (1=
0.71073 A). The SAINT! software was used to integrate the data sets
and apply the Lorentz and polarisation corrections. Crystal data and details
of the data collection and refinement are given in Table 4. An absorption
and incident beam decay correction were performed by using SADABS for
10.%%1 No absorption or decay correction was made for 11.

The structures were solved by direct methods by using SHELXS-97 for
1027 and SIR92 for 11.1¥ The structures were refined on F? by using full-
matrix least squares (SHELXL-97).%! For 10, the disorder in two of the
THF ligands was modelled with the aid of 1,2 and 1,3 distance restraints.
For 11, all five THF ligands were restrained to have local C, symmetry and
to have similar geometry. For both compounds, all ordered non-hydrogen
atoms were refined with anisotropic displacement parameters. Also, H
atoms were placed geometrically and refined by riding models with
Uso(H) =12U,(C).

The absolute configurations of 10 and 11 were confirmed from the value of
the Flack parameter (x)P% at the end of the refinement, for 10 x =0.06(2)
and for 11 x=0.00(4). Neutral atom scattering factors and anomalous
dispersion corrections were taken from the International Tables for
Crystallography.?']

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publications nos. CCDC-141195
[compound (R,.R,)-10] and CCDC-141196 [compound (R,,R,)-11]. Copies
of the data can be obtained free of charge on application to CCDC, 12

Table 4. Crystallographic data for (R,,R,)-10 and (R,,R,)-11.

1H; Ar), 752748 (m, 2H; Ar), 745
740 (m, 3H; Ar), 738-726 (m, 8H;

Ar), 722-7.14 (m, 4H; Ar), 7.05-7.00
(m, 1H; Ar), 6.98-6.89 (m, 2H; Ar). M.

Preparation of (R,,R,)-[Li,(THF)s-
InCI(MTB),] (11): A solution of ¢
MTBH, 7 (302mg, 1.00mmol) in  @[A]
THF (1.0 mL) was deprotonated with b [A]
BuLi (0.8mL of 2.5M solution in c[A]
hexane, 2.00 mmol). A solution of al]
[InCl,(THF),]*! (44 mL of 0.11m sol- B[]
ution in THF, 0.50 mmol) was added at 7 []
0°C. The mixture was allowed to come
to room temperature while stirring z
(16 h) and the suspension formed
filtered under argon to remove LiCl.
The solution was layered with pentane
to afford colourless blocks. 'H NMR
(500 MHz, THF, aryl region only): 6 =
776 (d, J=8.5Hz, 1H; Ar), 771 (d, TIK]

J=85Hz, Ar), 756 (apparentt, J=  Omin=Omas

8Hz, 2H; Ar), 747 (d, J=8.5 Hz, scan type

1H; Ar), 726 (apparents, 1H; Ar), h, k, I ranges

713 (apparentt, J=8 Hz, 1H; Ar), total reflections collected
703 (d, J=8 Hz, 1H; H-8), 6.94 (ap- independent reflections
parentt, 2H; Ar), 6.86 (apparentt,  reflections with />20(J)

crystal size [mm]
data collection

1H; Ar), 6.79 (d, J=8 Hz, 1H; H-8); abSOrpt'ion
MS (FAB): m/z: 764 [Li,InCl- correction
refinement

(MTB),]*.

X-ray structure determination of (R,,
R,))-[Li(THF);Ga(MTB),] (10) and

data/restraints/parameters
final R indices

. [1>20(1)]
(R,,R)-[Liy(THF)sInCMTB),] (11): o\ b s
Crystals of 10-11 were grown by (all data)

layering solutions in THF (ca. 1 mL
containing 0.01 mmol of complex)
with dry pentane (ca. 3mL) under
argon. Small, moisture-sensitive, col-
ourless crystals formed over several

goodness-of-fit on F?
absolute structure parameter
final (A/0)max

largest diff. peak and hole

Crystal data (R,,R,)-10 (R,,R,)-11
formula Cs,H3sGaLiOsS, CgHe,ClInLi,0,S,
w 893.68 1125.4
crystal system hexagonal monoclinic
space group Po6; P2,
10.1729(12) 11.437(4)
10.1729(12) 17.656(7)
73.623(8) 14.280(5)
90 90
90 106.518(7)
120 90
V[A3] 6598.3(13) 2765(2)
6 2
Peated [gem™] 1.349 1.352
absorption coefficient [mm~!] 0.769 0.603
F(000) 2796 1168

0.20 x 0.18 x 0.04 0.25 x 0.12 x 0.05

150(2) 150(2)

2.24-25.00 1.86-26.00

0} [0}

—12t09, —12 to 12, — 90 to 69 —15t0 13, —24to 18, —18 to 18
24614 17820

7227 (R;,, = 0.060) 8211 (R, =0.107)
6579 3959

T in = 0.86 T nax = NONE

0.96

7224/269/543 8211/453/658
R1=0.0799, wR2 = R1=0.0646, wR2 =
0.175 0.123

R1=0.0912, wR2= R1=0.143, wR2 =
0.179 0.144

1.166 0.837

0.06(2) 0.00(4)

0.001 0.001

0.88/ — 0.76 ¢ A3 0.98/—1.07 ¢ A3
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Abstract: A new family of atropoiso-
meric bidentate ligands that have a
dissymmetric  benzimidazole-pyridine
binding site has been synthesized. Aro-
matic rings, that is, naphthyl, tolyl, and
cumyl, were introduced in order to fine

by X-ray diffraction. The behavior of the
L,Cu complexes in solution was studied
by 'H NMR spectroscopy. With the most
crowded cumyl-derived ligand, ligand
self-recognition based on chirality oc-
cured: 95 % of the complex was present

in solution as a racemate RRA/SSA, the
heterochiral RSA/SRA isomers repre-
sented only 5% of the mixture, and the
RRA/SSA isomers were not detected.
Owing to lower steric repulsions within
the other L,Cu complexes (i.e., with the

tune the complexation properties of the
ligands. The tetrahedral copper(l) com-
plexes L,Cu were prepared and the
structure of the complex with the naph-
thyl-substituted ligand was established

ality -
assembly

Introduction

In 1993, Lehn and co-workers!!l introduced the ligand self-
recognition process as a new paradigm for the selective
synthesis of supramolecular architectures.”! The synthesis of a
well-defined superstructure can be programmed by using a
mixture of “instructed” components that contain steric and
electronic information. By treating copper() ions with a
mixture of oligo-2,2-bipyridine strands, which differ in the
number of binding sites, self-assembly of the double helicates
with two di-, tri-, tetra-, or penta-topic [oligo(2,2")-bipyridine]
occured spontaneously. Other examples of ligand homorec-
ognition in helicates have been reported based on 1) the
preferred coordination geometry of the metal ions in the
presence of an appropriate structure of the ligand, 2) the
differences in distances between the metal-chelating groups of
ligands,! or 3) the nature of the countercation that binds to
the tetra-anionic complexes formed.[
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naphthyl- and tolyl-based ligands) the
homorecognition is less pronounced, as
diastereomeric excesses of 6 and 26 %
were measured, respectively.

chir-

Ligand recognition based on chirality was shown to play an
important role in the non-linear effects in asymmetric reac-
tions.”) However, in such cases the heterorecognition is favored;
this leads to the formation of heterochiral, oligomeric metal
species. Recently, Stack and co-workers reported the first
example of ligand homorecognition based solely on chirali-
ty.l%] Starting from a racemic mixture of a tetradentate amino
ligand that contained a trans-1,2-diaminocyclohexane back-
bone, a racemic mixture of stereospecific, homochiral, binu-
clear complexes A, A-[{Cu(RRL)},]** and A A-[{Cu(*SL)},]** was
formed selectively. The homochiral complexes produced a
more compact and stable cubic structure than the heterochiral
ones. A more intricate example of self-recognition based on chi-
rality was described in the self-assembly of [2 x 2] grids from
ditopic ligands that possess terpyridine-like binding sites.[”)

We were interested in studying the self-recognition process
for a structure encountered widely in coordination chemistry:
two bidentate ligands arranged in a tetrahedral complex.
Here, we report that a racemate of an atropoisomeric
bidentate ligand can self-assemble stereoselectively in the
presence of copper(l) ions in such a way as to favor the
formation of homochiral complexes.

Results and Discussion

Preparation of the ligands: The ligands 4, 5, and 6, which
contain a dissymmetric binding site with a pyridine and a
benzimidazole ring, were prepared as racemic mixtures
(Scheme 1). The pyridine-benzimidazole moiety has proved
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NaH, PhCH,Br, DMF

II“ 3
/ L
\ / 25 °C, 24 h

RB(OH),, Ba(OH),

[Pd (PPh,),], DME

6 h

80 % 90°C,
4 5 6

Scheme 1. Reaction pathway for the synthesis of 4, 5, and 6.

to be a very efficient complexation unit for transition metals.®!
The methyl groups at the 5- and 6-positions play a triple role:
1) they are very useful 'H NMR probes, 2) they protect the
most reactive positions of the benzimidazole ring, thereby
forcing the bromination reaction to occur at the less reactive
4-position of the benzyl derivative 2, and 3) they prevent
complete rotation around the chirality axis. In short, the
functionnalization at the 4-position of the benzimidazole
moiety is the key feature of this new class of atropoisomeric
ligands. They possess a rigid structure and a chirality axis,

Abstract in French: Une nouvelle famille de ligands bidentates
atropoisomeres possedant un site de complexation dissyme-
trique (benzimidazole-pyridine) a ete synthetisee. Des substi-
tuants aromatiques de tailles variees, naphtyle, tolyle ou
cumyle, ont ete introduits afin de modifier les proprietes
complexantes des ligands. Les complexes tetrahedriques de
cuivre(l) L,Cu ont éte synthetises et la structure du complexe
avec le ligand substitué par un noyau naphtyle a etée resolue par
diffraction des rayons X. Une etude par RMN 'H de ces
complexes en solution a permis de mettre en évidence un
processus d’auto-reconnaissance de ligand basé sur la chiralite.
En solution dans le dichloromethane, 'espece L,Cu obtenue
avec le ligand substitué par le groupe cumyle se presente sous
forme d’'un complexe homochiral racemique RRA/SSA. Les
isomeres heterochiraux RSA/SRA ne representent que 5 % du
melange alors que les isomeres RRA/SSA ne sont pas detectes.
Les repulsions steriques etant moins fortes dans les complexes
L,Cu dont les ligands sont substitues par les groupes naphtyle
ou tolyle, le phenomene d’auto-reconnaissance est moins
important, conduisant a des exces diasteréoisomeriques mesu-
res de 6 et 26 % respectivement.

3596 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

perpendicular to the axis that
contains the ligating atoms, that
favors steric interactions be-
tween the ligands within the
same complex, thus allowing
the isomers to be discriminated.
Moreover, an aryl ring intro-

P duced at the 4-position will

NBS, DMF
25°C, 24 h

experience a coplanar relation-
ship with the m system of the
second partner involved in a
tetrahedral complex. Depend-
ing on the atropoisomer,
overlap will occur between the
aryl substituent and either the
pyridyl or the benzimidazole
part of the complementary li-
gand, which leads to a fine
tuning of the energy of the
system.

The ligands 4, 5, and 6 were
obtained through a three-step
procedure (Scheme 1) from the
previously synthesized ligand
1, which was prepared accord-
ing to the method described by
Reed and co-workers.['”) The benzylated compound 2, ob-
tained by a standard procedure with NaH and benzylbromide,
was selectively monobrominated with N-bromosuccinimide
(NBS) in DMF. A Suzuki coupling reaction was used to
introduce the o-tolyl, a-naphthyl, or the o-cumyl groups.
Enantiomerization energies of 20.7, 23.4, and 29.1 kcalmol~!
for 4, 5, and 6 respectively, were found with AM1 semi-
empirical calculations (CAChe 3.1). These values are in
between those found for 1,1’-binaphthyl (19 kcalmol-!) and
2,2'-binaphthol (33.8 kcalmol~!) groups.

Preparation of the complexes 4a, 5a, and 6a: The copper(l)
complexes [Cu(4),]PF, (4a), [Cu(5),]JPF, (5a), and
[Cu(6),]PF, (6a), were prepared by treating two equivalents
of the corresponding ligand with [Cu(CH;CN),]PF,. Crystals
of 4a suitable for single-crystal X-ray diffraction studies were
obtained by slow diffusion of petroleum ether into a solution
of the complex in 1,2-dichloroethane. The asymmetric cell
shows the presence of a racemic mixture of stereospecific
homochiral complexes A-[Cu(®4),]*, RRA, and A-[Cu(°4),]",
SSA(Figure 1).

The Cu ions are located in a strongly distorded tetrahedral
environment. As expected, in the primary structure, strong
intramolecular stacking interactions were observed and plane
to plane distances were measured at around 3.5 A. It should
be noted that in the RRA/SSA enantiomers these -7
interactions arise from the preferential overlaping of the
naphthalene ring of one ligand with the pyridine ring of the
other. Intermolecular m-stacking interactions (3.8 A) were
also observed in the secondary structure (Figure 1).

Ligand self-recognition process: The schematic representa-
tion of the possible isomers formed upon self-assembly of the
racemic ligands with copper() (Figure 2) clearly shows that
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Figure 1. Top: Ortep representation of A-[Cu(®4),]* (4a). Bottom: Ball
and stick representation of the racemate (RRA/SSA) present in the cell
which reveals the intra- and intermolecular m-stacking interactions.
Selected bond lengths [A] and angles [*]: Cu—N1 2.037(12), Cu—N2
2.027(11), Cu—N42.059(11), Cu—N5 2.013(10); N5-Cu-N2 143.6(4), N1-Cu-
N4 123.3(5), N4-Cu-N2 114.3(4), N5-Cu-N1 119.4(4), N1-Cu-N2 81.5(5),

N5-Cu-N4 80.4(4).

RSA SRA

S

RRA SSA

Figure 2. Schematic representation of the possible isomers formed upon
complexation of 6 with Cu*.

the methyl groups of the three pairs of enantiomers lie in very
different chemical environments; this allows the character-
ization of each couple of isomers by 'H NMR spectroscopy.
The '"H NMR spectra were recorded at —20°C or —40°C in
order to decrease the resonance broadening due to ligand
exchange (Figure 3).

When two equivalents of 6 are treated with [Cu'(MeCN),]*
(one equivalent) in [D,] dichloromethane, the 'H NMR

Chem. Eur. J. 2000, 6, No. 19
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spectrum of the complex generated in situ displays the
formation of a single metal species with C, symmetry (Fig-
ure 2) which was attributed to the homochiral enantiomers
RRA/SSA (95%). The same spectrum was obtained by
dissolving crystals of 6a in [D,] dichloromethane (Figure 3).
The heterochiral isomers RSA/SRA were also present in small
amount (5%), whereas the other set of homochiral isomers
(RRA/SSA) was not observed.

The diastereomeric excess (de) is thus equal to 90%
(Table 1). With the less crowded ligands 4 and 5, the self-
recognition process is less pronounced with de values of 6 %
and 26 % for 4a and 5a, respectively.

The '"H NMR assignments for 6a were done by comparison
with the spectra obtained for the complexes 4a and Sa
(Figure 3). The '"H NMR spectrum of 4a displays eight well-
resolved CH;-benzimidazole resonances in agreement with a
mixture of the possible isomers, for example RRA/SSA, RRA/
SSA, and RSA/SRA.

The C, symmetric homochiral RRA/SSA and RRA/SSA
complexes have only two distinct CH;-benzimidazole reso-
nances for each pair of enantiomers thus leading to four reso-
nances. In the heterochiral RSA/SRA isomers, four CH;-
benzimidazole were differenciated owing to a lower symmetry;
this led to another set of four resonances. With the tolyl deriv-
ative Sa, a similar pattern is obtained, except that four addi-
tional CH;-tolyl resonances were observed: one for each pair
of the homochiral isomers and two for the heterochiral one.

The schematic representation of the isomers formed upon
complexation with copper(l) allows the key structural features
that promote such a discrimination to be easily visualized
(Figure 2). In the RRA/SSA isomers, the steric repulsions
between the isopropyl groups preclude their formation. In the
heterochiral complexes, only the use of bulky isopropyl
groups can prevent their formation, since, in that case, the
steric hindrance is due to interaction between an isopropyl
group and a hydrogen atom from the o-cumyl ring of the other
ligand. Accordingly, extended MM2 calculations (Cache 3.1)
have clearly shown that the homochiral RRA/SSA isomers are
much favored over RRA/SSA ones, with a difference in
minimization energy of 6 kcalmol~' found in the case of 6a.

Interestingly, for all the ligands studied herein, the com-
plexation is diastereoselective, since the homochiral RR
complexes mainly display the A configuration, whereas the
SS isomers are A. Examples of stereoselective complexation
with two chiral bidentate ligands are scarce.l'l The selective
complexation of platinum(1v) or copper(l) has been achieved
by using thienylpyridinel” and phenanthrolinel™ ligands,
respectively, substituted with chiral terpene moieties.

As expected for copper(l) complexes associated with
bidentate ligands, the isomers are in equilibrium in solution.
Upon crystallization (slow diffusion of petroleum ether into a
solution of 4a or 5a in 1,2-dichloroethane) these equilibria
were displaced toward the selective precipitation of the RRA/
SSA racemate. Ground crystals of pure, recrystallized 4a or
5a were dissolved at —60°C in [D,] dichloromethane and
their '"H NMR spectra immediately recorded at —40°C. In
both cases, the major species found in solution were the RRA/
SSA complexes (85 %), that is, those found in the crystal of 4a,
whereas the RRA/SSA and RSA/SRA isomers were present
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The o-tolylboronic acid was purchassed
commercially (Lancaster). The a-naph-
thylboronic-acid was obtained by using
the classical procedure from 1-bromo-
naphtalene, B(OMe);, and nBu-Li.
The o-cumylboronic acid was prepared
according to Yamamoto and co-work-
ers.'" The solvents were of commercial

analytical grade. Thin-layer chroma-
tography (TLC) was performed on
polyester sheets coated with silica gel
60 F,5, (SDS 321334), or coated with
neutral alumina 60 F,5, (Polygram
802023). After elution, the plates were
scrutinized under a UV lamp. Column
chromatography was carried out on
neutral alumina (Aldrich 19, 997-4,
150 mesh). Liquid secondary-ion-mass
spectrometry (LSIMS) was carried out

in the positive-ion mode with a cesium
atom beam on a CG AutoSpec-Q spec-
trometer. The '"H NMR spectra were
recorded on either a Bruker AM200
(200 MHz) or a DPX400 (400 MHz)
spectrometer. 'H NMR spectra for the
complexes were performed at
400 MHz on aliquots of each complex
(10 mg) dissolved in CD,Cl, (0.5 mL).
Cyclic voltammetry (CV) was carried
out with a Pt working electrode, a Pt

Figure 3. '"H NMR at 400 MHz in CD,Cl, (methyl region) of 4a (—40°C, top), 5a (—20°C, middle), and 6a
(—40°C, bottom). @ CHj-resonances for RRA/SSA, & for RRA/SSA, A for RSA/SRA, S =residual water.

Table 1. Isomeric ratios for complexes 4a, 5a, and 6a.

Complex RRA/SSA RRA/SSA RSA/SRA del?)
statistical ratio 25% 25% 50 % 0%
4a 49% 4% 47 % 6%
5a 60 % 3% 37% 26 %
6a 95 % <1% 5% 90 %

[a] Diastereomeric excess.

only in small amounts (4 % and 11 %, respectively). The time
course behavior of the ratio of complexes clearly shows that
RRA/SSA concentration decreases as RSA/SRA concentra-
tion increases and RRA/SSA remains constant, equilibrium
being reached after five hours at —40°C.

Conclusion

The judicious design of the new, chiral, bidentate ligand 6
allowed the stereoselective self-assembly of the mononuclear,
homochiral copper(l) complex 6a RRA/SSA starting from the
racemic ligand. We are currently working on the resolution of
the ligands to further study their stereoselective complexation
properties and their ability to catalyze enantioselective
reactions in the presence of transition metals.

Experimental Section

General procedures: The chemicals were obtained commercially and were
used without further purification. The previously synthesized ligand 1€ was
prepared according to the procedure described by Reed and co-workers.!']
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0.5 control electrode, and a saturated cal-
omel electrode as reference.
(nBu),NPF, was used as support elec-
trolyte.

Preparation of 2: Ligand 1 (32¢g,

14.2 mmol) was added in small portions
to a NaH suspension (60 %, 0.64 g, 16.0 mmol) in dry DMF (70 mL) at 0°C,
under an inert atmosphere. After one hour at ambient temperature,
PhCH,Br (1.98 mL, 16.7 mmol) was added dropwise and the solution was
stirred for 24 h. The mixture was poured into water (800 mL) that was
vigourously stirred. The precipitate was collected by filtration and washed
with water and diethyl ether. The resultant powder was dissolved in CH,Cl,
and dried over Mg(SO,),. After evaporation, 2 was obtained as a yellowish
powder in 86 % yield. 'H NMR (200 MHz, CDCl;, 25°C): 6 =8.59 (d, 1H),
8.42 (d, 1H), 7.80 (t, 1H), 7.64 (s, 1H), 722 (m, 7H), 6.16 (s, 2H), 2.39 (s,
3H), 2.35 (s, 3H); C NMR (50 MHz, CDCl;, 25°C): 6 =151.77, 150.12,
149.44, 142.37, 138.74, 137.62, 136.46, 133.88, 132.73, 129.46, 128.12, 127.64,
125.40, 124.42, 121.05, 111.70, 49.77, 21.63, 21.24; LSIMS-MS: m/z (% ): 314
(100) [M+1]*.
Preparation of 3: A solution of NBS (1.25 g, 7.00 mmol) dissolved in dry
DMF (20 mL) was added dropwise to a solution of 2 (2 g, 6.37 mmol) in dry
DMF (80 mL). After being stirred for 48 h at ambient temperature, the
solution was poured into water (1 L); this led to the precipitation of a pale
yellow powder. The powder was dissolved in CH,Cl,, dried over Mg(SO,),,
and, after evaporation, the solid was washed with hot ethanol which gave 3
in 65 % yield. "H NMR (200 MHz, CDCl;, 25°C): 6 =8.58 (d, 1H), 8.52 (d,
1H), 7.80 (t, 1H), 721 (m, 7H), 6.13 (s, 2H), 2.50 (s, 3H), 2.40 (s, 3H);
BC NMR (50 MHz, CDCl;, 25°C): 6 =150.35, 149.51, 148.39, 140.52,
137.32, 136.67, 134.97, 133.75, 130.81, 128.50, 127.25, 126.59, 125.09, 123.71,
115.73, 110.13, 49.00, 22.09, 18.99; MS (EI): m/z (%): 391 (100) [M — H]*.

Preparation of 4 and 5: Bromo derivative 3 (2 g, 5.1 mmol), Ba(OH), (2.4 g,
7.65 mmol), [Pd(PPH;),] (0.3 g, 25.5 x 10~ mol), and the corresponding
boronic acid (5.60 mmol) were heated under reflux in DME (90 mL) and
H,0 (15mL) under an inert atmosphere for six hours, dichloromethane
and water were added. The organic phase was then separated and dried
over Mg(SO,),. After column chromatography with neutral alumina
(dichloromethane/petroleum ether, 50:50), ligands 4 and 5 were isolated
as white powders in 80 % yield.

Ligand 4: '"H NMR (400 MHz, CD,Cl,, 25°C): 6 =8.48 (d, 1H), 8.00 (d,
1H), 791 (d, 2H), 7.59 (t, 2H), 7.46-7.12 (m, 10H), 6.20 (d, 1H), 6.05 (d,
1H), 2.40 (s, 3H) 1.92 (s, 3H); *C NMR (100 MHz, CD,Cl,, 25°C): 6 =
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151.3,149.7, 148.9, 141.9, 138.7, 137.5, 137.2, 135.5, 134.2, 133.8, 131.4, 130.7,
129.1, 128.7, 128.5, 127.9, 127.8, 127.4, 126.9, 126.4, 126.2, 126.1, 125.1, 124.0,
110.9, 49.3, 21.9, 17.1; LSIMS-MS: m/z (%): 440 (100) [M+1]*; elemental
analysis calced (%) for C5HysN; (439.3): C 84.74, H 5.69, N 9.56; found C
84.26, H 5.74, N 9.49.

Ligand 5: '"H NMR (400 MHz, CD,Cl,,25°C): 6 =8.5 (d, 1H), 8.22 (d, 1H),
7.7 (t, 1H), 7.3 (m, 11H), 6.23 (d, 1H), 6.08 (d, 1H), 2.42 (s, 3H), 2.06 (s,
3H), 2.05 (s, 3H); ®C NMR (100 MHz, CD,Cl,, 25°C): 6 =152.1, 150.8,
149.7,140.4, 141.9, 139.6, 138.7, 137.9, 136.0, 134.6, 134.0, 131.6, 131.1, 130.5,
129.7, 128.5, 128.4, 128.0, 126.6, 125.8, 124.7, 111.2, 49.9, 22.6, 21.0, 17.4;
LSIMS-MS: m/z (%): 404 (100) [M+1]*; elemental analysis calcd (%) for
C,sH,sN; (403.3): C 83.38, H 6.20, N 10.42; found C 82.90, H 6.30, N 10.36.

Preparation of 6: Bromo derivative 3 (1.4 g, 3.6 mmol), Cs(CO;), (3.47 g,
10.6 mmol), [Pd(PPH;),CL,] (0.5 g, 7.1 x 10~* mol), and cumylboronic acid
(1.2 g, 7.3 mmol) were stirred in DMF (60 mL) at 95 °C for five hours under
an inert atmosphere. Dichloromethane was added, and the organic phase
was washed four times with water and then dried over Mg(SO,),. After
column chromatography with neutral alumina (dichloromethane/petro-
leum ether, 50:50) an amorphous solid was precipitated in ethanol;
compound 6 was isolated as a white powder in 65% yield. 'H NMR
(400 MHz, CD,Cl,, 25°C): 6 =8.41 (d, 1H), 8.18 (d, 1H), 7.61 (t, 1 H), 7.30,
(m, 10H), 6.22 (d, 1H), 5.98 (d, 1H), 2.60 (sept, 1H), 2.38 (s, 3H), 2.04 (s,
3H), 1.1, (d, 3H), 1.05 (d, 3H); *C NMR (100 MHz, CD,Cl,, 25°C): 6 =
149.79, 147.70, 145.30, 137.94, 137.30, 136.50, 136.07, 135.52, 135.47, 132.50,
132.29, 130.11, 129.77, 129.02, 126.99, 126.42, 126.04, 124.88, 123.92, 122.26,
110.29, 49.95, 30.56, 24.33, 23.83, 22.10, 17.13; LSIMS-MS: m/z (%): 432.2
(100) [M+1]*.

Preparation of complexes [Cu(4),]PF,, (4a), [Cu(5),]PF;, (5a), and
[Cu(6),]PF,, (6a): Ligand 4, 5, or 6 (two equivalents) in deoxygenated
CH,CI, was added to [Cu(CH;CN),]PF, (one equivalent) and the solution
taken to dryness. Recrystallization of 4a and 5a (1,2-dichloroethane/
petroleum ether) afforded black-brown crystals in 85 % yield. Compound
6a was recrystallized by slow evaporation of a solution of the complex in
EtOH/CH,Cl,, 2:1.

Compound 4a: 'H NMR (400 MHz, CD,Cl,, —40°C, TMS): homochiral
species RRA/SSA: 6 =1.87 (s, 6H), 2.51 (s, 6H), 5.84 (dd, 4H), 6.2-8.2 (c,
34H); RRA/SSA: 6 =1.55 (s, 6H), 2.37 (s, 6 H); heterochiral species RSA/
SRA: 0=1.69 (s,3H), 1.74 (s, 3H), 2.43 (s, 3H), 2.48 (s, 3H); LSIMS-MS:
m/z (%): 941 (100) [M —PF¢]*; elemental analysis caled (%) for
CoHyNGPF,Cu-CH,CN (11282): C 68.14, H 4.70, N 8.70, P 2.74, F
10.10, Cu 5.62; found C 67.56, H 4.65, N 8.72, P 2.66, F 10.09, Cu 5.74; E, , vs.
SCE =400 mV.

Compound 5a: '"H NMR (400 MHz, CD,Cl,, —20°C, TMS): homochiral
species RRA/SSA: 0 =1.55(s,6 H), 1.85 (s,6 H),2.43 (s, 6 H), 5.85 (brs,4H),
6.48 (t,2H), 6.74 (d, 2H), 7.25-7.85 (c, 18 H), 8.17 (d, 2H); RRA/SSA: 6 =
1.13 (s, 6H), 1.77 (s, 6 H), 2.37 (s, 6 H); heterochiral species RSA/SRA: 6 =
1.33 (s,3H), 1.65 (s,3H), 1.80 (s, 3H), 1.81 (s, 3H), 2.40 (s, 3H), 2.42 (s, 3H);
LSIMS-MS: m/z (%): 869 (100) [M — PF]"; elemental analysis calcd (%)
for CsHsoNsPF;Cu-H,O (1033.1): C 65.10, H 5.03, N 8.13, P 3.00, F 11.01,
Cu 6.15; found C 64.50, H 5.00, N 7.71, P 3.10, F 10.45, Cu 6.47; E,, vs.
SCE =440 mV.

Compound 6a: 'H NMR (400 MHz, CD,Cl,, —40°C, TMS): homochiral
species RRAISSA: 6 =0.61 (d, 6H), 0.70 (d, 6 H), 1.80 (s, 6 H), 2.18 (m, 2 H),
2.40 (s, 6H), 5.88 (c, 6H), 6.35 (d, 2H), 6.63 (d, 2H), 6.82 (, 2H), 7.2-76 (c,
16H), 776 (t, 2H), 8.00 (d, 2H); LSIMS-MS: m/z (%): 926 (100) [M —
PF]*; elemental analysis calcd (%) for C4,HssNgPF,Cu (1071.1): C 67.27, H
5.41,N 7.84, P 2.89, F 10.64, Cu 5.93; found C 67.18, H 5.38, N 7.91, P 2.88, F
10.25, Cu 6.12.

X-ray crystal structure analysis: Crystal data for [Cu(Cs; HysN3),], - (PFy),
(CsH1)o99 - (C¢Hyy)o70 from a single red crystal of 0.51 x 0.1 x 0.12 mm.
Data were collected on a Enraf Nonius CAD4 four-circle diffractometer at
293 K with graphite monochromated CuKa radiation (1=1.54180 A).
Monoclinic space group P2(1)/n, Z=4, a=23.656(5), b =15.0676(10), c =
31.163(4) A, a=90°, f=91.280(9)°, y=90°, V=11105.1(28) A3, peuca=
1.385 gem ™3, F(000) = 4823, u=1.400. 0 range: 2.32-67.89, index ranges:
—28<h<28, 0<k<18, 0<I<37, 18973 collected reflexions, 18973
unique, R(int) = 0.0000, 6070 observed [/ >20(I)], 18965 were used to
fit 79 restraints and 1486 parameters. The structure was refined by full-
matrix least-square calculation (SHELLX93), R values: R=0.1259 for
6070 observed reflexions, wR2=0.5254 for 18973 unique reflexions,
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goodness of fit on F?=1.003. Residual electron density between —0.719
and 0.721 e A-3. The whole cationic structure was refined anisotropically.
The solvent and anions show severe disorder, and the solvent molecules
were treated isotropically. The best refinement was obtained with
population factors of 0.99 for pentane and 0.79 for hexane. The anions
were refined on split positions; the major position was refined anisotropi-
cally and for the minor position isotropically. All hydrogen positions were
calculated. The complex crystallizes together with PFy ions and solvent
molecules (two n-hexane and one n-pentane). The asymmetric cell shows
two complex molecules that are enantiomers. These two molecules are
effectively related by the following mirror plane: x,=x, +0.50750, y,=
y1+0.01602, z, = z; +0.00322. This plane is not a plane of symmetry for the
cell because the solvent molecules and the PF4 ions do not respect this
symmetry and show severe disorder. As a result of this loss of symmetry,
one of the parameters of the cell is doubled, and, therefore, the required
number of data is also doubled and their intensities are weakened. Taken
together this explains the rough R factors observed for this structure.
Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited at the Cambridge Crystallo-
graphic Data Center as supplementary publication no.CCDC-134368.
Copies of the data can be obtained free of charges on application to CCDC,
12, Union Road, Cambridge, CB2 1EZ (UK) (Fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).
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Abstract: Phthalocyanines linked to Cg have been synthesized by two general
strategies. One of them involves the addition of an azomethine ylide prepared in situ

from a formyl phthalocyanine to Cq, and the other one involves a statistical
condensation of two substituted phthalonitriles, one of them bearing the Cg, moiety
covalently attached. These new phthalocyanine-fullerene dyads have been studied by
cyclic voltammetry and Osteryoung square wave voltammetry, and inter- and
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intramolecular electronic interactions between the two electroactive subunits have

been demonstrated.

Introduction

Monofunctionalized fullerenes linked to interesting electro-
or photoactive species have attracted much attention in the
last few years for the design of devices capable of performing
complex functions, as in molecular switches, receptors, and as
photoconductors in photoactive dyads.'l The excellent elec-
tron-accepting properties of C,, together with its low
reorganization energy makes this molecule and its derivatives
interesting building blocks of more complex systems for the
conversion of light into electricity or fuels.”!

On the other hand, phthalocyanines (Pcs)P! are porphyrin
analogues which exhibit a number of unique properties that
make them of great interest in many different scientific and
technological areas.!! These compounds are therefore inter-
esting chromophores to link covalently to a fullerene system
to study their possible electronic interactions. Although much
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attention has been paid to the study of linked porphyrin-
fullerene hybrids,”! up to now just three examples of Pc-Cq,
derivatives have been described by Hanack et al. and Hirsch
et al.l’2P! and ourselves.[®! However, in all of these cases no
influence of the electron-withdrawing properties of the full-
erene moiety was detected in the ground state, probably due
to the presence of long and nonconjugated spacers. The
reported synthesis and study of covalently linked porphyrin-
Cy4 adducts through a pyrrolidine spacerPd that present
extremely rapid interchromophore singlet—singlet energy
and photoinduced electron transfer, and their potential use
as building blocks for molecular-scale photovoltaic and/or
optoelectonic systems,”! prompted us to design a general
strategy for the preparation of related phthalocyanine-Cg,
dyads which would be useful for studying the influence of
the phthalocyanine ring close to the sphere. The approach
would consist of the preparation of a stable and soluble formyl
phthalocyanine (compound 5) and, following Prato’s method,
the attachment of this aldehyde derivative to Cg, through a
pyrrolidine ring.®!

Our group has been involved in the synthesis of metal and
metal-free unsymmetrically substituted phthalocyanines car-
rying a wide variety of substituents!* * such as amino, alkoxy,
sulfone, nitro, cyano, alkyl, ethynyl, and styryl groups. The main
goal of attaching these peripheral substituents is to create push—
pull substituted systems for studying the second- and third-
order nonlinear optical properties of these materials.> 0]
Although almost every type of organic functionality has been
attached to the phthalocyanine ring,’! to the best of our
knowledge formyl-substituted phthalocyanines are still un-
known.["!] The incompatibility of the aldehyde group with the
standard cyclotetramerization conditions of phthalonitriles,"!
evident from preliminary experiments, discouraged the use of
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4-formylphthalonitrile (7) in a
mixed condensation reaction
with other kinds of phthaloni-

NC
trile for the preparation of for- NCQ\I

mylphthalocyanines like 5. 2

Herein, we describe two gen-
eral strategies for the prepara-
tion of phthalocyanine-Cg, de-
rivatives 1 (see Scheme 2). It is
noteworthy that one stategy
involves the synthesis of for-
mylphthalocyanines 5, and a
vinylphthalocyanine 4 (see
Scheme 1), which should be
considered as important inter-
mediates for the preparation of
other Pc compounds. Com-
pounds 112l have been electro-
chemically characterized, and
the electronic interaction be-
tween the two electroactive
subunits have been detected
for the first time.

Results and Discussion

The synthesis of the Pc-Cg, systems 1 was carried out following
two different pathways depicted in Scheme 2. One of these
involves the addition of an azomethine ylide, prepared in situ
from the corresponding formyl derivative 5, across a fullerene
6:6 ring juncture, and the other involves the statistical
condensation of two different substituted phthalonitriles,
one of them (8) bearing the Cy moeity covalently attached.
Both approaches require unsymmetrically substituted phtha-
locyanines.[']

For these purposes, metal-free tri-fert-butyl-iodophthalo-
cyanine (3a) and tri-fert-butyl-iodophthalocyaninatozinc(in)
complex (3b)* 14 were prepared from the condensation
reaction of 4-tert-butylphthalonitrile with 4-iodophthalonitrile
(2) under the appropriate conditions (Scheme 1). A Stille
coupling reaction of both compounds using tributyl(vinyl)tin
with [Pd(PPh;),] as a catalyst!™”] afforded tri-fert-butyl-vinyl-
phthalocyanines 4a and 4b in 90 % yield. The metal-free
vinylphthalocyanine 4a could also be prepared by condensa-
tion of 4-vinylphthalonitrile (6) with 4-tert-butylphthaloni-

Abstract in Spanish: Se han sintetizado ftalocianinas unidas a
Cy siguiendo dos estrategias generales. Una de ellas implica la
adicion de un iluro de azometino preparado in situ a partir de
la correspondiente formilftalocianina, y la otra utiliza la
condensacion estadistica de dos ftalonitrilos sustituidos, uno
de los cuales estd unido covalentemente a la unidad de Cig,.
Estas nuevas diadas de ftalocianina-fullereno se han estudiado
por voltametria ciclica y voltametria de onda cuadrada de
Osteryoung, habiendose puesto de manifiesto la existencia
entre ambas subunidades electroactivas de interacciones elec-
tronicas, inter- e intramoleculares.

Chem. Eur. J. 2000, 6, No. 19

For 3a For 4a
Li, amyl alcohol
argon, reflux

Li,amyl alcohol
argon, reflux

3aM=H,
3bM=2Zn

Scheme 1. Synthesis of iodophthalocyanines 3a, b and vinylphthalocyanines 4a, b.
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trile, using lithium metal in amyl alcohol. However, the
similarity between alkyl and vinyl groups made the separation
of all the phthalocyanines produced in the statistical con-
densation somewhat difficult, thus resulting in substantially
reduced yields (11%). Formylphthalocyanines 5a, b were
synthesized by means of an oxidative cleavage reaction of
4a, b, using polymer-supported osmium tetroxide and sodium
periodate,l') or ozone at —78°C in dichloromethane as
solvent,[”! as oxidizing agents (Scheme 2). Higher yields were
obtained when the oxidation process was carried out by the
first method (75 %) than when the ozonolysis procedure was
employed (8-10%). The subsequent functionalization of Cg,
was based on the 1,3-dipolar cycloaddition of the azomethine
ylide generated in situ from 5. The reaction of C, with tri-tert-
butyl-formylphthalocyanines 5a,b in the presence of an excess
of N-methylglycine (sarcosine), in refluxing toluene, afforded
the fulleropyrrolidine — phthalocyanines 1a and 1b in 43 and
40 % yield, respectively (73 and 63 % based on recovered C).
The dyads 1a,b were separated from Cyq, and the bisadducts
by flash chromatography on silica gel using toluene as eluent.

In the second approach to prepare Pc-Cg, systems 1,
4-vinylphthalonitrile (6) was synthesized by using a different
procedure to that previously described by Hanack et al.l's]
Compound 6 was prepared from 4-iodophthalonitrile (2) by
reaction of vinylzinc in the presence of Pd° as catalyst, or by
means of the same Stille conditions used in the preparation of
tri-tert-butyl-vinylphthalocyanines 4 (Scheme 1). The latter
method gives a quantitative yield. Oxidative cleavage of
compound 6 by ozonolysis gave rise to 4-formylphthalonitrile
(7) in high yield (90 %). Reaction of 7 with C4, and sarcosine
yielded the phthalonitrile fulleropyrrolidine derivative 8 in
24% (63% based on Cy conversion). Condensation of
phthalonitrile 8 with 4-fers-butylphthalonitrile (1:10 molar
relation), in the presence of zinc chloride, afforded the
fullerene — phthalocyaninatozinc(il) complex 1b (Scheme 2).
The crude reaction mixture contained only tetra-fert-butyl-
phthalocyanine and compound 1b, with no di- and mono-tert-
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tBu

0OsO4[1 wt. % on
poly(4-vinylpyridine)]

4aM=H
4bM=2Zn THF, NalO,.
NC
NC
CGO
o, NC CH3NHCH,CO,H
6 — » Rl
CHCL e CHO Toluene, reflux
-78 °C Argon
7 8

Scheme 2. Synthesis of fulleropyrrolidinphthalocyanines 1a, b.

butyl compounds. This was probably due to the steric
hinderance of two closely spaced Cg, units inhibiting the
macrocyclization. Despite the purification advantage, this
second method is not efficient for the preparation of the
fulleropyrrolidine Pc-Cg, systems because of the low yields
obtained.

All new compounds were characterized by 'H NMR,
BC NMR, FTIR, and UV/Vis spectroscopy, and by mass
spectrometry (FAB or MALDI-TOF; see Experimental
Section). It is remarkable that the characteristic formyl
resonance of compounds 5 appears at about the same position
as for the precursor, formylphthalonitrile (7) (6 =10.1). The
UV/Vis spectra of compounds 5 reveal a strong blue shift of
the Q bands in comparison with those of their precursors 4, as
a consequence of the electron-withdrawing character of the
aldehyde group. Protonated isotopic patterns at n/z 1458 and
1521 are observed for 1a and 1b, respectively, in the LSIMS
and MALDI-TOF spectra, along with the corresponding
[M — Cq]* fragments, as major species. The 'H NMR spectra
of the dyads 1 are complicated due to the presence of several
regioisomers; however, signals corresponding to the pyrroli-
dine ring at 0 =5.5, 5.1, and 4.4 in compound 1a can be clearly
observed.

The UV/Vis spectrum in 0o-ODCB of compound 1a shows a
split Q band at 670 and 702 nm, and a Soret band at 343 nm
(Figure 1). A weak absorption at 432 nm is characteristic of
the [6,6] monoadduct of Cg,. There was little difference when
compared with the UV/Vis of the metal-free phthalocyanine
9a, as a reference compound (Q band at 666 and 702 nm),
thus indicating insignificant electronic interactions between
the chromophores in the ground state. This is illustrated for
the metal-free compound in Figure 1. Similarly, a minimal red
shift of the Q band is observed on going from 9b (681 nm) to
1b (683 nm) (Figure 1). Comparable effects have been found
in related porphyrin-Cg, systems. " However, the UV/Vis
spectra of the Zn-free compounds 1a and 9a are significantly
red-shifted by about 20 nm with respect to their Zn-com-
plexed analogues, especially the Q,,,, values (Aly, o, =21 and

3602

CHO
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Ceo, CHsNHCH,CO,H

\..

Toluene, reflux
Argon tBu,

ZnCl,, DMAE, 0-DCB
Reflux

Normalized Absorbance

1 1L 1 " 1 " ]
300 400 500 600 700 800
Wavelength / nm

Figure 1. Electronic spectra of: 1a (solid line), 1b (dotted line), 9a (dashed
line), and 9b (broken line) in 0-ODCB. Concentration about 1 x
105 mol L4

AAta1p =19 nm in 0-ODCB). This is in good agreement with
the differences between the HOMO-LUMO gap of the
phthalocyanine, as measured by electrochemistry (see Ta-
ble 1). Additionally, the small red shifts in the UV/Vis spectra
(ca.2—-4 nm) in the ground state between the phthalocyanines
and their fullerene dyads are consistent with the electro-
chemical studies detailed below.
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The solution electrochemistry of the dyads la, b was
studied using cyclic voltammetry (CV) and Osteryoung
square wave voltammetry (OSWYV). The results measured
for 1a, b were compared with those of the model substituted
phthalocyanines 9a, b and the fulleropyrrolidine model com-
pound 10 (see Scheme 3). The voltammetric results are
presented in Figure 2 and the potential data are collected in
Table 1.

Current / A

Reduction

1
-1000

Potential / mV

Figure 2. Cyclic voltammograms (sweep rate 0.1 Vs=!) for 1a, 9a, 1b, 9b,
and 10 in the 0o-ODCB-TBAPF, system at room temperature.

Model compounds 9a, b, exhibit two, one-electron rever-
sible reduction peaks on the cathodic scan (Figure 2). AE,
values for these two reductions are less than 80 mV for both
9a (AE,'=79 and AE?*=72mV), and 9b (AE,'=70 and
AE?=75mV). For 9b, a third chemically irreversible (v=
100-600 mVs™!) reduction wave was observed at around
1622 mV (Figure 2). However, for 9a, no more reduction
processes beyond —1.2 V could be detected even when the
sweep was extended to — 1.8 V. Thus, the third irreversible
reduction peak for 9b is probably not Pc-based, and may
originate from a decomposition product, or an impurity

Table 1. Electrochemical data (mV vs. Ag/AgCl) of the redox processes of compounds 1a,b, 9a,b, 10, and two
1:1 molar mixtures 9a+10 and 9b+ 10 detected by OSWV in 0-ODCB solution (0.05 moldm— TBAPF,) at
room temperature under identical experimental conditions. Errors are estimated at less than 2 mV in all OSWV

present in the system. In the anodic scan (Figure 2), 9a shows
two, one-electron, poorly resolved quasi-reversible oxidation
waves, and an electrochemically irreversible (v=100-
600 mVs~') oxidation wave at 1523 mV (E,, at 100 mVs™')
associated with a corresponding re-reduction peak at around
1414 mV (AE, =109 mV). For 9b, the first two one-electron
oxidation processes are even more poorly resolved at 20—
600 mV s~1, exhibiting what appears to be an electrochemi-
cally irreversible two-electron oxidation (AE,=133mV).
However, the third oxidation of 9b was a quasi-reversible
process at 1283 mV (E;,) with AE, values of 82 mV. On the
whole, the cyclic voltammograms of 9a and 9b have similar
shapes and characteristics in both cathodic and anodic sweep
directions. This suggests that the redox processes for 9b
involve the phthalocyanine ligand rather than the metal
center. As expected,'”] the presence of the Zn center in 9b
results in a 100—300 mV cathodic shift of the Pc reduction (vs.
9a) and a similar shift for the oxidations (9b is therefore
easier to oxidize). The fulleropyrrolidine model compound 10
showed the same electrochemical behavior as previously
reported with a cathodic shift (ca. 100 mV) relative to pure
Cy, but retaining the general sequential pattern.’”! The
observed chemically irreversible (v =100-600 mVs~') oxida-
tion peak at around 1.46 V may be due to the oxidation of the
nitrogen atom in the pyrrolidine group attached to the surface
of the buckyball, because no oxidations were detected with
pure Cgq under the same experimental conditions.

The cyclic voltammograms of Pc-Cy, dyads 1a, b are similar
to those of 9a, b (Figure 2). Both 1a and 1b are electro-
chemically active in both anodic and cathodic sweeping
directions between +1.6 and —1.8 V. Furthermore, the
electrochemistry of both species 1a, b is almost the exact
sum of the behavior of the independent components: the Pc
and the Cg, portions. Thus, in the anodic direction (0-1.6 V),
1a shows two, poorly resolved, Pc-based, one-electron quasi-
reversible oxidation waves, and a chemically irreversible (v =
100-600 mV's~!) pyrrolidine-based oxidation peak at about
1482 mV (E,, at 100 mV's™"). For 1b, the first two Pc-based
one-electron oxidations are hardly resolved and electrochemi-
cally irreversible (v=100-600 mVs™); see the oxidation
wave at around 700 mV (E,, at 100 mVs™') with a AE, value
of 138 mV (v =100 mV ™) (Figure 2, dotted line of 1b). The
third Pc-based oxidation is chemically irreversible (v =100-
600 mVs~!) and is located at about 1438 mV (v =100 mVs™!)
(Figure 2, solid line of 1b). In
the cathodic direction between
0 and —1.8V, 1a shows five
reversible reduction waves

measurements. (AE, < 80 mV) associated with
E‘redl fal Erad2 (v} Ered3 fa] Ered4[h] E‘red5 (el E‘red6 on1 ] onz (vl the Corresponding OXidation
1a — 664 ~792 —1024  -1176  —1576 — 20470 853 957 peaks, and 1b shows four re-
9a — 856 —1184 — 2088 744 937 versible, or quasi-reversible re-
10 — 660 - 1020 —1532 — 19681 14461 duction waves with AE, values
9a+10  —660 — 844 —1024  —-1172  —1536 — 19941 772 956 b
etween 56 and 105 mV. These
1b —707 —1068¢  —1068  —1218  —1632 — 21120 6691] 1324 ;
9b ~1084 -1376  —16161 601t 6176 1261 reduction waves are based on
9b+10  —705 —1064141  —1064  —1376  —1580 — 2016 7001l 1348 either the Cg or Pc moieties,

[a] Cy-based reduction. [b] Pc-based redox process. [c] Pyrrolidine-based oxidation. [d] The first Pc-based
reduction wave was overlapped with the second Cyy-based one. [e] Unresolved, two-electron process. [f] Unable

to assign. [g] A mid-point value for 9b at 609 mV was used.
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and can be easily assigned
when compared to those of
9a, b and 10 (Table 1). In ad-
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dition, all of the voltammetric processes for both 1a and 1b
are diffusion-controlled.

In the anodic scan (0-1.6 V), comparison of the cyclic
voltammograms of the Pc-Cg4, dyads 1a, b with those of the
model compounds 9a, b and 10, leads to the following general
observations: 1) the resolution of the oxidation waves for both
1a and 1b are worse than those of the corresponding
substituted phthalocyanine model compounds, indicating that
electronic interactions do exist between the Pc and the Cg, in
1a, b (see below for details). Furthermore, the voltammetries
of the Zn containing compounds are worse resolved than
those of their Zn free analogues; 2) the oxidation potentials of
the Zn containing compounds occur at more negative
potentials with respect to their Zn-free analogues, indicating
that the Zn containing compounds are easier to oxidize; 3) all
oxidations appear to be Pc-based, not metal-based, as judged
from the similarities of the voltammetric responses.

Comparison of the cathodic processes between 0 and
— 1.8 Vof the dyads 1a, b with those of the model compounds
9a, b and 10 (Figure 2), leads to the following assignments. In
the case of 1a, the first, third and fifth reduction waves are
Cy-based and the other (the second and fourth) are Pc-based
(Table 1). In the case of 1b, the second reduction process is
likely to be the sum of a Cq-based reduction, plus one based
on the substituted phthalocyanine group. Therefore, the first,
second, and fourth reductions are Cg-based and the two Pc-
based reductions are the second and third ones. This assign-
ment is in good agreement with that of the Diels— Alder
adducts of [60]fullerene with phthalocyanines reported by
Hirsch and Hanack et al., where the waves were assigned to
the corresponding reduction steps by spectroelectrochemis-
try.l2®] These again support the notion that both 1a and 1b
essentially retain the electronic properties of the Cq, and of
the substituted metal-free or metal-Pc. The observed Cg-
based reduction potentials (E,,,) of both 1a and 1b are shifted
to more negative values when compared to those of the parent
Ceo- This is typical of most C4, monoadducts which show small
shifts (ca. 100 mV) due to the partial loss of conjugation upon
derivatization.l2'2!]

While cyclic voltammetric experiments were unable to
detect a fourth Cg-based reduction wave for both 1a and 1b
in the accessible potential range at room temperature (cf.
Figure 2), OSWYV revealed such processes easily (cf. Figure 3).
Thus, an additional Cgy-based electron reduction at around
—2000+50 mV was detected at room temperature (see
Figure 3).

The main interest in these studies was the search for
possible intra- and/or intermolecular electronic interactions
between the C4, and the Pc in the ground state. Upon careful
comparison of the redox potentials of 1a, b, 9a, b, and 10
(Table 1), we found that the Pc-based oxidation and reduction
potentials are positively shifted in the dyads. For example, for
1la (vs. 9a), there is a 109 mV positive shift for the first
oxidation, and a 64 mV positive shift for the first reduction
peak (Table 1). In the case of 1b, a positive shift of about
60 mV was measured for both the first and second oxidations
with respect to those of 9b (Table 1). For the reductions of 1b,
the first Pc-based reduction wave was positively shifted by
about 16 mV, probably due to the overlap with the second
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Figure 3. OSWVs for 1a,9a,1b, 9b,10,9a+10 (1:1), and 9b 410 (1:1) in
the 0-ODCB-TBAPF, system at room temperature.

reduction of the fullerene moiety. The second Pc-based
reduction was positively shifted by 158 mV (Table 1).

Conversely, the Cg-based reduction potentials for both
dyads 1a, b, are negatively shifted with respect to those of 10,
especially the third and fourth Cy-based reduction processes.
Furthermore, the shift for 1b is generally larger than that for
1a. In the case of 1b, AE,, values (AE,,=E,""— E,,")
between 1b and 10 for the corresponding Cg-based reduc-
tions are about —47, —44, —48, and —144 mV for the four
successive Cy-based reduction waves, respectively (Table 1).
These shifts for 1a were found to be around — 4, —4, —44, and
—79 mV, respectively, with respect to 10.

All of the measurements discussed above show that the
redox potentials of the fullerene and the phthalocyanine
moieties in 1a and 1b changed significantly when compared
to those of the model compounds, indicating some degree of
charge transfer (intra- and/or intermolcular) from the donat-
ing phthalocyanine to the acceptor fullerene at ambient
conditions. Since UV/Vis measurements did not show appre-
ciable intramolecular interactions in the ground state (see
above), further discussion is presented.

In an attempt to assign the effects to intra- or intermolec-
ular interactions, the cyclic voltammograms and OSWVs of
1:1 molar mixtures 9a+10 and 9b+ 10 were recorded and
then carefully compared with those of the single compounds
1a,b, 9a,b, and 10. All the results are shown in Figure 3 and
Table 1. In the case of 9a + 10, the two Pc-based oxidations of
the mixture show a small but measurable positive shift by
about 23 +5 mV with respect to 9a. This difference is smaller
than that measured between 1a and 9a, especially for the first
oxidation (Table 1). The C4-based reductions of the mixture
are almost identical to those of 10 in both shape and potential,
especially for the first three successive reduction processes
with potential differences of about —2+2 mV. Interestingly
and significantly, a slightly larger negative shift (—26 mV) was
observed for the fourth Cgy-based reduction peak. For the two
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Pc-based reductions, a small positive shift was observed of
around 12 mV in comparison with those of 9a, again smaller
than that measured between 1a and 9a (Table 1). The same
trend was observed for the mixture of 9b and 10, but the shifts
were generally larger. All Pc-based redox waves (except the
second reduction, for which no shift was observed) are
positively shifted by about 85+ 5 mV (oxidations) and 20 mV
for the first Pc-based reduction. All four Cy-based reductions
show significant negative shifts by about 46+2 mV with
respect to 10. All of these results indicate that intermolecular
interactions are present between the donating substituted
phthalocyanine model compounds 9a or 9b, and the accepting
fulleropyrrolidine model compound 10. The interactions are
larger in the case of the Zn-Pc compared with the Zn-free
analogue. This is consistent with the results obtained from the
covalently linked dyads 1a and 1b. However, it should be
noted that the potential shifts due to intermolecular inter-
actions in these physical mixtures are smaller than those
observed in the covalently linked dyads 1a, b, indicating that
intramolecular interactions, to some extent, must also be
contributing to the observed shifts, as shown in Figure 4. This

intermolecular interactions decrease
intramolecular interactions increase

Figure 4. Schematic representation of the inter- and intramolecular
interactions between and within the dyads.

is actually consistent with the results for ferrocenyl full-
eropyrrolidines reported by Prato et al.,? and the results of
dimethylaniline-substituted dithienylethyl fulleropyrrolidine
recently reported by our group,? in which small intra-
molecular interactions were observed. Figure 4 presents a
schematic interpretation of the results, where intramolecular
electronic interactions become more prevalent as the reduc-
tion state of the compound increases sequentially.

Conclusion
Phthalocyanine-Cy, dyads 1a, b in which the Cq, moiety is
close to the macrocycle have been prepared. The most

straightforward approach to these compounds involves formyl

Chem. Eur. J. 2000, 6, No. 19
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phthalocyanine derivatives Sa, b which have been synthesized
for the first time. The 1,3-dipolar cycloadditions of the
azomethine ylide generated from Sa, b to Cq, proceeds in
good yields. On the contrary, lower overall yields of the
fulleropyrrolidine — phthalocyanine systems were obtained by
using a statistical condensation method from adequately
substituted phthalonitriles. Electrochemical properties of two
new Pc-Cy, dyads 1a, b were studied and compared to those of
the model compounds. The results of both 1a and 1b show
that the electrochemical properties of these Pc-Cg, dyads
essentially retain the electronic properties of both C4 and
substituted metal-free or metal-complexed phthalocyanine.
The observed Cy-based reduction potentials of both 1a and
1b are shifted to more negative values when compared to
those of fulleropyrrolidine 10, especially for the Zn-com-
plexed dyad 1b, whose Cq-based reduction potentials are all
shifted to more negative values by about 44-144 mV. In
contrast, all the phthalocyanine-based redox (both reductions
and oxidations) processes in 1a, b were positively shifted with
respect to those of model phthalocyanines 9a, b. After
comparing with the electrochemical results of 1:1 molar
mixtures of 9a (or 9b) and 10, we conclude that both inter-
and intramolecular electronic interactions between the cova-
lently bonded substituted phthalocyanine and the Cg, ball in
the dyads 1a and 1b contribute to the observed potential
shifts. The intramolecular effect is much more pronounced as
the system is sequentially reduced and, not surprisingly,
becomes very noticeable after the third reduction.

Experimental Section

Melting points were determined on a Bchi apparatus and are uncorrected.
Infrared spectra were recorded on a Bruker (FT-IR) spectrophotometer.
The 'H NMR spectra were obtained on a Bruker AC-200 (200 MHz), AC-
300 (300 MHz) and DRX-500 (500 MHz), and the '*C NMR spectra were
obtained on a Bruker DRX-500 (125 MHz) spectrometer. UV/Vis spectra
were recorded on a Perkin Elmer 8453 spectrophotometer. The mass
spectra were determined on a VG AutoSpec spectrometer. Elemental
analyses were performed on a Perkin Elmer 2400 CHN elemental analyzer.
Tri-tert-butyl-(N-methyl-3,4-fulleropyrrolidin)phthalocyanine  (1a): A
well-stirred mixture of tri-fers-butyl-formylphthalocyanine (5a) (40 mg,
0.056 mmol), Cq, (40 mg, 0.056 mmol), and sarcosine (12.5 mg, 0.14 mmol)
in toluene (50 mL) was refluxed under argon for 24 h. After flash
chromatography (SiO, toluene increasing to toluene/ethyl acetate 95:5)
1a (35 mg, 43%) (73 % based on fullerene) was isolated as a green solid.
'"H NMR (500 MHz, CDCl;, 25°C, TMS): 6 =9.8-8.6, 8.4-79 (br, 12H;
arom H), 5.6-4.9, 5.2-5.0, 4.6-4.3 (br, 3H; pyrrolidine H), 3.3-2.8 (br,
3H;N-CHj;), 1.9-1.6 (brs,27H; C(CH,)3), (—0.8) - (— 1.8) (br s, NH); UV/
Vis (CHCL,): Ay (log €) =339 (5.0), 426 (3.7), 607 (4.3), 648 (4.6), 668 (5.0),
700 nm (5.0); MS: MALDI-TOF: m/z: 1458 [M +H*], 1457 [M*], 738
[M = Ce]*.
Tri-tert-butyl-(N-methyl-3,4-fulleropyrrolidin)phthalocyaninatozinc(@) (1b)
Method A: Following the same procedure described for the preparation of
1a, starting with 5b (28 mg, 0.036 mmol), fullerene (26 mg, 0.036 mmol)
and sarcosine (5 mg, 0.056 mmol), 1b was obtained as a green solid, (22 mg,
40%) (63 % based on fullerene). 'H NMR (500 MHz, CDCl;, 25°C, TMS):
0=9.5-76 (br, 12H; arom H), 5.6-54, 52-5.0, 46-4.3 (br, 3H;
pyrrolidine H), 3.4-2.8 (br, 3H; N-CHy), 2.0-1.5 (br s, 27H; C(CHs),);
UV/Vis (CHCL): A, (log €) =348 (4.9), 429 (3.9), 614 (4.3), 681 nm (5.1);
MS: MALDI-TOF: m/z: 1521 [M +H"], 800 [M — Cq]".

Method B: 4-Tert-butylphthalonitrile (19 mg, 0.11 mmol), N-methylpyrro-
lidine derivative 8 (10 mg, 0.011 mmol), Cl,Zn (14 mg, 0.1 mmol) dissolved
in a mixture of dimethylaminoethanol (DMAE; 1mL) and ortho-
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dichlorobenzene (ODCB; 1 mL) were refluxed under argon overnight.
After flash chromatography (SiO,, toluene) the fulleropyrrolidine—
phthalocyanine derivative 1b was afforded. MS (FAB): m/z: 1521 [M +
H*], 800 [M — Cg]*, 720 [Cgo] "

Tri-tert-butyliodophthalocyanine (3a): Lithium metal (37 mg, 5.33 mmol)
in 1-pentanol (1 mL) under an argon atmosphere was refluxed for 15 min.
The suspension was cooled down to room temperature and 4-iodophtha-
lonitrile (127 mg, 0.5 mmol) and 4-fert-butylphthalonitrile (553 mg,
3 mmol) in amyl alcohol (1 mL) were added and the mixture was refluxed
overnight. The solvent was evaporated and the crude product obtained was
purified by chromatography (Al,O;, hexane/dioxane 5:1) to yield 3a
(69 mg, 17%) as a blue solid. M.p. >250°C; '"H NMR (500 MHz, CDCl;,
25°C, TMS): 6=9.0-7.3 (m, 12H; arom H), 1.9-1.7 (m, 27H; C(CHs),),
(=3.7)=(~4.5) (m, 2H; NH); ¥C NMR (125 MHz, CDCl,, 25°C, TMS):
0=153.5, 153.4, 128.1, 122.5, 119.2, 36.5, 36.4, 32.6, 32.5, 32.4, 32.3; IR
(KBr): 7 =3416, 3290, 2954, 2865, 1616, 1503, 1482, 1392, 1318, 1257, 1091,
1008, 749 cm™!; UV/Vis (CHCL): A, (log &) =343 (4.9), 609 (4.4), 641
(4.6), 666 (5.1), 695 nm (5.0); MS (FAB): m/z: 809 [M +H*]; CyH,Ngl
(808.76): calcd: C 65.34, H 5.11, N 13.85; found: C 65.07, H 4.99, N 13.64.
Tri-tert-butylvinylphthalocyanine (4a)

Method A: A mixture of tri-tert-butyl-iodophthalocyanine (3a) (69 mg,
0.085 mmol) and [Pd(PPh;),] (5 mg, 0.0043 mmol) in toluene (50 mL) was
stirred under argon. Then tributyl(vinyl)tin (50 pL, 0.17 mmol) was added.
The reaction mixture was heated at 100°C for 10 h. The solvent was
evaporated and the solid residue was triturated with methanol, filtered, and
chromatographed (Al,O;, hexane/dioxane 5:1) to afford 4a (54 mg, 90 %)
as a blue solid. M.p. >250°C; '"H NMR (500 MHz, CDCl;, 25°C, TMS):
0=9.0-7.5 (m, 12H; arom H), 7.1-6.8 (several m, 1H; vinyl H), 6.2-5.9
(several dd, 1H; vinyl H), 5.65-5.4 (several m, 1H; vinyl H), 1.9-1.7 (m,
27H, C(CH,);), —3.1- —3.6 (m, 2H, NH); *C NMR (125 MHz, CDCl,,
25°C, TMS): 6 =153.4, 153.3, 1379, 135.5, 133.3, 127.8, 122.3, 118.9, 115.2,
36.4, 32.5; IR (KBr): 7= 3417, 3290, 2955, 2903, 2865, 1616, 1503, 1482,
1465, 1392, 1318, 1257, 1091, 1008, 828, 749 cm~'; UV/Vis (CHCL,): 4. (log
£) =344 (4.8), 607 (4.3), 647 (4.6), 668 (5.0), 702 nm (5.1); MS (FAB): m/z:
709 [M 4+ H*]; C4sHuNg (708.91): caled: C 77.94, H 6.26, N 15.81; found: C
77.64, H 6.02, N 15.61.

Method B: Lithium metal (11 mg, 1.6 mmol) was dissolved under an argon
atmosphere in amyl alcohol (1 mL) and the mixture was refluxed for
15 min. After cooling, 4-tert-butylphthalonitrile (166 mg, 0.9 mmol) and
4-vinylphthalonitrile (6) (16 mg, 0.1 mmol) were added and the mixture
was refluxed overnight. Column chromatography (two SiO, columns,
CH,Cly/hexane 2:1 and CH,Cl,/hexane 1:1) gave 4a (8 mg, 11%).

Tri-tert-butylvinylphthalocyaninatozinc@) (4b): To a stirred solution of
tri-tert-butyliodophthalocyaninatozinc(ty  (3b) (44 mg, 0.05 mmol),
[Pd(PPhs),] (3 mg, 0.0026 mmol) in toluene (50 mL) under an argon
atmosphere, tributyl(vinyl)tin (44 pL, 0.15 mmol) was added and the
solution heated at 100°C for 10 h. The solvent was evaporated and the
residual solid was triturated with methanol, filtered, and chromatographed
(Si0,, hexane/dioxane 4:1) to yield 4b (35 mg, 91 %) as a blue solid. M.p. >
250°C; 'H NMR (500 MHz, CDCl;, 25°C, TMS): 6 =8.7-7.3 (br, 12H;
arom H), 7.0-6.7 (br, 1 H; vinyl H), 6.0-5.7 (br, 1 H; vinyl H), 5.5-5.35 (br,
1H; vinyl H), 1.7-1.5 (br, 27H; C(CHj;);); C NMR (125 MHz, CDCl,,
25°C, TMS): 0=153.5, 139.0, 138.0, 128.0, 125.9, 122.5, 36.1, 32.3; IR
(KBr):7 = 3416, 2953, 2901, 2863, 1614, 1489, 1392, 1331, 1256, 1089, 923,
747 cm~t; UV/Vis (CHCL): A (log €) =354 (4.7), 616 (4.2), 682 (5.0), 718
(sh) nm (4.6); MS (FAB): m/z: 771 [M + H"]; C;sHy,NgZn (772.27): caled:
C 71.54, H 5.48, N 14.51; found: C 71.24, H 5.59, N 14.23.
Tri-tert-butylformylphthalocyanine (5a) and tri-tert-butylformylphthalo-
cyaninatozinc(II) (Sb)

Method A: To a suspension of OsO, (200 mg; 1% wt. of poly(4-vinyl-
pyridine)) and tri-tert-butylvinylphthalocyanine (4a) (54 mg 0.076 mmol)
or tri-tert-butyl-vinylphthalocyaninatozinc(i) (4b) (54 mg, 0.07 mmol) in
THF (100 mL) was added dropwise a saturated aqueous solution of NalO,
(30 mL) at room temperature. The reaction mixture was stirred at this
temperature for 16 h, then filtered over celite, and after the solvents were
evaporated under reduced pressure, the crude products were purified by
flash chromatography (SiO,, hexane/ethyl acetate 9:1 changing to 6:1).

5a: Yield: (40 mg, 74 %) as a blue solid; m.p. >250°C; '"H NMR (500 MHz,
CDCl;, 25°C, TMS): 6 =10.09 (br s, 1H; CHO), 9.6-9.1,8.5-73 (m, 12H;
arom H), 1.75-1.5 (m, 27H; C(CHj;);); *C NMR (125 MHz, CDCl;, 25°C,
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TMS): 6 =192.2, 191.8, 153.3, 153.2, 153.1, 138.3, 134.8, 134.4, 133.0, 131.8,
130.8, 1275, 123.8, 122.2, 120.4, 119.1, 36.2, 36.1, 32.5, 32.3; IR (KBr): 7=
3423, 2956, 1697, 1610, 1488, 1394, 1257, 1181, 1085, 747 cm~%; UV/Vis
(CHCL,): /ey (log £) =344 (4.7), 621 (4.3), 643 (4.5), 680 (4.9), 693 nm (5.0);
MS (FAB): m/z: 711 [M + H*]; C,sH,N,O (710.88): caled: C 76.03, H 5.96,
N 15.76; found: C 76.28, H 6.14, N 15.51.

5b: Yield: (41 mg, 76 %) as a blue solid; m.p. >250°C; '"H NMR (500 MHz,
CDCl;, 25°C, TMS): 6 =10.1 (br s, 1 H; CHO), 9.5-8.7,8.5-7.3 (br, 12H;
arom H), 1.7-1.5 (br, 27H; C(CH,),); ®C NMR (125 MHz, CDCl,, 25°C,
TMS): 6 =187.3, 153.4, 138.5, 131.8, 128.2, 123.8, 36.0, 32.3; IR (KBr): v=
3416, 2955, 2903, 1697, 1611, 1486, 1392, 1331, 1278, 1256, 1180, 1085, 1047,
747 em™; UV/Vis (CHCLy): A (Iog £) =353 (4.8), 610 (4.3), 639 (4.4), 670
(5.0), 698 nm (5.0); MS (FAB): m/z: 773 [M + H*]; MALDI-TOF: m/z: 773
[M +H]; C4;sHyyNgOZn (774.24): caled: C 69.81, H 5.21, N 14.47; found: C
69.65, H 5.38, N 14.23.

Method B: A solution of tri-tert-butyl-vinylphthalocyanine (4a) (47 mg,
0.066 mmol) or tri-tert-butyl-vinylphthalocyaninatozinc(iy (4b) (40 mg,
0.052 mmol) in CH,Cl, (30 mL) was cooled at —78°C, and then an excess
of ozone was passed through the mixture for 3 min (the solution turned
dark green and then light brown). After the reaction mixture was purged
with argon for 30 min at —78°C, it was treated with dimethyl sulfide
(3 mL). The cold bath was removed and the mixture was allowed to stir at
room temperature for 2 h. Removal of the solvents under reduced pressure
provided a residual solid which was purified by chromatography as in
Method A.

5a: Yield: (3.8 mg, 8%).
5b: Yield: (4 mg, 10%).
4-Vinylphthalonitrile (6)

Method A To a stirred solution of 4-iodophthalonitrile (101 mg, 0.4 mmol)
and [Pd(PPh;),] (21 mg, 0.02mmol) in toluene (25mL) under argon
atmosphere, tributyl(vinyl)tin (0.24 mL, 0.8 mmol) was added. The mixture
was heated at 100°C for 12 h. After removal of the solvent under reduced
pressure, dichloromethane (20 mL) was added and the solution was washed
with water, dried, and the solvent was evaporated. The residue was purified
by flash chromatography (SiO,, CH,Cl,/hexane 2:1) to give 6 (60 mg, yield:
97%) as a white solid. M.p. 61°C; '"H NMR (200 MHz, CDCl;, 25°C,
TMS): 6=782 (d, “J(H,H)=1.6 Hz, 1H; arom H), 7.80 (d, *J(H,H)=
8.2 Hz, 1H; arom H), 7.74 (dd, ,/(H,H) = 1.6, °J(H,H) =8.2 Hz, 1 H; arom
H), 6.74 (dd, 2J(H,H) =10.8, *J(H,H) =17.6 Hz, 1H), 5.96 (d, *J(H,H) =
17.6 Hz, 1H), 5.62 (d, ?J(H,H) =10.8 Hz, 1H); C,(HN, (154.17): caled: C
7791, H 3.92, N 18.17; found: C 77.66, H 4.13, N 18.01.

Method B: Vinylmagnesium bromide (4 mL, 4 mmol, 1M THF), ZnCl,
(8 mL, 4 mmol, 0.5M THF) and dry THF (10 mL) were added at —78°C to
a three-neck flask equipped with a reflux condenser, and the mixture was
warmed up to 0°C over 30 min. Then, a solution of 4-iodophthalonitrile
(1 g, 3.94 mmol), and a catalytic amount of [Pd(PPh;),] in freshly distilled
THF was added by cannula and the mixture heated to 45°C overnight.
Water (100 mL) was added and the mixture was extracted with Et,O (3 x
50 mL). The combined organic layers were washed with brine, dried,
filtered through a plug of silica, and reduced under pressure to obtain a
white-yellowish solid, which upon purification by flash chromatography
(SiO,, CH,Cl,/hexane 4:1) afforded 6 (425 mg, 70 % ).

4-Formylphthalonitrile (7): A solution of 4-vinylphthalonitrile (6) (63 mg,
0.41 mmol) in CH,Cl, (8 mL) was cooled at —78 °C, an excess of ozone was
passed through the mixture (the solution becomes deep blue in color when
saturated with ozone). After the reaction mixture was purged with argon
for 30 min at —78°C, it was treated with dimethyl sulfide (0.2 mL). The
cold bath was removed and the mixture was allowed to stir at room
temperature for 30 min. Removal of the solvents provided crude for-
mylphthalonitrile, which was purified by flash chromatography (SiO,,
CH,Cl/hexane 4:1) to furnish 7 (58 mg, 90%); m.p. 138°C. 'H NMR
(200 MHz, CDCl;, 25°C, TMS): 6 =10.1 (s, 1H; CHO), 8.25 (d, “J(H,H) =
1.53 Hz, 1H), 8.18 (dd, “/(H,H)=1.53, 3/(H,H) =7.96 Hz, 1H), 7.97 (d,
3J(H,H) =7.96 Hz, 1 H); *C NMR (65 MHz, CDCl;, 25°C, TMS): 6 =188.2
(CHO), 138.8, 134.5, 133.7, 133.2, 120.2, 1172, 114.5 (CN), 114.3 (CN); IR
(KBr): 7=3106, 3071, 3047, 2878 (CHO), 2233 (C=N), 1709 (C=0), 1567,
1381, 1149, 1096, 850, 752 cm~'; MS (EI) m/z (%): 156 (61) [M*], 155 (100)
[(M —H)"], 127 (40) [(M — CHO)*]; C;H,N,O (156.14): caled: C 69.23, H
2.58, N 17.94; found: C 69.03, H 2.26, N 17.68.
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4-(N-Methyl-3,4-fulleropyrrolidin)phthalonitrile ~ (8): C,, (72 mg,
0.1 mmol), sarcosine (27 mg, 0.3 mmol), and 4-formylphthalonitrile (7)
(78 mg, 0.5 mmol) were refluxed in toluene (50 mL) under an argon
atmosphere for 6 h. Flash chromatography (SiO,, toluene) afforded N-
methylpyrrolidine derivative 8 (22 mg, 24 %; 63 % based on C4, conver-
sion). M.p.>300°C; 'H NMR (200 MHz, CDCIL,/CS,, 25°C, TMS) 6 =
8.1-8.4 (m, 2H), 7.89 (d, J(H,H) =8.1 Hz, 1H), 5.05 (s, 1 H; pyrrolidine
H), 5.04 (d, 2/(HH)=9.6 Hz, 1H; pyrrolidine H), 4.34 (d, 2/(H,H) =
9.6 Hz, 1H; pyrrolidine-H), 2.81 (s, 3H; N-CHj;); “C NMR (125 MHz,
CDCl,/CD;COCD;, 25°C, TMS): 6 = 155.63, 155.32, 152.06, 151.19, 147.28,
147.24, 146.28, 146.17, 146.09, 145.93, 145.88, 145.63, 145.58, 145.56, 145.38,
145.36, 145.32, 145.25, 145.22, 145.17, 145.15, 145.11, 144.69, 144.43, 144.40,
144.25, 143.76, 143.12, 143.05, 142.71, 142.64, 142.60, 142.52, 142.17, 142.14,
142.07, 142.03, 142.00, 141.91, 141.87, 141.79, 141.69, 141.60, 140.30, 140.23,
140.08, 139.62, 137.42, 136.26, 136.17, 135.57, 133.84, 133.63, 115.76 (CN),
114.79 (CN), 81.62 (CH), 76.45 (sp* C), 69.67 (CH,), 68.96 (sp* C), 39.61
(NMe); MS (FAB): m/z: 904 (M —H)*, 720 (Cq); IR (KBr): 7 =2922, 2851,
2782, 2231, 1600, 1509, 1464, 1424, 1261, 1180, 1099, 1033, 805 cm~".
Electrochemistry: Cyclic voltammetry (CV) and Osteryoung square wave
voltammetry (OSWV) were performed on a Windows-driven BAS 100 w
electrochemical analyzer (Bioanalytical Systems, West Lafayette, IN) at
room temperature with a three-electrode configuration in o-dichloroben-
zene (0-ODCB) solution containing the substrate (typically about
1 mmoldm~3) and the supporting electrolyte. A platinum (&1 mm) or
glassy carbon (3 mm) disc served as the working electrode, a platinum
wire (@1 mm) and a commercial Ag/AgCl aqueous electrode being the
counter and the reference electrodes, respectively. Both the counter and
the reference electrodes were directly immersed in the electrolyte solution.
The surface of the working electrode was polished with commercial Alpha
Micropolish Alumina No. 1C (Aldrich) with a particle size of 1.0 micron.
Tetrabutylammonium hexafluorophosphate (nBu,NPF,) purchased from
Fluka (>99%) was recrystallized twice from ethanol and dried under
vacuum overnight prior to use and was employed as the supporting
electrolyte in 0.1 moldm~ concentration. Solutions were stirred and
deaerated by bubbling argon for a few minutes prior to each voltammetric
measurement. The scan rate was 100 mVs™! unless otherwise specified.
OSWVs were obtained by using a sweep width of 25 mV, a frequency of
15 Hz, a step potential of 4 mV, and a quiet time of 2s. Experimental
uncertainty on all measured potentials by OSWYV reported in this paper are
estimated less than 2 mV.
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Inositolphosphoglycan Mediators Structurally Related to Glycosyl
Phosphatidylinositol Anchors: Synthesis, Structure and Biological Activity

Manuel Martin-Lomas,*?! Noureddine Khiar,'?! Salud Garcia,! Jean-Luc Koessler,!?!
Pedro M. Nieto,?! and Thomas W. Rademacher!®!

Abstract: The preparation of the pseu-
dopentasaccharide 1a, an inositolphos-
phoglycan (IPG) that contains the con-
served linear structure of glycosyl phos-
phatidylinositol anchors (GPI anchors),
was carried out by using a highly con-
vergent 24-3-block synthesis approach
which involves imidate and sulfoxide

was determined by using NMR spectros-
copy and molecular dynamics simula-
tions prior to carrying out quantitative
structure —activity relationship studies
in connection with the insulin signalling

Keywords: carbohydrates - confor-
mation analysis - inositols - syn-

process. The ability of 1a to stimulate
lipogenesis in rat adipocites as well as to
inhibit cAMP dependent protein kinase
and to activate pyruvate dehydrogenase
phosphatase was investigated. Com-
pound 1a did not show any significant
activity, which may be taken as a strong
indication that the GPI anchors are not

glycosylation reactions. The preferred

) . . thesis design -
solution conformation of this structure

Introduction

The initial discovery that insulin causes the cleavage of a
glycolipid to generate diacylglycerol and modulators of the
enzyme cAMP phosphodiesterase!!l has led to the proposal of
a new intracellular signalling system which has been postu-
lated to operate for a number of growth factors, classical
hormones and cytokines.’). According to this proposal, the
binding of these agonists to their receptors results in the
enzymatic cleavage of some inositol-containing glycolipids to
produce uncharacterised inositol-containing glycans that
modulate the activity of a number of enzymes and mediate
a variety of cellular events.”) These mediators have been
called inositolphosphoglycans (IPGs) and their precise chem-
ical structures are still unknown. The chemical composition of
these mediators,*>* however, reveals a close structural
similarity with the glycan chain of the glycosyl phosphatidyl-
inositols (GPIs) that serve to attach proteins to the outer face
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the precursors of the IPG mediators.

of cellular membranes through a covalent linkage (GPI
anchors).P! This glycan chain in all protein GPI anchors
presents the conserved linear structure Mana(1l —2) Man-
a(l — 6) Mana(1 — 4) GlcNH,a(1 — 6) myo-Ino (1) so that
the diversity within the anchors is only reflected in the nature
and the location of branching groups.’] The structural
similarities between GPI anchors and IPG mediators is
supported by immunological evidence, as antibody probes
generated against this GPI glycan chain cross-react with IPG
preparations from rat liver and chicken embryo and com-
pounds with IPG-like activities can be removed by immuno-
precipitation from the culture medium of insulin stimulated
cells.®1 These and related data have been taken as an
indication that the GPI anchors could be the precursors of the
IPG mediators by the sequential action of a lipase and a
protease.?l However, data on the chemical composition of
insulin-sensitive glycolipids®3 and radiomethylation stud-
iesl'" 12 have been interpreted as indicative of the existence of
distinct members of the GPI family, with different structure
from the GPI anchors and without anchoring function (free
GPIs), as the real precursors of the intracellular IPG
mediators.”l In this context, recent reports by Miiller and
co-workers have shown that a compound derived from a GPI-
anchored ectoprotein from Saccharomyces cerevisiae, after
protease and phospholipase C cleavage, is able to regulate
cellular glucose and lipid metabolism in an insulin-like fashion
in insulin-resistant cells and tissues.'>> The structure as-
signed by Miiller to this compound is presented as containing
the basic features of the glycan chain of a GPI anchor in which
the glycosidic linkage between the nonacetylated D-glucos-
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amine unit and the myo-inositol moiety posses the -config-
uration (2).[%1 Miiller and co-workers have also shown that a
number of synthetic compounds, which consist of the com-
plete structure of this glycan chain and variations thereof,
stimulate lipogenesis by up to 90 % of the maximal insulin
response at 20 um concentration.[') These results, which may
in principle be taken as an indication that the GPI anchors of
membrane proteins are the precursors of the intracellular IPG
mediators, have nevertheless added further uncertainty in this
regard, as the configuration of the glycosidic linkage between
the nonacetylated glucosamine unit and the myo-inositol ring
was shown to be a (1) in all the structures of GPI anchors
investigated so far.!

In the context of our previous studies directed towards
establishing the molecular basis of this new intracellular
signalling mechanism,['”*®! it seemed mandatory to unequiv-
ocally demonstrate at this stage whether a pure sample of the
conserved linear glycan chain of the GPI anchors, prepared by
chemical synthesis and fully characterised, shows any appre-

Abstract in Spanish: Se ha llevado a cabo la sintesis del
pseudopentasacdrido 1a—un inositolfosfoglicano (IPG) que
contiene la estructura lineal de los glicosil fosfatidilinositoles de
anclaje (GPI anchors)—siguiendo un esquema sintetico [2+3]
altamente convergente que implica reacciones de glicosilacion
por el metodo del imidato y por el metodo del sulfoxido. Se ha
determinado tambien la conformacion preferida de esta
molecula en solucion utilizando metodos de dindmica mole-
cular y espectroscopia de RMN como un paso necesario para
futuros estudios de relacion estructura-actividad en conexion
con el proceso de serializacion de la insulina. Por ultimo, se ha
estudiado la capacidad del compuesto 1a para estimular la
lipogenesis en adipocitos de rata, inhibir la quinasa depen-
diente de AMP ciclico y activar la fosfatasa de la piruvato
deshidrogenasa. El compuesto 1a no muestra ninguna activi-
dad significativa en estos sistemas lo que indica que los GPI de
anclaje no son los precursores de los segundos menajeros de
tipo IPG.
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ciable insulin-like activity. This would greatly contribute to
the disclosure of the nature of the insulin-sensitive glycolipids
either as GPI anchors or as free GPIs. Such an approach
involves the development of an effective synthesis of 1 and the
investigation of its insulin-like activity. Assuming that a
phosphatidylinositol-specific phospholipase C is involved in
the first stage of the GPI-IPG signalling mechanism, the 1,2-
cyclic phosphate 1a was the molecule of choice in the present
investigation. We have, therefore, carried out an effective
synthesis of 1a and have investigated the capacity of this
compound to stimulate lipogenesis in rat adipocites, to inhibit
cAMP-dependent protein kinase (PKA) and to activate
pyruvate dehydrogenase phosphatase (PDH phosphatase).
In addition, we have performed a complete investigation of
the conformational and dynamic properties of 1a in solution
as a prerequisite for further structure—activity relationship
studies with some key enzymes, such as PKA!! and glycogen
synthase phosphatase 2C—considered to be an excellent
model for mitochondrial phosphatases such as the PDH
phosphatase?’—which possesses a well-established binding
site geometry determined by X-ray structure analysis.?'23

Results and Discussion

Synthesis: The total synthesis of the diacylglycerol-containing
GPI anchors of Trypanosoma brucei? > either with the
L-42%] or p-configuration®! of the myo-inositol and rat
brain Thy-1 antigen,?" and that of the ceramide-containing
GPI anchor from yeast?” % have been previously reported by
using different synthetic strategies and glycosylation method-
ologies. A number of partial structures have also been
successfully prepared!'> 823 and most of this work has
been reviewed.’ Our synthetic approach to structure 1a is
shown in Scheme 1. It was designed as a convergent and
versatile route to these inositol-containing glycans that may
permit the preparation of other members of the IPG family by
using the appropriate substitution pattern in the correspond-
ing building blocks. The retrosynthetic analysis in Scheme 1
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1a

Scheme 1. Retrosynthetic steps from 1a.

shows that the preparation of 1a was envisaged from diol 3
after phosphorylation and subsequent deprotection. Diol 3 is
prepared by using a 2+3-block synthesis approach from the
pseudodisaccharide building block 4 and homotrisaccharide
building block §. The other building blocks involved in the
process include the optically pure myo-inositol derivative 6
(Scheme 2) and the monosaccharide derivatives 7 (Scheme 2),

(0]
Hi OH a O/ﬁ OH b
H OH 0\ -
12 L-CAMP
OAc
Ac fo) c,d, e
A X
N3

16 R=H
{17 RBn

OBn

14 X=Ac
¢l 15 x-sph

OAc
R o
A o) _k, Bro.
B X No

.— 19 X=OH
] 7 X=0C(NH)CCls

8 and 9 (Scheme 4, see below). These last three either have a
phenylthio grouping at the anomeric position (8) or are
obtained from a phenylthioglycoside intermediate (7 from 10
and 9 from 11). The synthesis of pseudodisaccharide building
block 4 was based on chemistry developed in our laboratory!!$!
while that of homotrisaccharide building block 5 was per-
formed by using the sulfoxide glycosylation reaction.?!

3610

HO O
H%%HPDS
o o
AN

13 6
OBn
Ph/vo o
o 9, R o]
R SPh
N Bl SPh
3 N:3

HO
Ns og\ﬁ/&&gnpos

i, 2
Scheme 2. a) L.-CAMP(OMe),, H,SO,, DMSO 39%: b) TIPDSCI,, Py, 93%; ¢) PhSH, BF;- Et,0, CH,Cl,, 74%;
d) NaOMe, MeOH;; ¢) PhCH(OMe),, TsOH, 92% over the two steps; f) NaH, BnBr, DMF; g) NaCNBH;, HCl,
ET,0; h) Ac,0, NEt;, DMAP, CH,Cl,, 70% over the three steps; i) NBS, H,0, Me,CO, 93%; j) Cl;CCN, K,CO;,
CH,Cl,, 89%; k) 6, TMSOTH, Et,0, 75% (a/B, 3:2); 1) NH;, MeOH, quantitative.
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The preparation of 4 was carried out following the synthetic
strategy previously reported by us('®l as shown in Scheme 2.
The myo-inositol (12) was desymmetrised over the course of a
one-pot reaction as originally reported by Bruzik,*® and the
optically pure ketal 13 was treated with the bifunctional
protecting agent 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane
(TIPDSCI,) to give diol 6 (39 % overall yield from commer-
cially available 12) which can
be regioselectively glycosylated
at the 6-position.’” Regio- and
stereoselective glycosylation of
6 is most conveniently per-
formed!"®! by using the trichloro-
acetimidate procedurel®! with
2-azido-2-deoxy glycosyl do-
nors that bear protective group
patterns compatible with the

[, :g 2 - 2(: further transformations re-
quired and designed to provide
an acceptable reactivity —selec-
tivity balance in the subsequent

0 glycosylation reaction. These
glycosyl donors, such as 7, are
easily accessible from commer-

L-CAMP

L-CAMP
0 R=0Ac cially available 2-amino-2-de-
4 R=H oxy sugar hydrochlorides

through a diazo-transfer reac-
tion from triflic azide, previous-
ly reported by us,*! which af-
fords peracetylated derivatives,
such as 14, in a one-pot manner
in three steps. The subsequent transformations of these
peracetates to give glycosyl donors with an appropriate
substitution pattern is most conveniently carried out!'® ®! via
a phenylthioglycoside intermediate, such as 15, owing to the
stability and additional versatility of this function.[®*%* Thus
trichloroacetimidate 7 was readily prepared from 15 by using
the sequence indicated in Scheme 2. Coupling of 6 with 7 in
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diethyl ether at room temperature with trimethylsilyl triflate
(TMSOTY) as a promoter resulted in exclusive 6-O-glycosyl-
ation with good yield (75 %), but poor stereoselectivity (a/f
3:2). A better stereochemical outcome (a/f 5.5:1) was
observed when trichloroacetimidate 22 was used as glycosyl
donor, but in this case the regioselectivity decreased and an
appreciable amount (16 %) of 5-O-linked pseudodisaccharide
(24) accompanied the desired 6-O-linked regioisomer (23) in
the reaction mixture (Scheme 3). Since the mixture 20e:
208 (Scheme 2) showed a good separation factor and
compound 20 is a convenient building block for the
construction of substances related to the insulin mimetic
structures reported by Miiller et al.,['*] the route depicted in
Scheme 2 was finally preferred. The key building block 4 was
prepared by treatment of 20a with liquid ammonia in
methanol, as an attempted Zemplén deacetylation of the
latter resulted in simultaneous migration of the silyl protect-
ing group.

P\ O o
o
a B Cc
17 —— X —

N3

21 X=OH
b, 2% X=OCNH)CCl

P\ O o
B

The preparation of 5 was carried out as outlined in
Scheme 4 by using the sulfoxide glycosylation reaction.>!
This method has been successfully used for the synthesis of
glycosides and oligosaccharides both in solution®®! and in the
solid phase.[® It also appears to be particularly attractive with
regard to its potential application in new chemoselective
glycosylation strategies (such as the “one-pot sequential
glycosylation”)ll as previously described for the synthesis
of the cyclamicin O-trisaccharide.l These potential advan-
tages and our previous positive experience with this glyco-
sylation methodology®” ®! encouraged us to explore its scope
and limitations further. The synthesis of 5 was envisaged from
mannose pentaacetate (25) from which both the thioglycoside
glycosyl acceptor 8 and the sulfoxide glycosyl donor 9 were
obtained via the key thioglycoside intermediates 27 and 11,
respectively. To secure the 1,2-frans stereochemistry of the
glycosidic linkage™ and in order to avoid ortho-ester
formation,[3 which is particularly likely to occur when

P\ O o
o)
B
HO O N
N3 / o 30 O
OEE/ 7TPoS + H ~-0—TPDs
o) o) -
N 0. o)
L-CAMP }CAMP
24

Scheme 3. a) NBS, H,0, Me,CO, 90%:; b) CL,CCN, K,CO,, CH,CL, 89%; c) 6, TMSOTY, EtO,. 23: 64% (a/B, 3:2) 24: (16%).

TBDPS oH Ac

Hi -Q
H b, c Ac

-— A

27 al,

R OBn
B -Q
B
SPh
28 R=TBDPS
e[ .5 RooH
|
B OR
B oo
B
B
B

SPh

33 R=Piv
o[, 3 Ron

OAc OEt

f.g,h
X

25 X=Ac
26 X =SPh

X
30 R=X=Ac

31 R=Ac, X=SPh
32 R=H,X=SPh

11 R=Piv, X=SPh
9 R=Piv, X = S(O)Ph

35 X=SPh —1 > 5a X=S(O)Ph
%36 X = OH

5b X = OC(CN)CCls

Scheme 4. a) PhSH, BF;- Et,0, CH,Cl,, 86%; b) MeONa, MeOH, 94%; c) TBDPSCI, imidazole, THF, 87%; d) NaH, BnBr, DMF, 76%; ¢) TBAF, THF,
90%; f) HBr, AcOH; g) 2,6-lutidine, CH,Cl,, EtOH; h) NaOMe, MeOH; i) AcOH, Ac,0, Py, 80% over the five steps; j) PhSH, BF;- Et,0, CH,Cl,, 79%;
k) NaOMe, MeOH, quantitative; 1) PivCl DMAP, Py, 81 %; m) mCPBA, CH,Cl,, 80 %; n) 9, Tf,0, DTBMP, Et,0, —60°C to rt, 88 %; 0) MeONa, MeOH,
THEF, 60°C, 97 %; p) 9, Tf,0, DTBMP, Et,0, —60°C to rt, 73 %; q) mCPBA, CH,Cl,, 90 %; r) NBS, H,0, Me,CO, 80%; s) Cl;CCN, DBU, CH,Cl,, 70%.
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using the sulfoxide glycosylation method,™! the participating
neighbouring group at C2 in 9 was set up as pivaloate. The
glycosylation reaction of 8 with 9 under diethyl ether with
triflic anhydride as promoter yielded 33 stereoselectively in
88% yield. Removal of the pivaloate group in 33 and
subsequent glycosylation of the resulting disaccharide 34 with
9 in the above conditions yielded 35 with excellent stereo-
selectivity in 73 % yield. The thioglycoside group in 35 was
then oxidised to give sulfoxide 5a which can be used directly
as a glycosyl donor in the subsequent glycosylation reaction.
This oxidation, and that previously performed on thioglyco-
side 11 to obtain sulfoxide 9, were carried out with mCPBA in
dichloromethane at low temperature and in both cases
afforded almost exclusively one diastereomer. As a conse-
quence of the higher accessibility of the pro-R lone pair, this
will most likely have the R absolute configuration at the
sulfinyl sulfur, as recently shown by X-ray crystallography.[””!
The complete reaction sequence depicted in Scheme 4 con-
stitutes a further example of the potentiality of the sulfoxide
glycosylation method, it compares well with other glycosyla-
tion procedures and strategies already used to construct the
trimannosidic moiety of the conserved linear structure of the
GPI anchors.[?+28]

The glycosylation of 4 with 5a (Scheme 1) was then
investigated under different experimental conditions since a
stochiometric ratio of 2:1 donor-acceptor, as established for
the sulfoxide glycosylation method is not acceptable when
elaborate donor structures such as 5a are involved. Unfortu-
nately the results were discouraging when no excess of the
donor was used and we turned to the trichloroacetimidate
method for the final glycosylation step (Scheme 5). Thiogly-
coside 35 was transformed in two high-yielding steps into
trichloroacetimidate 5b (Scheme 4). Glycosylation of 4 with
5b (Scheme 5) in methylene chloride at room temperature, in
the presence of TMSOT( as promoter, afforded pseudopen-
tasaccharide 37 with excellent stereoselectivity in 74 %
isolated yield. The structure of 37 was confirmed by its
13C NMR spectrum, which showed four signals for anomeric
carbons at 0=95.8, 99.2, 99.4 and 99.6 with 'J; values
between 1714 and 1759 Hz. These data unequivocally

m

4450 —> HO
HO

‘@/

L-CAMP

O— TIPDS

37

@ﬂn -
m"é&ﬂ

indicate the a-configuration of the newly formed glycosidic
linkage. The sequence was then completed by removal of the
TIPDS protection, depivaloylation and perbenzylation to give
39. The L-camphor ketal was then removed and the resulting
diol (3) reacted with N-pyridinium phosphodichloridate./
Final hydrogenolysis in the presence of 10 % Pd on charcoal in
buffered medium gave pseudopentasaccharide 1a which was
purified by ion exchange chromatography.

Conformation: The three-dimensional solution structure of
the GPI anchor glycan of Trypanosoma brucei VSG was
determined ten years ago by using NMR spectroscopy
together with molecular orbital calculations and restrained
molecular dynamics simulations.””! From this study it was
concluded that the molecule exists in an extended conforma-
tion that undergoes large torsional oscillations about a(1 — 6)
linkages, with extreme torsional fluctuations of hydroxyl and
free hydroxymethyl groups on the picosecond timescale.
Advances in NMR instrumentation as well as in computa-
tional power, software and protocols during the last ten years
have now allowed the conformational study of the linear
pseudopentasaccharide 1a to be approached from a more
advantageous position. Furthermore, in the present inves-
tigation, the lack of tetragalactopyranosyl branching in
structure 1a, which is present in the glycan chain of the GPI
anchor of the VSG of Trypanosoma brucei, has simplified the
structural problem and permitted experimental evidence to
be obtained that defines the Mana(l — 6)Man linkage
dynamics in 1a as a fast 60:40 equilibrium between gg and
gt rotamers. In addition, this reinforces the previous data on
the flexibility of the glycan by simultaneous observation of
positive and negative NOEs as a function of the position of
the different protons along the glycan chain.

The solution structure of 1a has now been studied by using
a combination of NMR spectroscopy and molecular mechan-
ics calculations. As a consequence of the expected flexibility
of this structure, the calculation protocol was based on
unrestrained molecular dynamics simulations rather than on
the study of all four single glycosidic linkages by using
adiabatic maps. Molecular mechanics calculations were per-

m

(0]
OBn 1a
,,ODEXE -0
[o} Ns| BnO OH
EA& N
H OBn
LCAMP

38 R'=Piv,R?=H
c,d ’
39 R'=R2=Bn

Scheme 5. a) TMSOT{, CH,Cl,, rt, 74%; b) TBAF, THF, 84%; c) CF;CO,H, wet CH,Cl,, 60%; d) NaOMe, MeOH; e¢) NaH, BnBr, DMF; f) MeOP(O)Cl,,

Py; g) H,, 10% Pd/C, 60% over the two steps.
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formed by means of the Senderovich-Stille AMBER all atoms
reparametrisation for pyranoses™ optimised for use in
combination with the continuum model for solvent general-
ised Born/solvent accessible surface area (GB/SA).'”! Three
different starting structures, corresponding to the three
possible Mana(1 — 6)Man rotamers, were considered for the
dynamics simulation. The gr conformer was taken from a
Monte Carlo multiple minimum global search,® 8! while the
gg and the tg conformers were manually built from the gt
conformer. A 2.0 ns molecular dynamics simulation was run
for each of these starting structures. The gt conformer was
stable along the whole trajectory, while the gg persisted for
just over one nanosecond, before becoming gt and the tg
conformer flipped over to the gt in a few picoseconds
(Figure 1). This unstable g rotamer was therefore not
considered in the subsequent investigations. The prediction
of two stable conformers (gr and gg), but not their relative
energies, is in agreement with NMR data.®?

a) 180 4

120 4

60
w/* 04 . . W
-60 o are TSl

-120
18047177 — T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2
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w/® 0 X L
-60 3 ST,
-120 . N ’
-180 esipaadpdelyincifuidiiidigdit Sinpanpbaglds w171
00 02 04 06 08 1.0 1.2 14 16 18 20

t/ns

Figure 1. Trajectory plots for 4-Mana(l — 6)3-Man linkage, w torsion
angle of the MD simulations of compound 1a for a) g, b) gr and ¢) gg
starting structures.

The two molecular dynamics runs were in agreement with
an extended structure with the glycosidic linkages fluctuating
within a well-defined area of the conformational space
(Figure 2). All angles resided in a narrow region along the
trajectory, as could be predicted by the exo-anomeric effect,
and the 1 angles also appeared with a well defined but wider
distribution. As expected, the highest conformational flexi-
bility was predicted for the Mana(l — 6)Man connection
(Figure 2¢). The torsional angle mean values and their
standard deviations (Table 1) were in agreement with this
extended disposition of the different residues with the
exception of the Mana(1 — 2)Man structural motif, for which
the values were consistent with a stacked orientation of the
monosaccharide units; this is a consequence of the axial -
axial arrangement of this glycosidic linkage. The 4000 molec-
ular dynamics structures were grouped by using as criterion
the root mean square distance (rmsd) between the positions of
the heavy atoms. The superposition of representative struc-
tures (Figure 3) shows how the overall contribution of the
individual local fluctuations of the glycosidic linkages causes
the molecule to cover a considerably large conformational
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Figure 2. Instantaneous values of @ versus ¥ during the time course of
molecular dynamics runs for: a) 2-GlcNa(1 — 6) 1-Ins; b) 3-Mana(1 — 4)2-
GIcN; ¢) 4-Mana(l —6)3-Man and d) 5-Mana(l —2)4-Man, for o
4-Mana(1 — 6)3-Man gg conformer, triangles and g, circles, values.

Table 1. @ and ¥ torsional angle mean values and their standard deviation
along the MD trajectories for gg and gt conformers.

Linkage gg [°] gt [°] gg [°] gt [°]

2-GleNa(1 —5)1-lns @1 —37+14 —38+16 W1 —12426 —14429
3-Mana(l —»4)2-GIeN @2 —394+17 —37420 ¥2 —33+16 —34+15
4-Mana(l —6)3-Man @3 —147+13 —46+18 W3 —143+£40 —179+31
5-Mana(l —»2)4-Man &4 —38+11 —38+12 W4 —25+28 —23430

space. These calculations predict a hingelike global movement
for glycan 1a which may be considered to be related to the
structural function of the GPI anchors that act as a bridge
between the anchored protein and the lipid moiety embedded
into the cellular membrane.

The 'H and *C NMR spectra of 1a were assigned by using a
combination of standard correlation spectroscopy, HMQC
techniques, and double-pulsed field-gradient spin echo-
(dpfgse) one-dimensional TOCSY and one-dimensional
NOESY. Chemical shift and coupling constant data are given
in the Supporting Information. The observed coupling con-
stants, which indicated a monoconformational behaviour of
the pyranose and cyclitol rings, were in agreement with the
values calculated, with the Altona equation,®! for the Monte
Carlo minimised minimum-energy conformation. The exper-
imental values for the three-bond *'P-'H couplings were also
in agreement with those calculated by using an equation of the
Karplus type previously reported.!®

The inter- and intraresidue NOEs for 1a were obtained
through NOESY by using five mixing times between 100 and
500 ms at 283 K and 500 MHz. Three close key contacts not
previously reported””! have now been detected: 4-Man H1
with 3-Man H6a and H6b, and 4-Man H1 with 5-Man H3.

0947-6539/00/0619-3613 $ 17.50+.50/0 3613





FULL PAPER

M. Martin-Lomas et al.

Figure 3. Best fit superimposition of fifty representative structures of the MD runs of a) gg conformer, b) gt conformer and c) both.

Cross-relaxation rates (0N°F) were obtained from these values
by extrapolation of [Z;(t,)/;(t,)]/t,, versus t, to zero mixing
time.[®] The interprotonic distances were evaluated by taking
the nearest H1-H2 distance as a reference to make the
evaluation less sensitive to deviations in the local correlation
times due to segmental motions. These interprotonic distances
were in good agreement with the (r—%) average calculated over
the 4000 structures collected during the molecular dynamics
runs (Table 2), thus validating the performed simulations. It

Table 2. Experimental and calculated interprotonic distances [A] for 1.

Proton pair Exptl Calcd
H1 GIcN-2/H6 Ins-1 2.36 2.33
H1 Man-3/H4 GInN-2 2.23 2.46
H1 Man-4/H6b Man-3 2.67 2.83
H1 Man-4/H6a Man-3 2.20 2.37
H1 Man-4/HS Man-5 2.60 2.67
H1 Man-4/H3 Man-5 3.03 4.59
H1 Man-5/H2 Man-4 2.30 2.30

can therefore be concluded that this unrestrained molecular
dynamics simulation provides a fair description of the solution
structure of glycan 1a.

The local conformation around the w torsion angle of the
a(l —6) glycosidic linkage could be determined from the
coupling constant values (Jysues=1.8Hz and Jysyer=
549 Hz) and NOE experimental data (4-Man H1 3-Man
H6R/H6S). The stereochemical assignment of the methylenic
protons was carried out after comparison of the (r°)
molecular dynamics averaged distances with the experimental
distances. A ratio of gg/gt/tg of 60:40:0 was obtained by using
three different sets of equations from the experimental
data.[84* 86, 87]

An interesting spectral feature is that a higher temperature
NOESY (298 K) is close to the zero crossing point of the NOE
and weak positive and negative cross peaks were observed
(Figure 4). This behaviour reflects a dispersion of the
correlation times of interprotonic vectors faster and slower
than the NOE-narrowing limit condition (wt,=1.2). With
regard to the structure, the negative NOEs are related to the
inner protons and the positive ones to the external residues.

3614
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Figure 4. Expansion of NOESY spectra of 1a (500 ms) at 298 K showing
the key intraresidue NOE: Dashed lines, negative contours and positive
NOE; filled lines, positive contours and negative NOE.

Although anisotropy can obscure the interpretation of
segmental mobility influence on NOE, in this case, in spite
of the apparent cylindrical shape of the molecules, no
evidence of this behaviour was found as the distances
calculated, by assuming isotropic motion, fit with the pre-
dicted ones. This observation provides experimental evidence
that the faster local movements correspond to the extremes of
the molecule, as could be expected from the predicted
hingelike behaviour of the molecule in the molecular
dynamics simulation.

In summary, the structure la may be described as an
extended, relatively flexible structure. This relative flexibility
is the result of the contribution of its four glycosidic linkages,
all of which, with the exception of the w torsion of the 1 — 6
link, reside in one single global minimum but oscillate within
the potential-energy well. Although in some previous studies
which used more simple but structurally related models, we
characterised an additional local low populated minimum for
the glucosamine-myo inositol a(1 — 6) glycosidic linkage, this
minimum could not be observed for 1a. This fact, however,
cannot be considered as definitive evidence of a single
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minimum situation for this glycosidic linkage in the case of 1a,
since the exclusive NOE for this conformation may become
undetectable as a result of either an unfavourable correlation
time or a smaller conformational population at the lower
temperature used for the NOESY experiments.

In conclusion, the pioneer work by Homans on the
structure of the GPI anchor glycan of Trypanosoma brucei
VSGI™ clearly established that, as a result of torsional
oscillations around the glycosidic linkages, it was not possible
to define a unique conformation for this molecule and
proposed the use of molecular dynamics as a suitable tool
for the prediction of the conformational behaviour of the
glycan. These have since become generally accepted concepts
in structural carbohydrate chemistry. Our present study on the
conformation of 1a has arrived at the same general conclu-
sions, although the major simplicity of this structure and the
high sophistication of the instrumentation presently available
have now permitted the disclosure of some more detailed
structural features. These include the characterisation of the
dynamics of the a(1— 6) glycosidic linkage as a 60:40 fast
equilibrium between gg and gt rotamers and the experimental
evidence of the flexibility of the core GPI glycan structure on
the basis of the simultaneous observation of positive and
negative NOE values.

The above structural data on compound 1a and those on
other IPG-like molecules previously carried out in our
laboratory!'® *!l are of major importance in structure —activi-
ty relationship studies involving these molecules and enzymes
with well-defined binding-site geometries such as PKA! and
glycogen synthase phosphatase 2C.

Biological activity: The IPG-like activity of compound 1a was
studied. Since naturally occurring IPGs have been shown to
mimic the lipogenic activity of insulin in adipocites and to be
inhibitors of the enzyme PKA (type A IPGs)Pl or activators of
PDH phosphatase (type P IPGs), the capacity of 1a to
produce these biological effects was investigated.

The assay of the activation of PDH phosphatase by 1a was
performed by using the spectrophotometric variant of the
two-stage system described by Lilley et al.’? Compound 1a
was examined at concentrations of 10~* and 10-°m. This
activity was also investigated in the presence of Zn>* (5 x
10->M) and Mn?** (10~5M) as it has been established that the
presence of these metallic cations influences the activity of
natural IPGs.'") There was no stimulation of PDH phospha-
tase above the base line found in compound 1a (data not
shown). Type P IPG from rat liver was simultaneously assayed
as a positive control. (Six microliters of this liver IPG, which is
equivalent to 100 mg liver extracted, gave a value of 103 %
above the base line.) It can therefore be concluded that
structure 1a does not behave as an IPG P-type mimetic.

Similar negative results were obtained when the ability of
1a to inhibit the enzyme PKA was determined by using a
colorimetric assay kit and a standard PKA preparation.
Structure 1a was found to be inactive in inhibiting this
enzyme, which is inhibited by A type IPGs, and this
unambiguously establishes that structure 1a is not an IPG
A-type mimetic (Figure 5).

Chem. Eur. J. 2000, 6, No. 19

Relative PKA activity/%

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

130
120 4
1104
100 -
90

©
o
1

[S )}
o O
1|

w
o
1

0 e
100

LA ey L0 e e L4 S LA

10 1 0.1 0.01 1E-3
Structure 1a concentration/um

1E-4

Figure 5. Effects of structure 1a on the enzyme activity of PKA. No
statistically significant effect of 1a was found over the concentration ranges
tested (R=0.58, p =0.22).

Finally, structure 1a was not found to have any stimulatory
lipogenic activity in the absence of insulin, whereas natural
IPG A-type substances are able to stimulate lipogenesis under
these conditions (Figure 6). However, a small synergistic
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Figure 6. Effects of structure 1a on basal lipogenesis. The parallel dashed
lines indicate the percentage change from basal 4/ —25D. No statistically
significant values were found for compound 1a alone (e). Zinc (A) on its
own inhibited basal lipogenesis (15 %, 10~*m). This effect was reversed by
addition of 1a (m) which suggests that 1a was able to chelate the zinc and
prevent the zinc induced inhibition. The concentrations in the figure
indicate the following: (@) concentration of 1a (m) concentration of 1a in
the presence of a tenfold molar excess of zinc and (A) concentration of zinc.

stimulation was observed in the presence of insulin (Figure 7).
This synergistic activity of structure 1a could be effected by a
variety of mechanisms that may involve binding to the surface
of the adipocites, but not to stimulation of key metabolic
control enzymes within the cytoplasm, as proposed for
naturally occurring IPGs.

In summary, synthetic structure 1a, which contains the basic
structural features that may be expected for IPGs derived
from GPI anchors, does not show any significant IPG-like
activity. This may be taken as a strong indication that the
protein GPI anchors are not the precursors of the IPG
mediators.
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Figure 7. Effects of structure 1a (e) alone and zinc (A) alone on insulin
stimulated lipogenesis. At concentrations of 10~ and 10—m of compound
1a, a synergistic effect was seen with insulin. The stimulatory effect was
antagonised by the addition of tenfold molar excess of zinc (m), this
suggests that compound 1la may be able to complex with zinc. This
complex, however, appears to have no activity and further inhibits the
activity of 1a. The concentrations in the figure indicate the following: (e)
concentration of compound 1a, (m) concentration of 1a in the presence of a
tenfold molar excess of zinc and (A) concentration of zinc.

Experimental Section

General methods: All reactions were run under an atmosphere of dry
argon with oven-dried glassware and freshly distilled and dried solvents.
THF and diethyl ethr were distilled from sodium and benzophenone.
Dichloromethane and acetonitrile were distilled from calcium hydride.
Thin layer chromatography (TLC) was performed on silica gel GF,s,
(Merck) with detection by charring with phosphomolibdic acid/EtOH.
For flash chromatography, silica gel (Merck 230-400 mesh) was used.
Columns were eluted with positive air pressure. Chromatographic eluents
are given as volume to volume ratios (v/v). Routine NMR spectra were
recorded with Bruker Avance DPX300 (‘H, 300 MHz), Bruker Avance
DRX400 ('H, 400 MHz) and Bruker Avance DRX3500 (‘H, 500 MHz)
spectrometers. Chemical shifts are reported in ppm and coupling constants
are reported in Hz. Spectra were referenced to the residual proton or
carbon signals of the solvent. High-resolution mass spectra were recorded
on a Kratos MS-80RFA 241-MC apparatus. Optical rotations were
determined with a Perkin-Elmer 341 polarimeter. Elemental analyses were
performed by using a Leco CHNS-932 apparatus. The organic extracts were
dried over anhydrous sodium sulfate and concentrated in vacuo.
0-(4-O-Acetyl-2-azido-3,6-di-O-benzyl-2-deoxy-a and [-D-glucopyrano-
syD)-(1— 6)-3,4-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-1,2-O-(-1,7,7-
trimethyl[2.2.1]bicyclohept-6-ylidene)-D-myo-inositol (20 and 208): A
mixture of 6!'> % (471 mg, 0.84 mmol) and 7 (352 mg, 0.61 mmol) in diethyl
ether (20 mL), which contained freshly activated 4 A molecular sieves
(400 mg), was stirred for 1 h at room temperature. The mixture was then
cooled to —40°C and treated with TMSOT in diethyl ether [185 uL of a
0.1m solution (18.3 um)]. After 30 min, solid sodium carbonate was added
and the mixture was filtered over Celite and concentrated. Flash
chromatography of the residue (hexane/EtOAc 9:1) gave 20a (285 mg,
48%) and 20 (152 mg, 26 %).

Compound 20«: 'H NMR (CDCl;, 500 MHz) 6 =7.50-720 (m, 10H,
arom.), 5.50 (d, J=3.4 Hz, 1H, H-1b), 5.17 (t, /=9.7 Hz, 1H, H-4b), 4.70
(d, Jemen =11.0 Hz, 2H, CH,Ph), 4.60 (d, J=12.1 Hz, 2H), 4.42 (m, 1H,
H-5b), 4.21(t, J=4.5 Hz, 1 H, H-2a), 4.06 (t, /] =5.9 Hz, 1H, H-3a), 4.01 (t,
J=9.7Hz, H-3b), 3.95 (dd, J =3.95,9.28 Hz, 1 H, H-1a), 3.87 (t,/ =9.2 Hz,
1H, H-6a),3.80 (dd,J=6.5,10.1 Hz, 1H, H-4a), 3.53 -3.42 (m, 4 H), 2.60 (s,
1H, OH), 1.85 (s, 3H, Ac), 1.97-0.88 (m, 38H), 0.84 (s, 3H), 0.83 (s, 3H);
3C NMR (CDCl;, 125 MHz): 6 =169.5, 138.1, 137.9, 1284, 128.2, 1279,
127.8, 1275, 1179, 95.9, 79.7, 78.0, 76.3, 75.8, 74.6, 73.3, 72.9, 72.4, 71.1, 68.7,
68.6, 63.0, 51.5, 48.0, 45.2, 45.1, 36.6, 29.6, 27.1, 24.7, 23.3, 20.9, 20.5, 20.2,
17.5,174,173,173,172,171,17.0,13.0,12.7,12.2,12.0,9.7; [a]5 +53 (c=1,
in CHCl;); elemental analysis calcd (% ) for Cs)H;sN;04,Si,: C 62.15, H 7.82,
N 4.35; found: C 62.04, H 8.15, N 4.27.
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Compound 204: 'H NMR (CDCl;, 500 MHz): 6 =7.33-7.25 (m, 10H,
arom.), 5.05 (t, /=9.1 Hz, 1H, H-4b), 4.81 (d, J=8.1 Hz, 1 H, H-1b), 4.70
(d, Jeen= 114 Hz, 2H, CH,Ph), 440 (d, J=11.9 Hz, 2H,), 4.20 (t, /=
4.6 Hz, 1H, H-2a), 3.90 (m, 2H, H-1a, H-3a), 3.82 (t, / =9.2 Hz, 1 H, H-6a
or H-4a), 3.71 (dd, /= 6.8, 10.1 Hz, 1H, H-4a or H-6a), 3.50 (m, 5SH), 3.40
(t,/J=9.5Hz, 1H, H-3b), 2.77 (s, 1H, OH), 1.56 (s, 3H, Ac), 1.56-0.92 (m,
38H), 0.79 (s, 3H), 0.74 (s, 3H); *C NMR (CDCl;, 125 MHz): 6 =169.6,
1379, 137.7,128.3, 128.2, 127.9, 127.7, 127.6, 117.5, 102.0, 82.0, 80.7, 80.3, 76.6,
75.5,74.7,74.3,74.3,73.5,72.9,72.6,71.7,70.2, 67.9, 65.8, 51.5, 45.0, 29.4, 27.0,
25.6,20.7,20.5,20.2,17.5,17.4,174,17.3,172,171, 170, 13.0, 12.7, 12.3, 12.0,
9.8. [a]3 — 16 (¢ =11in CHCL;); elemental analysis calcd for CsoH,sN;0,,Si,:
C 62.15, H 7.82, N 4.35; found: C 61.87, H 7.85, N 4.63.

0-(2-Azido-3,6-di- O-benzyl-2-deoxy-a-D-glucopyranosyl)-(1 — 6)-3,4-O-
(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-1,2- O- (L-1,7,7-trimethyl[ 2.2.1]bi-
cyclohept-6-ylidene-D-myo-inositol (4): Compound 20« (0.62 g, 6.1 mol)
was conventionally deacylated by treatment with liquid ammonia in
methanol to give compound 4. 'H NMR (CDCl;, 500 MHz): 6 =7.42-7.25
(m, 10H, arom.), 5.45 (d, J=3.5 Hz, 1H, H-1b), 4.90 (AB system, J 5=
11.2 Hz, Av=26.4 Hz, 2H, Bn), 4.57 (AB system, J,z =122 Hz, Av=
31.6 Hz, 2H, Bn), 425 (m, 1H, H-5b), 4.20 (t, /=5.1 Hz, 1H, H-2a), 4.04
(t,J=5.2Hz, 1H, H-1a), 3.90 (m, 3H, H-3a, H-4b, H-6b), 3.65 (dd, /=43,
10.5 Hz, 1H, H-6'b), 3.40 (t, J=9.6 Hz, H-5a), 3.33 (dd, J=3.5, 10.2 Hz,
1H, H-2b),2.50 (s, 1H, OH), 1.96-0.97 (m, 38 H), 0.84 (s,3H), 0.82 (s, 3H);
BC NMR (CDCl;, 125 MHz): 6 =138.3, 138.0, 128.6, 128.4, 128.0, 1279,
127.7, 1178, 96.1, 79.9, 79.4, 77.3, 77.0, 76.8, 76.3, 75.8, 75.0, 73.5, 72.8, 72.6,
72.3,69.7,69.5, 63.0,51.5, 48.0,45.2,45.1,29.6, 27.1,20.5, 20.2, 17.6,17.4,17.3,
172, 171, 170, 13.0, 12.7, 12.3, 12.0, 9.7. [0]5 +45 (c=1.0 in CHCL);
elemental analysis calcd (%) for C;xH73N;0,,Si,: C 62.36, H 7.98, N 4.50;
found: C 62.70, H 7.53, N 4.03.
0-(2-Azido-3-O-benzyl-4,6-O-benzylidene-2-deoxy-a-D-glucopyranosyl)-
(1— 6)-3,4-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-1,2-O-(L-1,7,7-tri-
methyl[2.2.1]bicyclohept-6-ylidene)-D-myo-inositol (23 @), 0-(2-azido-3-O-
benzyl-4,6-O-benzylidene-2-deoxy-f-D-glucopyranosyl)-(1 — 6)-3,4-O-
(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-1,2-O- (L-1,7,7-trimethyl[ 2.2.1]bi-
cyclohept-6-ylidene)-D-myo-inositol (23 ) and o-(2-azido-3-O-benzyl-4,6-
O-benzylidene-2-deoxy-a-D-glucopyranosyl)-(1 — 5)-3,4-0-(1,1,3,3-tetra-
isopropyldisiloxane-1,3-diyl)-1,2-O-(-1,7,7-trimethyl[2.2.1]bicyclohept-6-
ylidene)-D-myo-inositol (24): TMSOT( (29 uL, 0.16 mmol) at —20°C was
added to a solution of 22 (1.698 g, 3.22 mmol) and 6 (2.51 g, 4.51 mmol) in
dry diethyl ether (50 mL). The mixture was slowly warmed to 0°C (4.30 h),
then neutralized with solid sodium bicarbonate, stirred for an additional
30 min and filtered over Celite. After concentration under vacuo, the mixture
was purified by flash column chromatography (hexane/EtOAc 95:5—
75:25), which afforded three pseudodisaccharides 23 e (1.642 g, 1.78 mmol,
55%), 23 (0.287 g, 0.31 mmol, 9%) and 24 (0.473 g, 0.51 mmol, 16%).
Phenyl 2,3,4,6-tetra-O-acetyl-1-thio-z-D-mannopyranoside (26): Thiophe-
nol (5.3 mL), followed by boron trifluoride diethyl ether (2.5 mL), was
added to a solution of D-mannose pentaacetate 25 (20 g) in dry dichloro-
methane (60 mL). After 20 h at room temperature, the solution was diluted
with dichloromethane and was washed twice with saturated aqueous
sodium bicarbonate solution and then with water. The organic layer was
dried over sodium sulfate and concentrated under vacuum. The crude
mixture obtained was purified by column chromatography (EtOAc/
Hexane 7:3) to give 26 as a colourless oil (18.9 g, 83%). [a]5 + 107 (c=
1.07 in CHCLy); 'H NMR (CDCl;), 500 MHz): 6 =750-720 (m, 5H,
arom.), 5.50 (m, 2H, H-1, H-2), 5.35 (m, 2H, H-3, H-4), 4.55 (m, 1 H, H-5),
4.30 (dd, J=5.8, 12.2 Hz, H-6), 4.00 (dd, /=24, 12.2 Hz, 1H, H-6"), 2.15,
2.08, 2.05, 2.02 (4s, 4Ac); *C NMR (125 MHz, CDCl;): 6 =170.3, 169.7,
169.6, 169.5, 132.4, 131.9, 129.0, 127.9, 85.5, 70.7, 69.3, 69.2, 66.1, 62.2, 20.7,
20.5, 20.6; elemental analysis caled (%) for C,)H,,0,S: C 54.54, H 5.49;
found: C 54.23, H 5.41.

Phenyl 2,3,4-tri-O-benzyl-1-thio-¢-D-mannopyranoside (8): A solution of
26 (18.9 g, 42.8 mmol) in dry methanol was treated with a catalytic amount
of MeONa at room temperature. After 1h the reaction mixture was
neutralised with Amberlite IR-120 (H*), filtered and evaporated to give
the corresponding tetrol (10.9 g, 94 %). A solution of this crude product
(7.9 g, 29 mmol) and imidazol (5.96 g) in THF (60 mL) was treated with
TBDPS (9 mL) at 0°C. After 20 h saturated aqueous NH,Cl was added and
the mixture was extracted with CH,Cl,, washed with brine, dried over
sodium sulfate and concentrated to dryness. The residue was purified by
flash chromatography (MeOH/CH,Cl, 5:95) to give 27 (13.4¢g, 87%).
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'HNMR (CDCl;, 500 MHz): 6 =7.67-7.16 (m, 5H, arom.), 5.45 (brs, H-1),
4.20-3.80 (m, 6H, H-2, H-3, H-4, H-5, H-6, 6') 1.05 (s, 9H); “C NMR
(125 MHz, CDCl,): 6 =135.7, 135.6, 131.5, 129.9, 129.0, 127.8, 1274, 88.0,
72.77,72.2,72.1,70.1, 64.9, 27.0.

A solution of the above product (27,6.7 g, 13.1 mmol.) in THF (30 mL) was
added through a canula to a stirred suspension of sodium hydride (1.9 g)
and TBALI (catalytic amount) in THF (10 mL) at 0°C. After 15 min, benzyl
bromide (5.6 mL) was added and stirring was continued at room temper-
ature for 20 h. The mixture was then diluted with CH,Cl, and washed
successively with saturated aqueous NH,CI and brine, dried over sodium
sulfate and evaporated to dryness. The residue was purified by column
chromatography (Et,O/hexane 10:90) to give pure 28 (770 g, 76%) as a
colourless oil. 'H NMR (CDCl;, 500 MHz): 6 =7.70 (m, 4H, arom.), 7.40—
7.20 (m, 26 H, arom.), 5.59 (s, 1H, H-1), 4.94—4.45 (m, 6H, Bn), 4.20-3.80
(m, 6H), 1.03 (s, 9H); *C NMR (CDCl;, 75 MHz): 6 =138.9, 138.7, 138.6,
138.5,136.4,136.0, 135.5, 134.3,133.7,131.3, 130.0, 129.9, 129.3, 128.8, 128.7,
128.4, 128.3, 128.1, 128.0, 127.9, 1274, 86.0, 80.7, 77.6, 773, 77.0, 75.8, 75.1,
74.4,72.6,72.4,63.4,27.1, 19.7, 16.0.

A 1M solution of TBAF in THF (11.5 mL) was added dropwise to a solution
of 28 (7.0 g, 8.96 mmol) in THF (70 mL) at room temperature. After 7 h, the
mixture was treated with a saturated solution of NH,Cl in water and then
extracted with CH,Cl,. The organic layer was dried over sodium sulfate and
concentrated to dryness, and the residue purified by column chromatog-
raphy (EtOAc/hexane, 1:4) to afford 8 (4.37 g,90%) as a solid. [¢]¥ +73.3
(¢=1.0 in CHCl;); '"H NMR (CDCl;, 500 MHz): 6 =7.39-7.27 (m, 20H,
arom.) 5.50 (s, 1H, H-1) 4.95 (d, /=10.9 Hz, 1H, CH,Ph), 450 (m, 1H,
H-5),4.03 (t, /=9.4 Hz, 1H, H-4),3.99 (dd, /J=1.6, 1.1 Hz, 1 H, H-2), 3.88
(dd,/=9.2,2.9 Hz, 1H, H-3), 1.88 (dd, /= 6.7, 1.0 Hz, 1H, OH); "C NMR
(125 MHz, CDCl;): 6 =138.5, 138.3, 137.9, 134.1, 131.9, 129.2, 129.1, 128.6,
128.5, 128.4, 128.3, 128.2, 128.1, 128.0, 127.9, 1278, 127.7, 86.1, 80.2, 76.5,
75.4,74.9,74.7,73.5, 72.7, 72.5, 72.3, 62.2; elemental analyis calcd (%) for
C;3H;,S05: C 73.04, H 6.31; found: C 72.75, H 6.20.

1-(Phenylsulfinyl)-3,4,6-tri-O-benzyl-2-O-pivaloyl-1-deoxy-a-D-manno-
pyranoside (9): Thiophenol (6.3 mL, 61.7 mmol) and BF;-Et,O (5.21 mL)
were added to a solution of 3012 (22 g, 41.15 mmol) in CH,Cl, (60 mL) at
room temperature. The mixture was stirred for 2 h, then diluted with
CH,CI, (400 mL) and poured into water 8500 mL). The organic layer was
washed with a saturated aqueous solution of NaHCO; (2 x 200 mL) and
water (300 mL), dried over Na,SO, and concentrated. The residue was
purified by column chromatography (EtOAc/hexane, 1:4) to afford 32
(18 g,79% a/f, 35:1) as a colourless oil. 'H NMR (CDCl;, 500 MHz): 6 =
7.60-715 (m, 20H, arom.), 5.80 (dd, J=3.2, 1.1 Hz, 1H, H-2p), 5.65 (dd,
J=28, 1.6 Hz, 1H, H-2a), 5.55 (d, J=1.6 Hz, 1H, H-1a), 488 (d, J=
1.1 Hz, H-1p), 4.48-4.42 (m, 8H, CH,Ph), 435 (m, 1 H, H-5a), 4.30-3.65
(m, 5H), 3.55 (m, 1H, H-58), 2.55 (s, 3H, Ac), 2.15 (s,3H, Ac); *CNMR «a
anomer (CDCl;, 125 MHz): 6 =170.2,138.2,138.1, 137.5, 133.6, 131.7,128.9,
128.4,128.3,128.2,128.1, 127.8, 127.7, 127.6, 127.5, 86.1, 78.4,75.2, 74.4, 73.3,
72.4,71.8,70.3, 68.7, 21.0.

A 1M solution of NaOMe in MeOH (4 mL) was added to a solution of 32
(18 g, 32.57 mmol) in MeOH (50 mL). After stirring for 1h at room
temperature, the reaction mixture was neutralised with Amberlite IR-120
(H*). The resin was then filtered off and the solution concentrated to give
crude 32 as a colourless oil that was dissolved in pyridine (75 mL). A
catalytic amount of DMAP and pivaloyl chloride (12 mL) were added to
this solution with stirring. Stirring was continued for 60 h at room
temperature, then MeOH (50 mL) was added and the solution concen-
trated to dryness. The residue was dissolved in CH,Cl, (400 mL) and
washed successively with 10% HCI (50 mL), saturated aqueous NaHCO;
and brine. The organic layer was dried over Na,SO,, concentrated and
purified by column chromatography (EtOAc/hexane, 1:15) to give 11
(16.5 g, 81 %). Data for the a-anomer: 'H NMR (CDCl;, 500 MHz): 6 =
7.70-7.30 (m, 20H, arom.), 5.75 (s, 1H, H-2), 5.60 (s, 1 H, H-1), 4.52 (AB
system, J =10.8 Hz, 2H, CH,Ph), 4.75 (AB system, J=11.1 Hz, CH,Ph),
4.70 (AB system, J = 12.0 Hz, CH,Ph), 4.50 (m, 1 H, H-5), 4.10 (m, 3H, H-2,
H-3, H-4), 4.00 (dd, 1H, J=10.8, 4.5 Hz, H-6), 3.90 (dd, 1H, J=10.8,
1.26 Hz, H-6'), 1.35 (s, 9H, Piv); 3C NMR (CDCl;, 125 MHz): 6 =177.6,
138.5,138.4,133.8,132.3, 129.2, 128.5, 128.4, 128.2, 128.1, 127.9, 127.8, 127.7,
127.6, 1275, 86.5, 78.9, 75.4, 74.5, 73.3, 72.5, 71.6, 69.9, 69.1, 39.1, 27.3.

A solution of m-chlorobenzoic acid (m-CPBA) (60 %) in CH,Cl, (30 mL)
was added through a canula to a solution of 33« (9.4 g, 15 mmol) in CH,Cl,
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(30 mL) at —78°C. After addition of saturated aqueous NaHCO; (50 mL),
the organic layer was washed with brine, dried and evaporated to dryness.
The residue was purified by column chromatography (EtOAc/hexane,
1:5—1:2) to give 5.76 g of the less polar isomer, 0.63 g of the more polar
isomer and 1.38 g of the mixture of both sulfoxides (total yield 81 % ). Data
for the major isomer: 'H NMR (CDCl;, 500 MHz): 6 =7.65-7.10 (m, 20 H,
arom.), 6.00 (dd, J=4.6, 2.4 Hz, 1H, H-2), 486 (d, /=108 Hz, 1H,
CH,Ph), 477 (d, J=11.1Hz, 1H, CH,Ph), 457 (d, J=11.6Hz, 1H,
CH,Ph), 4.54 (d,J = 1.7 Hz, 1 H, H-2), 4.52-4.42 (m, 4H, CH,Ph), 4.28 (dd,
J=93,32Hz, 1H, H-3), 4.18 (m, 1 H, H-5), 3.84 (t, J=9.7 Hz, 1 H, H-4),
3.73(dd,J =10.7,1.9 Hz, 1 H, H-6), 3.65 (dd, /= 10.7,5.4 Hz, 1 H, H-6"), 1.15
(s, 9H, Piv); elemental analysis calcd (% ) for C;3H,,SO;: C, 71.00; H, 6.58;
S, 4.99. Found: C, 71.05; H, 6.38; S, 4.66.

Phenyl 2,3,4-tri-O-benzyl-6-0-(3,4,6-tri-O-benzyl-2-O-pivaloyl-a-D-man-
nopyranosyl)-1-thio-¢-D-mannopyranoside (33): A solution of 9 (1.03 g,
1.6 mmol) in diethyl ether (40 mL) at —78°C was treated with triflic
anhydride (0.135 mL, 0.8 mmol). After 5min, a mixture of 8 (0.43 g,
0.8 mmol) and DTBMP (0.98 g, 4.8 mmol) in diethyl ether (10 mL) was
added dropwise. The reaction mixture was stirred while the temperature
was allowed to rise from —60 to —10°C, then hydrolysed by addition of
saturated aqueous NaHCO;, extracted with CH,Cl, (4 x 100 mL), dried
over sodium sulfate and concentrated. The crude mixture was purified by
flash column chromatography (Hexanes/EtOAc, 10:1) to give 33 (601 mg,
71%, 88% on 100 mg scale)[a]’+44.68 (c=1.09 in CHCL); 'H NMR
(500 MHz, CDCl;): 6=740-7.00 (m, 30H, arom.), 5.55 (d, /=12 Hz,
H-1c), 5.41 (t, J=2.4 Hz, H-2d), 4.88 (d, J=1.5, 1H, H-1c), 473 (d, J=
11.1 Hz, CH,Ph), 4.65 (d, /J=10.8 Hz, CH,Ph), 4.56 (d, /=123 Hz,
CH,Ph), 450 (d, /=12.1 Hz, CH,Ph), 4.60 (m, 4H, CH,Ph), 422 (dd,
J=423,9.7Hz, H-5d), 3.99 (t, J=2.6 Hz, 1H, H-2c), 3.93 (m, 3H, H-3d,
H-4c, H-6¢), 3.86 (t,/=9.6 Hz, 1H, H-4c), 3.83 (dd, /=9.2, 2.9 Hz, H-3c),
3.79 (ddd,J=3.7,9.7, 1.5 Hz, H-5c), 3.92 (m, 2H), 3.62 (dd, /= 1.5, 10.8, Hz,
H-6d), 1.19 (s, 9H, Piv); *C NMR (125 MHz, CDCL;): 6 =177.5, 138.6,
138.5,138.5,138.4,138.3, 138.1, 138.0, 134.8, 131.0, 129.2, 128.8, 128.5, 128 4,
128.3,128.3, 128.2, 128.1, 128.1, 128.0, 128.0, 127.9, 127.9, 127.8, 127.8, 127.7,
127.6, 1275, 98.1, 85.5, 80.3, 76.3, 75.2, 75.1, 74.8, 74.2, 73.1, 72.2, 72.0, 71.4,
71.1, 68.9, 68.0, 66.8, 27.2; elemental analysis caled (%) for C4H700;S: C
73.70, H 6.66; found: C 73.73, H 6.73.

Phenyl 2,3,4-tri-O-benzyl-6-O-(3,4,6-tri-O-benzyl-a-D-mannopyranosyl)-
1-thio-a-D-mannopyranoside (34): A solution of 33 (1.26 g, 1.19 mmol) in
dry methanol (15 mL) and THF (5 mL) was treated with a 1M solution of
MeONa in MeOH (2.5 mL). The reaction mixture was heated to 65°C
overnight, then neutralised with Amberlite IR-120 (H*), the resin filtered
off and the solution evaporated. The crude mixture was purified by flash
column chromatography (EtOAc/hexane, 1:1.5) to give pure 34 (1.12 g,
97 %) as a colourless oil. [a]Z +60° (¢ =0.7 in CHCl;); "H NMR (500 MHz,
CDCly): 0 =7.44-713 (m, 30H, arom.), 5.57 (d,/=1.5 Hz, 1H, H-1c), 5.04
(d,J=1.5Hz, H-1d),4.75 (d, /=11.0 Hz, 2H, CH,Ph), 4.69 (d, /= 10.8 Hz,
2H, CH,Ph), 4.68 (d, J=12.2 Hz, 2H, CH,Ph), 4.58 (d, /=10.8 Hz, 2H,
CH,Ph), 4.60 (m, 4H, CH,Ph), 424 (ddd, /=4.9, 1.5, 9.7 Hz, 1H, H-5c),
4.08 (s, 1 H, H-2d), 4.04 (dd, J=2.9, 1.5 Hz, 1H, H-2c), 3.98 (t,/=9.7 Hz,
1H, H-4c), 3.96 (dd, /=114, 49 Hz, 1H, H-6c), 3.85 (dd, J=8.9, 3.1 Hz,
H-3d), 3.90 (t, /= 9.4 Hz, H-4d), 3.81 (ddd, J=4.1, 1.8, 9.4 Hz, H-4d), 3.76
(dd, J=15Hz, H-6'c), 3.71 (dd, /=10.7, 41 Hz, H-6'd), 3.64 (dd, J=
1.8 Hz, H-6d), 2.39 (s, 1H, OH); *C NMR (125 MHz, CDCl;): 6 =138.6,
138.4,138.3,138.1, 1379, 137.9, 134.7,131.0, 129.2, 128.5, 128.5, 128.5, 128 4,
128.3,128.3,128.2, 128.0, 127.8, 127.7, 127.6, 127.3, 99.6, 85.9, 80.3, 79.7, 76.8,
75.2,75.1,74.7,74.2,73.4,72.5,72.1,71.6, 71.0, 68.8, 66.5; elemental analysis
caled (%) for CgsH,0Oy;S: C 73.90, H 6.20; found: C 74.19, H 6.25.

Phenyl 2,3,4-tri-O-benzyl-6-0-[3,4,6-tri-O-benzyl-2-O-pivaloyl-a-D-man-
nopyranosyl)-a-D-mannopyranosyl]-1-thio-a-D-mannopyranoside (35): A
mixture of 9 (189 mg, 0.29 mmol) and DTBMP (8230 mg, 1.1 mmol) in
CH,Cl, (12 mL) was treated with triflic anhydride (24.7 pL) at — 78 °C. The
reaction was stirred for 5 min, then acceptor 34 (319 mg, 0.5 mmol) in
CH,Cl, (4 mL) was added dropwise at —60°C. Stirring was continued for
1 h while the temperature was allowed to rise to 0°C. The reaction mixture
was hydrolysed with saturated aqueous NaHCO; (30 mL), extracted with
CH,Cl, (3 x20mL), dried over sodium sulfate and concentrated. The
crude mixture was purified by flash column chromatography (hexanes/
EtOAc, 3:1) to give pure 35 (161 mg, 73%). [a]5+37 (c=1.16 in CHCL;);
'"H NMR (500 MHz, CDCl;): 6 =745-7.00 (m, 45H, arom.), 5.54 (d, J=
1.2 Hz, 1H, H-1c), 5.50 (t, J=2Hz, 1H, H-2e), 5.02 (d, J=15Hz, 1H,
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H-1e),4.96 (d,J=1.4 Hz, 1 H, H-1d), 4.70-4.30 (m, 18 H, CH,Ph), 4.20 (m,
1H, H-5¢), 4.02 (s, 1H, H-2d), 3.97 (m, 2H, H-2¢c, H-3d), 3.95-3.55 (m,
13H), 1.11 (s, 9H, Piv); *C NMR (125 MHz, CDCl,): 6 =177.3,138.7,138.6
(x2), 138.4 (x2), 138.3, 138.1, 1379, 99.5, 99.1, 84.4, 128.6, 128.5, 128.3,
128.3, 128.2, 128.1, 128.0, 128.0, 127.9, 127.8, 127.7, 127.6, 127.6, 127.5, 1274,
1273, 127.2,79.6, 79.1, 78.3, 76.8, 75.1, 75.1, 75.0, 74.8, 74.7, 74.5, 74.2, 73.2,
73.1,72.3,72.0,71.9, 71.8, 71.7, 71.4, 69.0, 68.2, 67.3, 27.2; elemental analysis
caled (%) for Cy,HogOyS: C 74.07, H 6.62; found: C 74.17, H 6.42.

S and R (phenylsulfinyl) 2,3,4-tri-O-benzyl-6-O-[3,4,6-tri-O-benzyl-2-O-
(3,4,6-tri-O-benzyl-2-O-pivaloyl-z-D-mannopyranosyl)-z-D-mannopyrno-
syl]-1-deoxy-a-D-mannopyranoside (5a): A solution of m-CPBA (60 % ) in
CH,Cl, (0.30 mL) was added by syringe to a solution of 35 (36.9 mg,
0.0247 mmol) in CH,Cl, (1.5 mL) at —78°C. After 1.5 h, the reaction was
stopped by addition of saturated aqueous NaHCOj;, the organic layer was
washed with brine, dried over sodium sulfate and evaporated under vacuo.
The residue was purified by column chromatography (EtOAc/hexanes, 1:3)
to give 30.8 mg (83 %) of the less polar (major) isomer. 'H NMR (CDCl;,
500 MHz): =750 (d, J=76Hz, 2H, arom.), 740 (t, /=7.6Hz, 2H,
arom.), 7.30-7.11 (m, 46 H, arom.), 5.49 (t, /=2.2 Hz, 1H, H-2¢), 5.03 (s,
1H, H-1e), 4.90 (s, 1H, H-1d), 4.86 (d, J=10.96 Hz, 1H, CH,Ph), 4.85 (d,
J=10.7 Hz, 1 H, CH,Ph), 4.80 (d, J=11.0 Hz, 1 H, CH,Ph), 4.63-4.34 (m,
16H),4.16 (dd,J =3.1,9.1 Hz, H-3c),4.05 (m, 2H), 3.97 (dd, / =3.0,9.1 Hz,
1H, H-3e), 3.85 (m, 7H), 3.72 (dd, 1 H), 3.65 (m, 3H), 3.55 (m, 2H), 1.17 (s,
9H, Piv); ®C NMR (125 MHz, CDCL,): 6 =177.3, 142.2, 138.6, 138.5, 138.3,
138.2,138.1,138.0, 137.5, 131.2,129.4, 128.5, 128.4, 128.4, 128.3, 128 .2, 128.1,
128.1, 128.0, 127.9, 127.8, 127.7, 1276, 127.5, 1274, 127.3, 124.0, 99.5, 99.3,
95.9, 79.6, 79.1, 78.3, 77.1, 75.1, 75.0, 74.5, 74.4, 74.1, 73.7, 73.2, 73.1, 72.6,
72.1,71.9,71.8, 71.7, 71.4, 69.0, 68.2, 67.3, 60.4, 27.2.

2,3,4-Tri-O-benzyl-6-O-[3,4,6-tri-O-benzyl-2-0-(3,4,6-tri-O-benzyl-2-O-
pivaloyl-a-D-mannopyranosyl)-«-D-mannopyranosyl]-D-mannopyranoside
(36): A solution of 35 (381 mg, 0.255 mmol) in 99 % wet acetone (20 mL)
was treated portionwise with NBS (60 mg, 0.322 mmol) at —15°C. The
reaction mixture was stirred for 30 min with exclusion of light, then
neutralised with saturated aqueous NaHCO;, extracted with CH,Cl, (3 x
20 mL), dried over sodium sulfate and concentrated under vacuo. The
crude mixture was purified by flash column chromatography (EtOAc/
hexanes, 10:90) which gave 36 (348 mg, 98 % ) as a colourless oil in a 4:1 a/f3
mixture. 'H NMR (500 MHz, CDCl;): 6=5.00 (s, H-2ef), 5.47 (d, J=
14 Hz, H-2ea), 5.05 (s, H-1ef), 5.02 (s, H-1dB), 4.96 (d, J=22Hz,
H-1dp), 4.90 (s, H-1ca), 4.90—4.20 (m, 18 H, CH,Ph), 4.09 (t, J=2.6 Hz,
H-2da), 4.20 (s, H-2dp), 3.98 (dd, J=10.4 Hz H-3ea), 3.89 (m, 1 H, H-3da),
3.80-3.50 (m, 14H), 1.18(s, 9H, Piv); *C NMR (125 MHz, CDCl;): 6 =
177.3,138.5,138.5, 138.4, 138.3, 138.2, 128.5, 128 .4, 128.3, 128.2, 128.1, 128.0,
127.9, 1278, 127.8, 1277, 127.6, 127.6, 1275, 127.4, 98.6, 92.1, 79.9, 78.2, 75.3,
75.2,75.0,74.9, 74.4, 73.7, 73.3, 73.2, 72.5, 72.0, 71.8, 71.7, 71.5, 70.8, 69.7,
69.3, 68.1, 68.0, 27.7, 27.2; HRFABMS calcd for CgHy,O;NA: 1421.638872;
found: 1421.665 0540.

2,3,4-Tri-O-benzyl-6-O-[3,4,6-tri-O-benzyl-2-0-(3,4,6-tri-O-benzyl-2-O-
pivaloyl-a-D-mannopyranosyl)-a-D-mannopyranoside-trichloroacetimi-
date (5b): NaH (60 %, 15 mg), previously washed with hexanes, was added
to a solution of 36 (334mg, 0.239 mmol) and trichloroacetonitrile
(0.359 mL) in CH,Cl, (12 mL). After 2 h, the solvent was evaporated and
the mixture purified by column chromatography by using an Et;N
pretreated silica gel to give 5b (314 mg, 85%) as a colourless oil. Ry=
0.86; 'TH NMR (400 MHz, CsDg): 6 =8.65 (s, 1H, NH), 7.50-7.00 (m, 45 H,
arom.), 6.72 (d, /=1.8 Hz, 1H, H-1c), 5.95 (dd, J=3.0 Hz, 1 H, H-1e), 5.10
(d, /=111 Hz, 1H, CH,Ph), 5.08 (d, J=10.8 Hz, 2H, CH,Ph), 4.77-4.60
(m, 10H), 4.50 (m, 6H), 4.43 (t, 1H), 4.35 (m, 2H), 4.2 (m, 7H), 4.1 (dd,
1H), 4.03 (t, 1H), 4.0 (m, 3H), 3.86 (d, 1H), 3.76 (d, 1H), 1.2 (s, 9H, Piv);
elemental analysis caled (%) for CgHgNO,,Cly: C 68.45, H 6.14, N 0.9;
found: C 68.55, H 6.38, N 1.02.

0-(3,4,6-tri-O-benzyl-2-O-pivaloyl-a-D-mannopyranosyl)-(1 — 2)-O-
(3,4,6-tri-O-benzyl-a-D-mannopyranosyl)- (1 — 6)-0-(2,3,4-tri-O-benzyl-a-
D-mannopyranosyl)-(1 — 4)-0-(2-azido-3,6-tri-O-benzyl-2-deoxy-a-D-glu-
copyranosyl)-(1 — 6)-3,4-0-(1,1,3,3-tetraisopropyldisiloxanedi-1,3-yl)-1,2-
0-(L-1,7,7-trimethyl[2.2.1]bicyclohept-6-ylidene)-D-myo-inositol 37):
TMSOTf (1.6 pL, 0.008 mmol) was added to a mixture of 4 (114 mg,
1 equiv), 5b (210 mg) and 4 A molecular sieves in CH,Cl, (200 mg) at room
temperature. After 1h, the reaction mixture was neutralised with solid
NaHCOs;, filtered over Celite and evaporated. The crude mixture was
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purified by flash column chromatography (EtOAc/hexanes, 1:5) to give 37
(210 mg, 74 %) as a colourless oil. 'H NMR (500 MHz, CDCl,): 6 =7.30-
7.05 (m, 55H, arom), 5.49 (t,/=2.9 Hz, 1H, H-2e), 547 (d,/=3.5Hz, 1H,
H-1a), 5.31 (d, /J=1.6 Hz, 1H, H-1c), 4.99 (d, /=1.4 Hz, 1H, H-1d), 4.90-
475 (m, 3H, CH,Ph), 4.60-4.17 (m, 21 H), 4.05 (m, 2H, H-1a, H-2d), 3.96
(dd,J=8.7Hz,2.9 Hz, 1 H, H-3e), 3.90 (t, 1H, J=10.0, H-3b), 3.77 (m, 2 H,
H-4b, H-6b), 3.72 (t, J=2.2, 1H, H-2c), 3.66 (m, 1H, H-6'b), 3.27 (dd, /=
10.3,3.5 Hz, 1H, H-2b), 2.61 (s, 1H, OH), 1.98-0.90 (m, 38 H), 0.8 (s, 6 H);
BC NMR (125 MHz, CDClL): d =1772, 138.7, 138.6, 138.6, 138.5, 138.4,
138.3,128.2,137.9, 135.2,129.7,128.7, 128.4, 128.3, 128.3, 128.2, 128.1, 128.1,
128.0, 127.9, 127.6, 127.6, 127.5, 1274, 1274, 1273, 127.3, 127.2, 1270, 117.8,
99.9, 99.4, 99.2, 95.8, 80.2, 80.0, 79.4, 78.3, 76.3, 75.9, 75.8, 75.0, 74.8, 74.1,
73.9,732,73.1, 72.9, 72.3, 72.2, 72.1, 71.9, 71.9, 71.5, 71.4, 69.7, 69.1, 69.0,
68.2,66.7,63.2,51.6,48.0,45.3,45.1,38.9,29.7,29.5,29.4,27.2,27.1,20.5,20.2,
176, 175, 174, 173, 172, 171, 170, 13.0, 12.7, 12.2, 12.0, 9.7; elemental
analysis caled (%) for C3,H;6sN;0,;S1,: C 69.80, H 7.21, N 1.82; found: C
69.66, H 7.22, N 1.99.

0-(3,4,6-Tri-O-benzyl-2-O-pivaloyl-a-D-mannopyranosyl)-(1 — 2)-0-(3,4,6-
tri-O-benzyl-a-D-mannopyranosyl)-(1 — 6)-0-(2,3,4-tri-O-benzyl-a-D-
mannopyranosyl)-(1 — 4)-0-(2-azido-3,6-tri-O-benzyl-2-deoxy-a-D-gluco-
pyranosyl)-(1 — 6)-1,2-0-(L-1,7,7-trimethyl[ 2.2.1]bicyclohept-6-ylidene)-
D-myo-inositol (38): A solution of 37 (232 mg, 0.1 mmol) in THF (12 mL)
was treated with TBAF (1M solution in THF, 173 uL, 0.173 mmol) at
—15°C. After 20 min, the reaction was hydrolysed by addition of saturated
aqueous NH,CI (50 mL), extracted with EtOAc (5 x 20 mL), dried over
sodium sulfate and evaporated. The mixture was purified by column
chromatography (EtOAc/hexanes, 1:1) to give pure 38 (8180 mg, 87 %) as a
colourless oil. 'H NMR (500 MHz, CDCl;): 6 =7.30-7.10 (m, 55H, arom),
5.50 (t, J=2.9 Hz, 1H, H-2e), 5.24 (d, J=3.7 Hz, 1H, H-1b), 5.18 (d, /=
1.5 Hz, 1H, H-1c), 5.09 (d, J=1.5 Hz, 1H, H-1e), 491 (d, /=13 Hz, 1H,
H-1d), 4.82 (d, J=10.9 Hz, 2H, CH,Ph), 4.76 (d, / =11.0 Hz, 1H, CH,Ph),
4.74 (d,J=11.7 Hz, 1H, CH,Ph), 4.63-4.27 (m, 19H), 4.26 (m, 1 H, H-2a),
4.08 (t,J=2.83 Hz, 1 H, H-2d), 3.97 (dd, J =9.5, 2.9 Hz, H-3e), 3.88 (t, /=
9.5 Hz, 1H, H-4d), 3.8 (dd, /=9.5, 2.8 Hz, H-3d), 3.90 (m, 2H), 3.77 (m,
1H, H-3b), 3.77-3.58 (m, 17H), 3.75 (m, 1 H, H-5d), 3.43 (t,/ =9.3 Hz, 1H,
H-5a), 3.27 (dd, J=9.9, 3.7 Hz, 1H, H-2b), 3.22 (td, /=92, 3.6 Hz, 1H,
H-4a), 3.10 (s, 1H, OH), 2.10 (s, 1H, OH), 1.90 (m, 2H), 1.15 (s, 9H, Piv),
0.65 (s, 3H), 1.70-0.70 (m, 29H); *C NMR (125 MHz, CDCL,): 6 =177.2,
138.7, 138.5, 138.3, 138.2, 138.1, 137.9, 1379, 137.8, 128.2, 128.1, 127.9, 127.7,
127.6, 126.8, 118.4, 100.2, 99.4, 99.0, 97.1, 82.4, 80.1, 80.0, 79.6, 78.4, 78.2,
76.0, 75.6, 75.5, 75.1, 75.0, 74.9, 74.4, 74.3, 74.2, 73.4, 73.3, 73.2, 73.1, 73.0,
72.8,72.7,72.5,72.0,71.8,71.6,71.5,71.3,70.4,70.2, 69.1, 69.0, 68.8, 67.9, 67.4,
63.0,51.6,47.9, 45.1, 45.0, 38.9, 29.7, 29.6, 29.4, 29.1, 27.0, 20.5, 20.4, 14.1, 9.8;
FABMS calcd for C;5,H;2sN;0,Na [M+Na]*: 2086; found 2086.

0-(2,3,4,6-Tetra-O-benzyl-a-D-mannopyranosyl- (1 — 2)-0-(3,4,6-tri-O-
benzyl-a-D-mannopyranosyl)-(1 — 6)-0-(2,3,4-tri-O-benzyl-a-D-manno-
pyranosyl)-(1 — 4)-0-(2-azido-3,6-tri-O-benzyl-2-deoxy-a-D-glucopyrano-
syD)-(1 — 6)-3,4,5-tri-O-benzyl-D-myo-inositol (3): A solution of 38
(150 mg, 0.007 mmol) in MeOH/THF (1:1, 2 mL) was treated with a 1m
solution of MeONa in MeOH (150 pL). The mixture was stirred at 60 °C for
24 h, cooled to room temperature, neutralised with Amberlite IR-120 (H*)
and evaporated. The residue was dissolved in DMF (2.5 mL) and NaH
(17.5 mg, 0.43 mmol) was added to this solution. The mixture was stirred for
30 min at room temperature and then benzyl bromide (70 pL, 0.584 mmol)
was added dropwise. After 1h, the mixture was cooled to 0°C, MeOH
(5 mL) was added followed by CH,Cl, (100 mL). The organic layer was
washed with saturated aqueous NH,CI, dried and concentrated. The
residue was purified by column chromatography (EtOAc/hexane, 1:4.5) to
give 39. '"H NMR (500 MHz, CDCl;): 6 =7.03-7.34 (m, 75H, arom), 5.57
(d,/=3.5Hz,1H, H-1b),5.25 (s, 1H, H-1c), 5.11 (s, 1 H, H-1e), 4.88 (s, 1 H,
H-1d),4.51-4.88 (m, 13H, CH,PH), 4.32-4.47 (m, 15H, CH,Ph), 4.46 (dd,
1H), 4.20 (dd, 2H, CH,Ph), 4.06-4.10 (m, 2H), 3.98-4.04 (m, 3H), 3.91 (t,
1H), 3.59-3.86 (m, 16 H), 3.48-3.54 (m, 3H), 3.38-3.42 (m, 3H), 3.26 (dd,
J=9.7,3.5Hz, 1H, H-2b), 185-1.90 (m, 2H), 1.67-1.72 (m, 2H), 1.43 (d,
1H), 1.16-1.35 (m, 2H), 1.03 (s, 3H), 0.82 (s, 3h), 0.80 (s, 3H); *C NMR:
0=1389, 138.8, 138.6, 138.5, 138.4, 138.2, 138.1, 137.8, 128.6, 128.5, 128.4,
128.3, 128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 1274, 1273, 1272, 127.0,
118.2, 100.3, 99.4, 95.3, 80.9, 80.7, 80.0, 79.9, 79.7, 719, 772, 77.0, 76.2, 75.2,
75.0,74.9, 74.8, 74.7,74.2, 73.9, 73.8, 73.3, 73.2, 73.1, 72.6, 72.3, 72.2, 72.1,
72.0, 71.9, 69.9, 69.2, 68.8, 66.7, 63.0, 51.6, 48.0, 45.2, 44.9, 29.9, 29.7, 27.0,
20.6, 20.5, 20.4, 9.7.
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Trifluoroacetic acid (0.4 mL) was added to a solution of 39 (149 mg,
0.06 mmol) in wet chloroform (3 mL) and the mixture kept for 18 h at room
temperature. Saturated aqueous NaHCO; was then added at 0°C, the
aqueous layer extracted with CH,Cl, (3x10mL) and the combined
organic extracts were dried and concentrated. The residue was purified by
column chromatography (EtOAc/hexane, 1:25) to afford pure 3 (85 mg,
60%) as a colourless oil. 'H NMR (500 MHz, C,D;): 6 =7.50-6.96 (m,
75H, arom), 5.66 (d, J=3.5 Hz, 1H, H-1b), 5.59 (d, /=1.6 Hz, 1H, H-1c¢),
5.49(d,J=1.3Hz,1H, H-1e),5.33 (d,/=1.5 Hz, 1 H, H-1d), 5.11 - 5.04 (m,
3H, CH,Ph), 4.98-4.94 (m, 2H, CH,Ph), 491-4.87 (m, 2H, CH,Ph),
4.79-4.65 (m, SH, CH,Ph), 4.61-4.18 (m, 29H), 4.13-4.00 (m, 7H), 3.90
(t,J=2.4Hz,1H, H-2c), 3.89-3.65 (m,8H), 3.55-3.51 (m, 1 H, H-1a), 3.37
(t,J=9.5Hz, 1H, H-5a), 3.12 (dd, /=9.6, 2.6 Hz, 1 H, H-3a), 3.08 (dd, J =
10.2,3.5 Hz, 1H, H-2b), 2.97 (d,J="7.3 Hz, 1H, OH); *C NMR (125 MHz,
CDCly): 6 =138.8,138.7, 138.6, 138.5, 138.4, 138.2, 138.1, 137.7, 137.6, 128.6,
128.5,128.4, 128.3, 128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 127.5, 127.4,
127.3,127.2,127.0,100.2, 99.4, 98.0, 81.6, 81.0, 80.6, 79.9, 79.8, 79.7,76.9, 76.1,
75.8,75.2,74.9, 74.6, 74.4, 74.1, 73.3, 73.2, 72.8, 72.3, 72.1, 72.0, 71.9, 70.8,
69.6, 69.2, 68.9, 66.6, 64.3; FABMS calcd for C,35H;,4N;0,;Na[M+Na]*:
2228; found: 2228.

O-a-D-Mannopyranosyl-(1 — 2)-O0-a-D-mannopyranosyl-(1 — 6)-O0-a-D-
mannopyranosyl-(1 — 4)-0-2-ammonio-2-deoxy-a-D-glucopyranosyl-(1 —
6)-D-myo-inositol-1,2-cyclic phosphate (1a): A solution of dichlorome-
thylphosphate (10 pL, 19.9 umol) in pyridine (180 uL) was stirred at room
temperature until formation of a white precipitate occured(30 min). A
solution of 3 in pyridine (120 uL) was added dropwise. The mixture was
stirred for 30 min and then saturated aqueous NaHCO; (0.7 mL) was
added. The whole mixture was then evaporated and the residue dissolved in
water, acidified with aqueous HCI (2m) until the solution reached pH 1,
extracted with EtOAc and the extract was dried over sodium sulfate and
concentrated under vacuo. The residue was dissolved in THF/EtOH/H,O,
1:11:2 (1.8 mL) that contained NH,OAc (7mg) and 10% Pd/C. The
reaction mixture was stirred for 18 h under atmospheric pressure of H,,
filtered over Celite and concentrated. The crude mixture was passed
through Sephadex C-18, loaded on Sephadex G-25 and eluted with 10 %
H,O/EtOH. Liophylisation gave 1a as a white powder. 'H NMR (500 MHz,
D,0): =545 (d, J=3.6 Hz, H-1b), 5.18 (s, H-1c), 5.10 (s, H-1d), 4.97 (s,
H-le), 4.65 (t, J=4.2 Hz, H-1a), 4.52 (ddd, J=4.5, 8.0, 20.4 Hz, H-2a),
4.08-3.61 (m,25H), 3.5 (t,/=9.8 Hz, 1H, H-4e), 3.36 (t,/ = 9.9 Hz, H-5a),
3.31 (dd, J=3.4, 10.8 Hz, H-2b).

NMR measurements: NMR experiments were recorded on a DRX500
Bruker spectrometer with standard or 200 pL microsample NMR tubes.
DQF-COSY, HSQC, HMQC and TOCSY measurements used for the full
assignment of la were recorded by using the standard z-pulsed-field
gradient-enhanced or selected-pulse sequences when possible. NOESY
measurements were recorded with mixing times of 100, 200, 300 and
400 ms. Selective one-dimensional NOESY and TOCSY experiments were
recorded with the dpfgse technique.l®! Due to severe overlapping, 'H-'H
and 3'P-'H coupling constants were extracted from the dqf-COSY by
deconvolution of the two-dimensional antiphase peaks. Calculation of the
® rotamer populations were done with a program written in-house.[*]

Molecular modelling and molecular dynamics: Glycosidic torsion angles
were defined as @ H-1-C-1-O-1-C-X, ¥ C-1-O-1-C-X-H-X and w H-5-C-5-
C-6-0-6. All simulations: single minimisation, Monte Carlo (MC) multiple
minimum conformational search or molecular dynamics (MD) were
performed by using AMBER* with force-field parameters for pyranose
oligosaccharides. Solvent effects were included by using the GB/SA
continuum model for water.

All minimisations were run by using up to 9999 Polak Ribiere conjugate
gradient iterations until the convergence criterion (rmsd derivative lower
than 0.001 kJ A-'mol-') was achieved. A multiple minimum conforma-
tional search, which varied all the torsional angles involved in the glycosidic
linkages simultaneously, was performed with 1000 Monte Carlo steps, with
a previously accepted structure used as the starting structure in the next
step. After every MC step, the resulting geometry was minimised with
3000 iterations of steepest descent. The structure was checked against
duplication and accepted within a window of 50 kJ mol~! from the minima.
The minimum energy structure was a Mana(1 — 6)3-Man gf rotamer; gg
and tg starting structures used in MD were manually built from the first one
and minimised. Molecular dynamics simulations for the above mentioned
structures were run for 2.0 ns, with an integration step of 1.5 fs, at a constant
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temperature of 300 K with a thermal-bath coupling constant of 25 ps, and
SHAKE was used for hydrogen bonds; the structures were saved each
picosecond. The conditions were optimised by running previous 500—
1000 ps dynamics and by varying the integration step values (1, 1.5 and
2 fs) and thermal bath coupling constants (5, 10, 25 and 50 ps), and by using
a constant dielectric electrostatic treatment (e =280). Trajectories were
analysed with software written in-house.” The molecular dynamic
structures, excluding the first 20 ps, were grouped into two sets. The first
one included the first 1020 ps structures of the gg starting conformation
simulation, for which this rotamer is stable, and the second one
corresponded to the structures from the whole gr simulation. Both sets
were clustered in fifty groups according their heavy atom rmsd and then the
representative structure of each cluster was extracted.

Biological assays: Coenzyme A, lithium salt, sodium pyruvate, thiamine
pyrophosphate and dithiothreitol were obtained from Sigma (Poole,
Dorset, UK). ATP disodium salt, NAD and EGTA were obtained from
Boehringer Mannheim (Germany); pyruvate dehydrogenase and pyruvate
dehydrogenase phosphatase assays were carried out with a Jasco v-560 UV/
Vis spectrophotometer, the circulating temperature in the cell housing was
30°C. p-[U-*C] glucose and p-[3-*H] glucose were purchased from ICN
Biomedicals (Ohio). Collagenase D was from Boehringer and Insulin was
purchased from Sigma. Flaco Primaria microtest tissue culture plates were
purchased from Becton Dickinson. All reagents were of analytical grade or
better. Male Wistar rats (120-140 g) were purchased from Harlan Olac
(Bicester, UK).

Activation of PDH phosphatase: The biological activity of 1a was
determined by using the activation of PDH phosphatase.”” The assay of
the activation of the phosphatase was performed by the spectrophotometric
variant of the two-stage system described. The pyruvate dehydrogenase
complex (PDC) and the PDH phosphatase were prepared from bovine
heart and stored at — 80°C until use. The assay for PDH phosphatase, in the
presence or the absence of 1a and liver IPG, was based upon the initial rate
of the activation of the inactivated phosphorylated PDH complex. After
inactivation with ATP, the activity of the PDC was reduced to less than 1 %
of the original value. A two-stage assay was used to quantify the
phosphatase activity. A sample of inactivated PDC (50 pL) was pre-
incubated at 30°, for 3 min C in a solution that contained 1 mgmL~! fat-
free bovine serum albumin, 10mm MgCl,, 0.1 mm CaCl,, 1 mM dithiothrei-
tol in 20 M potassium phosphate buffer, pH 7.0 (total volume 250 pL). After
this time, 5 uL of metal, 10 uL of analogue or IPG and 10 pL of the PDH
phosphatase were added and the incubation was continued for a further
3 min. At the end of this time, NaF (300mwm, 135 uL)was added. The
activated PDH was determined at the second stage spectrophotometrically
by measuring the rate of production of the reduced form of NADH. Two
hundred microliters of the stopped reaction were added to 1 mL of reaction
mixture that contained 50mMm potassium phosphate buffer at pH 8.0,
2.5mM coenzyme A, 0.32mwm dithiothreitol and 2mm sodium pyruvate. The
production of NADH was followed by using an absorbance at 340 nm for
5 min.

Inbition of cAMP-dependent protein kinase (PKA): The ability of 1a to
inhibit PKA activity was determined by using a colorimetric assay kit and a
standard PKA preparation (Pierce, Rockford, IL, USA). A PKA inhibitory
peptide was used as a positive control.

Isolation of adipocytes: Adipocytes were isolated from epididymal fat pads
of male rats by collagenase digestion as described by Rodbell with minor
modifications.” Briefly, fat pads from two rats were finely minced with
scissors and incubated in 10 mL Krebs Ringer Hepes (KRH) buffer that
contained Hepes (9.2mwm), NaH,PO,-2H,0 (2.2mm), NaHCO; (10mm),
NaCl (132mm), KCl (4.7mm), MgSO,-7H,0 (1.2mm), CaCl,-6H,0
(2.5mMm), 2% BSA and glucose (Smm), pH 7.4, and collagenase (20 mg)
for 20—-30 min at 37 °C in a shaking water bath with continuous gassing with
95% O, and 5% CO,.

Multiwell plate lipogenesis: Lipogenesis was determined as the incorpo-
ration of [3-*H] glucose into toluene-extractable lipids. Briefly, 100 uL of
adipocyte suspension (3.5 x 10°mL~! KRH, with or without 10~®M insulin)
was incubated in a 96-multiwell plate for 30 minutes at 37°C in a CO,
incubator with 2 pL of various concentrations of 1a, with or without a
tenfold excess of Zn>*. Lipogenesis was initiated by the addition of 100 pL.
KRH containing 0.2 uCi D-[3-*H] glucose and the incubation continued for
2 hours. Adipocytes were harvested onto glassfibre filter mats by using a
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cell harvester and rinsed with 5 mm glucose in 0.154m NaCl. A toluene-
based scintillation cocktail (3 ml) was added to each filter disc for counting
the radioactivity incorporated into lipids.

Statistical analysis: Data are presented as the mean standard error of the
percentage changes from basal and statistical significance was tested by
Student’s two-tailed t-test for unpaired observations. For the multiwell
plate lipogenesis, statistical significance of changes, the mean and the
standard deviation of the natural logarithms of the net counts per minute
were calculated. The standard deviations for insulin-treated and untreated
cells were separately pooled by averaging their squares, calculating the
square root of the average and plotting the difference of the mean of each
treatment from the basal on a log scale. The error lines above and below the
zero are given by 0+ 2d, in which d =s (1/n + 1/m), s is the pooled standard
deviation, n is the number of replicates in each treatment mean and m is the
number of basal replicates subtracted from the mean. They represent the
range outside which a change is significantly different from the basal. The
percent change from the basal was obtained as (e*— 1), in which x is the
difference from the basal and multiplied by 100.
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Monodisperse Poly(triacetylene) Oligomers Extending from Monomer
to Hexadecamer: Joint Experimental and Theoretical Investigation

of Physical Properties
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Corinne Boudon,!?! Christian Bosshard,!”! Jean-Paul Gisselbrecht,!!! Francois Diederich,*?!
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Dedicated to Professor J. Barluenga on the occasion of his 60th birthday

Abstract: A series of monodisperse Et;-
Si-end-capped poly(triacetylene) (PTA)
oligomers ranging from monomer to
hexadecamer was prepared by a fast
and efficient statistical deprotection—
oxidative Hay oligomerization protocol.
The PTA oligomers exhibit an increas-
ingly deep-yellow color with lengthen-
ing of the m-conjugated backbone, fea-
ture excellent solubility in aprotic sol-
vents, and exhibit melting points up to
>220°C for the hexadecameric rod. This
new dramatically extended oligo(ene-
diyne) series now enables to investigate
the evolution of the physico-chemical
effects in PTAs beyond the linear 1/n
versus property regime into the higher
oligomer region where saturation be-
comes apparent. We report the results of
joint experimental and theoretical stud-
ies, including analysis of the *C NMR
spectra, evaluation of the linear (UV/
Vis) and nonlinear [third-harmonic gen-
eration (THG) and degenerate four-
wave mixing (DFWM)] optical proper-

ties, and characterization of the redox
properties with cyclic and steady-state
voltammetry. Up to the hexadecameric
rod, an increasingly facile one-electron
reduction step is observed, showing at
the stage of the dodecamer, a leveling
off tendency from the linear correlation
between the inverse number of mono-
mer units and the first reduction poten-
tial. The effective conjugation length
(ECL) determined by means of UV/Vis
spectroscopy revealed a m-electron-de-
localization length of about » =10 mon-
omeric units, which corroborates well
with the oligomeric length for which in
the 3C NMR spectrum C(sp?) and C(sp)
resonances start to overlap. Third-har-
monic generation (THG) and degener-
ate four-wave mixing (DFWM) meas-
urements revealed for the second-order

Keywords: alkynes - conjugation -
molecular wires - nonlinear optics -
oligomers
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hyperpolarizability y a power law in-
crease y-a-n* for oligomers up to the
octamer with exponential factors a=
2.46+0.10 and a=2.64+0.20, respec-
tively, followed by a smooth saturation
around » = 10 repeating units. The pow-
er law coefficient a calculated with the
help of the valence effective Hamilto-
nian (VEH) method combined to a sum-
over-states (SOS) formalism corrobo-
rates well with the values found by both
THG and DFWM experiments. Up to
the PTA heptamer, INDO (intermedi-
ate neglect of differential overlap)-cal-
culated gas-phase ionization potentials
and electron affinities obey a linear
relationship as a function of the inverse
number of monomer units displaying a
strong electron-hole symmetry. The on-
set of saturation for the electron affinity
is calculated to occur around the octam-
er, in accordance with experimentally
obtained results from electrochemical
measurements.
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Introduction

Conjugated organic oligomers and polymers have stimulated
an increasing interest over the last years owing to the fact that
minor variations in their molecular structure can result in
significant modifications of absorption, emission, or charge
transport characteristics, which account directly for most of
their interesting properties. In both, industry and academia,
intense research activities aim to explore effects ranging from
magnetism,/!] conductivity,?! electronically stimulated light-
emission (LEDs),P! photoconductivity (photovoltaic cells)
to field-effect charge mobility (field-effect transistors,
FETs),P nonlinear optical properties, and photorefractivity.[!
A significant advantage of organic materials compared with
their inorganic counterparts lies in the potentially easy way
they can be processed, for instance by spin coating, casting
from solution, or ink jet printing; interestingly, the latter
method allows patterning of large areas.[”! The design of high
performance electroactive polymers needed for the construc-
tion of applicable devices usually requires a detailed charac-
terization and careful analysis of their physical properties in
order to allow for further optimization. However, systematic
investigations of the physical properties of high molecular
weight st-conjugated polymers are usually difficult to achieve
since the solubility of such rigid rod-like polymers can be
rather poor in common organic solvents. Furthermore, the
formation of structural defects during polymer synthesis,
workup, or subsequent material processing are usually
inevitable, thus representing a further obstacle towards
obtaining relevant physical data. In this respect, the study of
soluble monodisperse oligomers with precisely defined length
and constitution has emerged as an important tool to provide
definite information on structural, electronic, and optical
properties of the corresponding polydisperse polymeric
analogs.® ?1 The systematic study of such model compounds
allows for a direct correlation between physical properties and
chemical structures and enables the elaboration of useful and
predictive structure — property relationships. The potential of
monodisperse multinanometer-long m-conjugated rod-like
oligomers to act as molecular wires in future molecular scale
electronics and nanotechnological devices represents a fur-
ther interest in this area.'! This last aspect was a significant
driving force into the research of monodisperse oligomers
over the last years which culminated in the synthesis of
various spectacular molecular architectures.[® % 11-13]

In order to explore the chemistry and physics of poly-
(triacetylene)s [PTA, poly(trans-enediynes)] we recently
reported the synthesis of a series of monodisperse Me;Si-
end-capped PTA oligomers ranging from the 0.96 nm long
monomeric 1a to the 4.61 nm long hexameric oligomer 1 £.14
Their high solubility in a wide range of organic solvents, which
is a direct consequence of the appended flexible Me,/Bu-
SiOCH, side chains, allowed the first comprehensive inves-
tigation of structure —property relationships in PTAs. On the
basis of the results obtained for two polydisperse polymer
samples 2a and 2b, which already showed saturation in their
linear and third-order nonlinear optical properties and can
thus be considered as data points for an infinite polymer
chain, the effective conjugation length (ECL) in PTAs was
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estimated to comprise 7 to 10 monomer units or 42 to 60 C
atoms.!"¥ The ECLI'> 1l is a measure for the number of repeat
or monomer units that are required in a wt-conjugated chain to
render size-independent optical, redox, and other properties.
This concept has been largely used for the theoretical and
experimental understanding of the properties of various -
conjugated polymers. In order to access a detailed correlation
between physical properties and lengthening of the -
conjugated backbone as well as a direct experimental
determination of the ECL,!"?!l we have prepared the mono-
disperse PTA oligomer series 3a—g which extends from a
6.07 nm long octameric (3e), to a 8.99 nm long dodecameric
(31), and a 11.9 nm long hexadecameric (3g) PTA rod.?? This
dramatically expanded oligo(frans-enediyne) series bridges
the gap between the oligomer and polymer domains, allowing
for a detailed investigation of the physical properties in PTAs
up to the interesting saturation regime. The hexadecameric
PTA rod 3g, with its 16 double and 32 triple bonds between
the terminal Si-atoms, represents the longest linear fully -
conjugated molecular wire without aromatic repeat units.*’!

We now report the synthesis of these molecular rods using a
rapid and practical statistical deprotection-oxidative oligome-
rization protocol and describe the evolution of their linear
optical, nonlinear optical, and electrochemical properties as a
function of chain length. We have also calculated the gas-
phase ionization potentials, electron affinities, lowest optical-
ly-allowed transition energies, and static y values; the results
are found to be in good agreement with the experimental data
and provide a reliable framework for their interpretation. A
detailed comparison between the physical properties of PTA
oligomers and those of poly(acetylene) (PA) and poly(diace-
tylene) (PDA) chains comprising the same number of C atoms
is also made.

1af R=SiMe; n=1-6
Bu

2ab R= %Q n=2231

Bu

3a-g R=SiEty n=1,24,6,8,12,16

Results and Discussion

Synthesis of the Et;Si-end-capped PTA oligomers: The
general strategy for the synthesis of the higher monodisperse
PTA oligomers 3¢ —g relies on a statistical deprotection of the
terminal triethylsilyl groups of suitable oligo(trans-enediyne)
“macromonomers”; this generates a mixture of bis- and
mono-deprotected oligomers (next to some unreacted starting
material) which is then directly oligomerized under oxidative
Hay conditions. This rapid and efficient synthesis protocol
avoids isolation and tedious purification of the rather unstable
unprotected alkyne intermediates. The synthesis of dimeric
3b, which was utilized as a “macromonomer” in the first
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deprotection —oligomerization sequence giving access to
tetrameric 3¢ and hexameric 3d, was achieved by statistical
lithiation of trans-enediyne 4%+ with nBuLi in THF at
—78°C and subsequent trapping of the metallated species
with Et;SiCl (Scheme 1). Purification by column chromatog-

_OsitBuMe, _OsitBuMe;

_ a)
= . o

Et3Si —
— H
Me,tBuSiO Me,tBuSiO

4 5

n=2 3b

Scheme 1. Synthesis of “macromonomer” 3b by statistical silylation of
trans-enediyne 4 and oxidative dimerization of 5. a) nBuLi, THF, —78°C,
30 min, then EtSi;Cl, 66%; b) CuCl, N,N,N',N'-tetramethylethylenedi-
amine (TMEDA), CH,Cl,, 4 A molecular sieves, air, RT, 5 h, 97 %.

raphy yielded the desired monosilylated 5 in 66 % yield next
to some unreacted 4 and bis-silylated monomer 3a. However,
monomer 3a could conveniently be recycled upon treatment
with NaOH in THF/CH;OH 1:1 furnishing bis-deprotected 4
in nearly quantitative yield. Oxidative homocoupling of the
asymmetrically substituted monomer § under Hay conditions
using CuCl and N,N,N',N'-tetramethylethylenediamine
(TMEDA) in dry dichloromethane afforded dimeric 3b in
excellent yield of 97 %.

Statistical deprotection of 3b under kinetic control with
NaOH in THF/MeOH 1:1 at RT afforded a mixture of mono-
deprotected 6a and bis-deprotected 6b, next to some
unreacted starting material 3b (Scheme 2). The progression
of the protodesilylation was constantly monitored by thin-

OSitBuMe;,

R R?
SiEty  SiEts
SiEts; H
H H
SiEt;  SiEts
SiEt; H
H H
m  yield [%]
3b 2 70
n=2 { 3c 4 20
b 3d 6 5
) or 9 Et,Si _
SiEts 3c 4 50
Me,tBuSio™ -4 3e 8 20
m n= i 12 10
3g 16 5

Scheme 2. Synthesis of PTA oligomers 3c¢—g by statistical deprotection—
oligomerization sequences. a) NaOH, THF/MeOH 1:1, 20°C, 20 min;
b) (for n=2): CuCl, N,N,N',N'-tetramethylethylenediamine (TMEDA),
CH,CL, 4 A molecular sieves, air, RT, 2 h; ¢) (for n=4): CuCl, TMEDA,
toluene, 4 A molecular sieves dry O, atmosphere, reflux, 1 h.
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layer chromatography (silica gel, eluent: nhexane/AcOEt
40:1). Typical reaction times for the cleavage of the Et;Si-
groups in 3b affording a mixture of 3b, 6a, and 6b, which
yields the best results in terms of isolable tetrameric 3¢ and
hexameric 3d, are typically around 10 min. After quenching
the reaction by addition of saturated aqueous NH,Cl solution
and extraction with CH,Cl,, the organic extracts were
concentrated in vacuo to a volume of about 10 mL. Addition
of CH,Cl, (20 mL, containing 4 A molecular sieves) and
subsequent oxidative Hay oligomerization under an atmos-
phere of air, followed by workup and purification using
preparative size-exclusion chromatography (SEC, 5 x 180 cm
glass column filled with Bio-Rad Bio-Beads SX-1, CH,Cl,),
provided predominantly tetrameric 3¢ in about 20% yield
next to minor amounts of hexameric 3d (=5% yield) and
traces of unseparable polymers (<5 %). Re-isolated dimeric
3b (=70% yield) was then used in the next deprotection—
oligomerization cycle, thus making this route overall very
efficient.

In a similar procedure, based on tetrameric 3¢, statistical
deprotection produced a mixture of 3¢, mono-deprotected 7a,
and bis-deprotected 7b, which upon oligomerization afforded
monodisperse octameric 3e (20% ), dodecameric 3f (10%),
and hexadecameric 3g (5%) as the main products besides
recovered 3¢ (50%, Scheme 2). In order to allow for a
complete conversion of the free diethynyl species 7b, the
reaction conditions needed to be slightly adapted, and the
oligomerization was then performed in toluene under reflux
in an atmosphere of dry O,. Purification of all oligomers up to
dodecameric 3f was performed by preparative SEC as
described above, whereas the isolation of pure hexadecameric
3g required preparative SEC on a commercial TosoHaas
TSKgel G3000 HR (5 um, 2.15 x 60 cm) column. In all cases,
the purity of the fractions was examined by analytical SEC
since this technique can detect levels of impurity down to
approximately 5%. Final purification of the oligomers
involves in all cases precipitation from MeOH and subsequent
isolation of the solid material by centrifugation. An improved
synthesis of hexadecameric 3g (20 % yield) was accomplished
employing octameric 3e as the “macromonomer” in the
statistical deprotection—oligomerization sequence. As a di-
rect consequence of the larger difference in molecular weights
of the oligomers formed in this conversion, the separation and
purification of 3g by SEC was significantly improved.

As already observed for the oligomer series 1a—-f bearing
Me;Si-end groups, compounds 3a—g exhibit an increasingly
deep yellow color with lengthening of the m-conjugated
backbone. All oligomers, including hexadecameric 3 g, feature
excellent solubility in aprotic solvents such as toluene and
CH,Cl,, but are insoluble in protic solvents. The pure
oligomers are highly stable for months under standard
laboratory conditions, with melting points (m.p.) going up to
>220°C for hexadecameric 3g (Table 1).

The new oligomers were fully characterized by melting
points, 'H and *C NMR, UV/Vis, FT-IR, Raman spectra,
MALDI-TOF-MS, and elemental analysis. In particular, mass
spectrometry measurements using either mixtures of 2',4',6'-
trihydroxyacetophenone (THA)/ammonium hydrogencitrate
(AHC) or 3-(3-indolyl)acrylic acid (IAA) as matrices were of
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Table 1. Estimated rod length, thermal, and optical properties of the Et;Si-end-capped PTA oligomers 3a-g.

preference of the planar back-

Compound n 1[A]® M.p. [°C] Jinax [nM] Epax [V] e [Mtem!J E, [eV]® bones for the s-trans conforma-
3a 1 96 - 2996401 414 21400 4.00 tion (orientation of two double
3b 2 169 69 3794401 327 26200 3.13 bonds with respect to the con-
3¢ 4 315 151 4392402 2.8 37200 2.66 necting —C=C-C=C— frag-
3d 6 46.1 183 463.7+0.8 2.67 36500 2.55 ment) since thlS geometry best
3e 8 60.7 202 4681408 265 55700 2.50 accommodates the bulky lateral
3f 12 89.9 219 4712406 263 85900 2.48 191 i
3g 16 119.1 >220 4718406  2.63 112000 2.48 Silyl groups.

[a] Length estimated from terminal Si to Si atom by molecular mechanics calculations as in ref.[14]. It should be

Electrochemical behavior of

noted that any molecular rod of this type has a finite bending modulus and will therefore exhibit normal modes of

vibration in thermal equilibrium and thus might be considered as being straight only on time average. [b]
Uncorrected. [c] Longest-wavelength absorption maximum in CHCl; at RT, obtained by deconvolution of the
absorption spectra, see [14]. [d] Molar extinction coefficient. [e] Solution optical band gap, estimated from the

onset of absorption.

high diagnostic value owing to the fact that they displayed for
oligomers 3b-g the molecular ion ([M+Na]") as the most
intensive signal. For hexadecameric rod 3g, only the molec-
ular ion ([M+Na]*t) at m/z =6056 Da (6055.5 Da calculated
for the most abundant isotope
in the molecular ion cluster,
12C4,03C;Hs7,05,28S15,29S1,%8123-

the PTA oligomers: The redox
characteristics of the Et;Si-end-
capped oligomer series 3b-g
were studied by cyclic (CV) and
steady-state voltammetry
(SSV) in CH,Cl, and 0.1m nBu,NPF; as supporting electrolyte
(Table 2). In accord with the electrochemical behavior and
potentials observed previously for compounds 1a—f£[4 all
Et;Si-end-capped oligomers, except hexadecamer 3g, were

Table 2. Electrochemical data for Et;Si-end-capped PTA oligomers 3b-g.

Na*) is observed and no trace Compound n Cyclic voltammetry Steady-state voltammetry
of the octameric starting mate- EF AE, [mV]" Ep E slope [mV] ¥l
rial 3e, thus clearly indicating 3b 2 —-2.10 102 - -2.11 73
the purity of the hexadecam- 3¢ 4 - 176 95 - —-177 55
erl22) -1.90 63 - —1.90 70

) el 3d 6 -1.71 90 - —-1.72 70

The excellent solubilities of e N ~1.69 30 1£120 ~170 65
the oligomers, which can be - - - —-225 125
largely ascribed to the laterally - - - +1.20 110
appended Me,BuSiOCH, 3t 12 -172 160 - jr 1?3 zg
groups, allowed full character- 3g 16 _ 1 79liel B B 176 -

ization of the molecular PTA

rods by '"H and 3C NMR spec-
troscopy. Up to octameric 3e,
all resonances for the C atoms
of the conjugated backbone are
clearly separated in the *C
NMR spectra, showing for 3e
8 C(sp?) resonances between 0 =129 and 133, 2 outer alkyne
C(sp) resonances at 6 =102 and 107, and 14 interior alkyne
C(sp) resonances between 0 =81 and 88. In contrast, the
C(sp?) and inner alkyne C(sp) resonances in dodecameric 3 f
and hexadecameric 3g displayed severe overlap in the
expected spectral regions. It is of interest to notice that the
13C NMR resonance overlap starts at an oligomer length
(between the 8-mer 3e and 12-mer 3f) which corresponds
well to the ECL of PTAs estimated from UV/Vis spectro-
scopy, nonlinear optical measurements, and Raman spectro-
scopy,?? although there is no direct correlation between these
two physical methods (vide infra). Both NMR and IR spectra
do not provide any indication for photochemical trans — cis
isomerization of the molecular rods 3a-g; this suggests that
the oligomers are present in the all-trans configuration. These
results are in agreement with previous work where photo-
chemically induced isomerizations were only observed for
donor and/or acceptor substituted, arylated 1,2-diethynyl-
ethenes and tetracthynylethenes.?®! In addition, X-ray crystal
structure analyses of PTA oligomers clearly showed a
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[a] V vs. Fe/Fe*, redox potentials observed in CH,Cl,+0.1M nBu,NPF;, scan rate v=100 mVs~!, formal redox
potential E° = (E,+E,). [b] AE,= E,, — E,.q, where subscripts ox and red refer to the conjugated oxidation and
reduction steps, respectively. [c] Peak potential E,, for irreversible oxidation. [d] V vs. Fc/Fc*, rotating disk
electrode in CH,Cl,+0.1m nBu,NPF;. [e] Logarithmic analysis of the wave obtained by plotting E vs. log[//[;,, —
D)]. [f] Irreversible electron transfer. [g] Peak potential poorly resolved.

reversibly reduced in a one-electron step. Interestingly, only
octameric 3e and dodecameric 3f could be oxidized at
+1.20 V versus Fc/Fct and +1.13 V versus Fc/Fc*, respec-
tively, despite the fact that in the Me;Si-end-capped PTA
series 1a—f oxidation events were already observed for 1b—
£04 A poorly resolved peak potential was obtained for the
higher Et;Si-end-capped species 3g from both cyclic and
steady-state voltammetry. In agreement with measurements
on the earlier PTA oligomer series 1a—f, the new Et;Si-end-
capped oligomers 3b-g revealed an increasingly facile first
reduction upon elongation of the w-conjugated chain. Plotting
the first reduction potentials of series 3b—g versus 1/n gives a
straight linear correlation up to hexamer 3d, followed by an
onset of saturation for octamer 3e and dodecamer 3f
(Figure 1). Interestingly, the first reduction potential of
hexadecamer 3g slightly deviates from the expected satura-
tion value. This might be a consequence of the rather high
uncertainty for this reduction potential, owing to the poor
resolution of the reduction wave and its irreversible behavior.
Taking the average value of the data points obtained for 3e
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Figure 1. Evolution of the first reversible reduction potential of Me;Si-
end-capped PTA oligomers la—f (A), higher Et;Si-end-capped PTA
oligomers 3b-f (o), and hexadecamer 3g (o) obtained by cyclic
voltammetry recorded in CH,Cl, (0.Im nBu/NPF,, V vs. Fc/Fc*). The
hexadecamer 3g revealed a poorly resolved irreversible peak potential.

and 3 f, the first reduction potential of an infinite PTA chain is
estimated to E,4=—1.70 V versus Fc/Fc*. In addition, the
crossing between the linear regression through the data
obtained for oligomers 3b—d and the horizontal saturation
line of 3e.f (intercepting the y axis at —1.70 V) yields an ECL
of about 7 =10 monomer units, which is in good agreement
with the results obtained from UV/Vis spectroscopy, non-
linear optical measurements (vide infra), and Raman spec-
troscopy.??l This result provides evidence that the wave-
function associated to the generated charged species (i.e.,
polarons) extends approximately over 10 monomer units or 60
C m-centers. It has to be noted that a plot of the first reduction
potentials obtained from steady-state voltammetry versus the
inverse number of oligomer units shows an even more
pronounced saturation behavior for 3e and 3 f, with the value
measured for hexadecamer 3g lying closer to the expected
curve than in the case of the cyclic voltammetry data.

The difference between the oxidation and reduction
potentials obtained from steady-state voltammetry for do-
decamer 3f yields an electrochemically derived HOMO -
LUMO gap of AE=2.82¢V, which matches the value of
AE =2.82 eV corresponding to the most-intensive absorption
band in the UV/Vis spectrum. However, the deconvolution of
the absorption spectrum™ of 3 f yields a slightly lower value
for A (AE=2.63 eV). The difference between the electro-
chemical HOMO -LUMO gap and the energy of the 0-0
absorption band in the UV/Vis spectrum is an indication of
the binding energy of the exciton generated in the lowest
optically-allowed transition, which is typically on the order of
a few tenths of an eV.?l

The observed linear behavior of the first reduction poten-
tials versus 1/n for shorter oligomer lengths in the present
series of monodisperse PTA oligomers is not without prece-
dence. Similar observations for the evolution of redox
potentials upon extension of the rt-conjugated backbone were
reported, for example for oligo(a-thiophene)s by Béuerle,*
for oligo(a-thiophene vinylene) oligomers by the group of
Roncali,’” or by Miillen and co-workersP!l for a series of
oligo(p-phenylene vinylene)s.

Linear optical properties of the PTA oligomers: The UV/Vis
spectra of the Et;Si-end-capped oligomers were recorded in
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CHC, solutions at RT and are depicted in Figure 2. For the
shorter representatives up to octameric 3e, the deconvolut-
ed™ longest-wavelength absorption maximum A,,, shifts
bathochromically with increasing chain length, whereas for
the higher oligomers this shift vanishes (Table 1). The change

180000+
160000 -
140000 3a
— 120000{ /[ _\ T 3b
l 3c
_g 1000001
=
D 7= N | K — 3e
w
------- 3f

\

S
500 550 600

o A U Y—
250 300 350 400 450
A [nm]

Figure 2. UV/Vis absorption spectra of PTA oligomers 3a—g recorded in
CHCI,; at RT.

in Al is 4 nm in going from hexameric 3d to octameric 3e,
3nm from octameric 3e to dodecameric 3f and from
dodecameric 3 f to hexadecameric 3g no additional increase
in A, is observed. Direct determination of the ECL for
optical absorption can be obtained by plotting the longest-
wavelength absorption energy (E,,,) versus the number of
monomer units; this yields a value of about n =10 repeating
units, which is in accordance with the previous estimate of n =
7-10 monomer units (Figure 3).'9 A more elaborated

45
4.2
4.0
3.8
3.5

Enax [eV]

3.2 4
3.0 1
2.8

2.5

0 2 4 6 8 10 12 14 16 18
n

Figure 3. Plot of the deconvoluted longest-wavelength absorption energies
E . vs. the number of monomer units n with an overlaid exponential fit
based on Equation (2).

determination of the ECL utilizing a “growth function”
relationship between the absorption data and the number of
repeating units n is given by the exponential Equations (1)
and (2).19]

2i(n) = Ao + (Lo — Aiy) €000 1)

E(n)=E,+(E,; — Ej)e ¢V (2)

Herein, 4;; and E;; belong to the i-th absorption maxima, n
corresponds to the number of monomer units, and 4; ., and
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E, . are the limiting values for an indefinitely long conjugated
chain (n — oo). The differences Al;=4;,,—4;; and AE;=
E, — E,  represent the total shift of the absorption caused by
the extension of the conjugation on going from a monomer
(n=1) to a polymer (n=00), and the parameters g; and b;,
respectively, represent an indicator of how fast the limit of
convergence is attained. It is important to note that the use of
such an exponential “growth function” relationship lacks, at
least at the moment, any theoretical background. The two
exponential Equations are simply useful to fit the exper-
imentally observed data in the most optimal way and their
application is especially helpful in situations, where the
oligomer data already display convergence and therefore a
linear extrapolation to infinite chain length would result in
misleading or even wrong conclusions. In order to allow the
calculation of an ECL a “saturation criterion” has to be
defined, which for practical reasons usually is based on the
accuracy of an ordinary spectrophotometer with a typical
resolution of >1 nm. This means that the maximum conjuga-
tion is virtually reached for ngc ; any further increase of A,
between subsequent oligomers has to be smaller than 1 nm.
For Equation (1) this yields to:

Aie = Aipcr > 1 3)

Applying an analogous criterion to Equation (2) using energy
values, both Equations (1) and (2) reveal for the PTA
oligomer series 3a-g ngc, =10 with A, =471.24+1.3 nm,
AA=300.5+21nm, b5=0594+0.022, and E_=2.65+
0.02 eV, AE=4.13+£0.03 eV, a=0.8216 +0.052, respectively.
The saturation of linear optical properties has also been
observed experimentally for dialkoxy-substituted oligo(p-
phenylene vinylene)s,['> 32 oligo(p-phenylene ethynylene)s, !
oligo(a-thiophene ethynylene)s,'® ') N-methyl substituted
pyrroles,” and oligo(9,10-anthrylene vinylene)s.’!! The pa-
rameter b =0.594 for the PTA series, which characterizes the
“velocity of convergence”, is similar to that found for other -
conjugated systems. For instance, oligo(p-phenylene)s, oli-
go(p-phenylene vinylene)s, and oligo(a-thiophene ethynyl-
ene)s display comparable values to PTA oligomers with b=
0.679, 0.574, and 0.535, respectively, whereas oligo(p-phenyl-
ene ethynylene)s exhibit the fastest saturation behavior
among all the investigated systems with b = 1.086.1

The solution optical band gaps E, of dodecamer 3f and
hexadecamer 3g were determined at the intersection between
the tangent passing through the turning point of the shoulder
of the lowest-energy absorption band and the x axis. Both
oligomers furnished with E,=2.48 eV (500 nm) a band gap
validating the previously reported value of 2.4 eV (517 nm)
for the polydisperse PTA polymer 2b.¥ Interestingly, this
value compares very well with E,=2.48 eV found for poly[2-
methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene] (MEH-
PPV),®! which has been widely investigated as the emissive
material in electroluminescent devices. One of the most
attractive features of PPVs are their excellent photo- and
electroluminescent properties, which has made them an
attractive class of polymers for use in light-emitting devices
(PLEDs).%3 In the case of PTAs, only relatively short
oligomers such as dimeric 1b and 3b or trimeric 1¢ display
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weak fluorescence (@ =0.01).% Interestingly, going to high-
er chain lengths results in quenching of the fluorescence, a
phenomenon which has also been observed in other m-
conjugated systems such as oligo(a-thiophene)s.P! In the
latter case, this behavior has been rationalized on the basis of
correlated semiempirical Hartree — Fock calculations in terms
of the efficiency of intersystem-crossing processes between
the singlet and triplet manifolds;”! such a process is not likely
to occur in the case of PTA chains due to the absence of heavy
atoms within the conjugated backbone. Another explanation
to rationalize the chain-size evolution of the luminescence
properties is a possible cross-over in the relative positions of
the 2A, and 1B, excited states when the chain length is
increased.®® The quenching of the luminescence would then
result from the fact that the optically forbidden 2A, state
becomes the lowest in energy in high oligomers. The
theoretical estimate of the relative position of the 2A, versus
1B, excited states in PTA oligomers is a hard computational
task since this requires size-consistent highly correlated
theoretical calculations going much beyond the INDO/SCI
formalism. This was successfully achieved for oligoenes by
using the density matrix renormalization group (DMRG)
technique coupled to the PPP Hamiltonian.[*®! Unfortunately,
such an approach cannot yet treat the m-electrons lying in the
plane of the molecule which play a critical role in determining
the optical properties of the PTA chains.

Analysis of the optical properties of PTA monomers
bearing different silyl end groups with the free diethynyl-
ethene derivative 4 indicates a strong dm—ps; conjugative
interaction between the terminal silicon atoms and the -
conjugated backbone. For example, the most intense elec-
tronic transition of the Me;Si-end-capped monomer la at
283 nm evolves to a value of 284 nm (AE =0.02 eV) for the
Et;Si-monomer 3b and experiences a further red-shift to
286 nm (AE =0.05 eV) for the correspondent PTA monomer
exhibiting (iPr);Si end groups, which is a direct consequence
of the increasing donor strength (inductive effect) of the alkyl
groups attached to the silicon atoms.*”) Removal of both
terminal silicon groups yielding the free diethynyl compound
4 results in a significant hypsochromic shift down to 262 nm,
which clearly demonstrates the active participation of the
silicon atoms in the m-conjugation. Similarly, the bis-silylated
compound 1b undergoes a shift of the lowest energy
absorption band from 376 nm to 360 nm (AE =0.15 eV) upon
cleavage to the free diethynyl dimer 6b.[* 41l

Nonlinear optical properties of the PTA oligomers: The third-
order nonlinear optical properties of PTA oligomers 3a—g
were examined by third-harmonic generation (THG) and
degenerate four-wave mixing (DFWM, Table 3).121 The two
methods provide values of the second-order hyperpolariz-
ability y located at different positions in the wavelength
dispersion. Whereas THG delivers y(—3w,w,w,w), DFWM
measurements give access to y(—w,w, — w,w) as the exper-
imentally observed nonlinearity. As a result of the degenerate
frequencies in the DFWM measurements, vibrational contri-
butions can supplement the pure electronic contribution
measured by THG.
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Table 3. Second-order hyperpolarizabilities y of Et;Si-end-capped PTA oligomers 3a—g and polymer 2a

measured by DFWM and THG and theoretically calculated values.

electrochemical potentials.
However, we should keep in

Compound n Y DFWM YDFWM YTHG YTHG YVEHISOS mind that linear, nonlinear op-
(1073 esu) (10¥ m>V-2) (1073 esu) (10¥ m>V-2) (1073 esu) tical, and  electrochemical
3a 1 9 0.13 12 0.16 0.5 measurements involve different
3b 2 77 L1 54 0.75 33 physical processes and thus the
3e 4 283 8.2 360 >0 o84 three experimental characteri-
3d 6 1130 16 890 12 1878 .
3e 3 2180 31 1810 25 3497 zations should not reveal satu-
3t 12 3530 49 2570 36 6892 ration a priori at the same chain
3g 16 4290 60 4230 59 10315 length; direct comparisons be-
2a ~22 7530 105 6510 91 -

tween the three sets of exper-

[a] Experimental error 10 %.

The wavelengths of the incident laser beams are selected in
such a way that no absorption of the fundamental or harmonic
wavelengths occurs, thus guaranteeing a nonlinearity in the
transparency range. As an additional verification of the non-
resonant nonlinearity, temporal scans have been performed in
the DFWM experiments, showing the instantaneous character
of the measured hyperpolarizability and the absence of long-
lived signal contributions from excited states.

The results for PTA oligomers 3a—-g and the two poly-
disperse polymer samples 2ab from THG and DFWM
experiments disclose a power law increase y-a-n* of the
hyperpolarizability y for short oligomers, with a smooth
saturation around »n =10 monomer units. The same qualita-
tive result of n=10 is obtained by plotting the nonlinearity
per volume y/n against the number of monomer units as
shown in Figure 4. The power law exponent a for DFWM was
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Figure 4. Double logarithmic plot of the second-order hyperpolarizability
y per monomer unit of PTA oligomers 3a—g and polymer 2a vs. the
number of monomer units » measured by THG (2) and DFWM (m)
together with the VEH/SOS calculated values (0). For short oligomers, the
nonlinearity follows a power law y«a+n*. Around 10 monomer units, the
power law evolves smoothly into a linear increase; the onset of saturation
of the nonlinearity per monomer unit y/n is reached.

determined to 2.64+£0.20 for oligomers ranging up to
octameric 3e. The THG experiments revealed an exponent
of a =2.46 +0.10, which corroborates well with a =2.52 +£0.10
previously reported for series 1a—f.['4]

The onset of saturation observed for the nonlinear optical
properties takes place around 10 monomer units or 60 C—C
bonds, which typically corresponds to the effective conjuga-
tion length determined from linear absorption data and
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imental results have thus to be

made with care. The power law

dependence of the optical non-
linearity upon elongation of the m-conjugated backbone,
yielding for PTAs an exponent a on the order of typically 2.5
and a saturation around 60 C—C bonds in the transparency
range, has also been reported for other molecular systems.*]
We can therefore speculate that most linearly m-conjugated
polymers follow a common law for the evolution of their
nonlinear optical response upon lengthening of the backbone.

Theoretical calculations: The main goal of this theoretical
section is to investigate the chain-length evolution of the
electronic and optical properties of PTA oligomers and to
assess the fundamental differences with respect to the
properties of PAs and PDAs of similar size. We have first
validated the use of the AM1 Hamiltonian to optimize the
geometry of the entire PTA oligomer series by comparison of
the C—C bond lengths calculated at the AM1 level for dimeric
3b (excluding substituents) to those obtained from ab initio
Hartree-Fock 6-31G* and post Hartree —Fock 6-31G*/MP2
(Moller—Plesset 2) calculations (Table 4). We observe very

Table 4. Characteristic C—C bond lengths (in A) for PTA dimer 3b bearing
terminal hydrogen atoms instead of Et;Si groups calculated on the AM1, ab
initio 6-31G*, and 6-31G*/MP2 level of theory, together with corre-
sponding experimental values obtained from X-ray single crystal structure
analysis of PTA monomer 3a.[']

Bond AM1 HF/6-31G* MP2/6-31G* Exp.
dl 1.349 1.383 1.360 -

d2 1.203 1.193 1.237 1.162
d3 1.399 1.431 1.413 1.425
d4 1.349 1.329 1.359 1.349

good correspondence between the AM1 and 6-31G*/MP2
results, which both indicate that the “single bond” located
between two triple bonds has almost the same length as the
double bond of the vinylene unit; noteworthy, this behavior is
not reproduced at the 6-31G* level. The calculated bond
lengths are also in good agreement with corresponding
experimental values obtained from X-ray single crystal
structure analysis experiments of monomeric 1a;¥l the small
discrepancies between the theoretical and experimental data
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can be partly attributed to finite-size effects affecting the
geometry of the monomer. The AM1-calculated C—C bond
lengths in a PTA oligomer containing three repeat units
together with the values obtained for PA and PDA chains with
the same number of C atoms are reported in Figure 5. The

1.48 -
1.441
1.40
1.36
1.324
1.28

Bond Length [A]

1.24

1.204

1.16 — T T
01 2 3 45 6 7 8 910
Bond Number

Figure 5. Evolution of the AMI-calculated C—C bond lengths [A] going
from a polyene a) containing 30 C atoms to PDA b) and PTA c) chains of
similar size. The open circles, open triangles, and filled squares refer to the
C—C bonds calculated for the polyene, PDA, and PTA backbones,
respectively; for symmetry reasons, the C—C bond lengths calculated for
one half of the molecule are represented on the graph. The arrow illustrates
the significant reduction in the length of single C—C bonds when they
become surrounded by triple bonds.

introduction of triple bonds along the conjugated backbone
causes a reduction in the length of adjacent C—C single bonds
and a simultaneous decrease in C—C bond alternation (i.e.,
increase in the cumulenic character) of the vinylene moieties,
which is in agreement with earlier theoretical works;*! the
shortening of the single C—C bonds gets more pronounced
when they are located between two triple bonds, as shown in
Figure 5. The length of the PTA repeat unit is estimated to be
74 A at the AM1 level and is similar to the value obtained
from previous Molecular Mechanics (MM) calculations.[' 22!
The average C—C bond alternation (defined as the average of
the absolute difference between two adjacent C—C bond
lengths) is estimated to be 0.100 A, 0.124 A, and 0.129 A for
the PA, PDA, and PTA oligomers, respectively.

The evolution of the INDO-calculated gas-phase ionization
potential and electron affinity of PTA oligomers (estimated
within Koopmans’ theorem as the absolute value of the
HOMO and LUMO levels energy, respectively) as a function
of the inverse number of repeat units is shown in Figure 6. For
short oligomers (n between 2 and 7), the electron affinity
increases with chain length; the linear relationship between
electron affinity and inverse chain length parallels that
obtained for the experimental formal redox potentials re-
ported in Table 2 (slopes of 1.43 and 1.21 are obtained for the
theoretical and experimental data, respectively). Deviation
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Figure 6. Evolution of the INDO-calculated gas-phase ionization potential
(0) and electron affinity (m) of PTA chains as a function of the inverse
number of repeat units. For comparison, the experimental reduction
potentials [V] (2) taken from Table 2 are included.

from linear relationship is observed for longer chains, thus
indicating that the onset of saturation of the electron affinity
occurs around n =8, which is in agreement with experimental
values. Interestingly, the increase in electron affinity in going
from one oligomer to the next has nearly the same amplitude
as the decrease in ionization potential. This points to what
condensed-matter physicists would refer to as a strong
electron-hole symmetry in PTA chains. This symmetry is
maximized when all the C atoms acquire very similar
electronic characters and is thus supported by the exper-
imental *C NMR results showing such a behavior.

The INDO/SClI-calculated energy of the lowest optically-
allowed transition in PTA chains (for n varied between 1 and
6) is presented in Figure 7a. The CI expansion takes into
account: i) only the molecular levels built from p, atomic
orbitals (denoted m, in the following); and ii) the 7, molecular
orbitals together with the m-type orbitals lying in the plane of
the molecule (referred to as m, levels, hereafter). In all cases,
the transition originates from a mixing of both r, — m,* and
T, — m* one-electron excitations, which have the same
symmetry within the C,, representation applicable to the PTA
oligomers. The neglect of the m, levels in the CI leads to
dramatic deviations with respect to the calculations per-
formed with both m, and m, orbitals; this feature had already
been emphasized in earlier calculations of Dinur and Karplus
carried out on PDA oligomers.* The contribution arising
from the m, — mx,* transitions is reduced as the chains
elongate and leads to a progressive attenuation of the energy
difference between the two sets of results. This is driven by the
fact that the energies of the highest occupied and lowest
unoccupied m, orbitals significantly evolve with chain size due
to the delocalization of the conjugated backbone, thus
enlarging the energy gap (and decreasing the strength of the
interaction) between them and the m, orbitals (which are
much less affected by the elongation of the chains). The
calculated optical transitions overestimate by some 0.1-
0.2 eV the experimental energies at the maximum of the
lowest-energy absorption band in PTA chains ranging in size
from 2 to 6 repeat units. Interestingly, a blue-shift on the order
of 0.15 eV is also observed between the INDO/SCI-calculated
and experimental spectra (in cyclohexane solution) of full-
erene derivatives;®! this shift is partly attributed to the
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Figure 7. a) INDO/SCI-calculated evolution of the lowest optically
allowed excited state of PTA chains as a function of the inverse number
of monomer units 7, as calculated with only x, orbitals (0) and with both 7,
and m, orbitals (m); we also include the experimental deconvoluted
absorption energies E,,,, for the PTA oligomers 3a-e (A); b) INDO/SCI-
calculated chain-size evolution of the lowest optically-allowed transition
energy in PTA oligomers containing from 2 to 8 repeat units (4), together
with the corresponding values obtained for PA (0) and PDA oligomers (m)
possessing the same number of C atoms.

neglect of intra- and inter-chain polarization effects in the
calculations. A linear relationship is observed between
inverse chain length and the calculated transition energies
for n varied between 2 and 8, in contrast to the experimental
data showing the onset of saturation beyond 6 monomeric
units. An interesting feature of PTA and PDA oligomers is
that forbidden optical transitions are calculated to take place
between m, and m, orbitals in an energy range very close to
that of the lowest optically-allowed transition; such states can
thus also play a critical role in determining the fluorescence
properties of the chains.

The chain-size evolution of the INDO/SCI-calculated
energy of the lowest optically-allowed transition in PTA
oligomers (containing 12, 18, 24, 30, and 36 C atoms) together
with the corresponding values obtained for PA and PDA
oligomers having the same number of C atoms (note that the
PDA oligomers with 18 and 30 C atoms have an extra double
C—C bond) are reported in Figure 7b. We have estimated the
band gap of the parent polymers from a linear regression
through the oligomeric data extrapolated to the scale of an
infinite chain (n =o00); this procedure yields band gap values
of 2.26¢eV, 2.57¢eV, and 2.67¢eV for PA, PDA, and PTA,
respectively. The evolution of the band gap energy can be
correlated with the increase in average C—C bond alternation.
Despite the fact that these results overestimate the exper-
imental band gaps due to the neglect of polarization effects,
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they clearly demonstrate that PA has a significantly lower
optical band gap than the other two polymers; a relevant
comparison with experimental energies at 4,,, measured for
the three polymers is, however, not straightforward owing to
the absence of experimental data acquired under similar
conditions.*! We also notice that the slope of the linear fit
(2.66, 2.02, and 1.46 for PA, PDA, and PTA, respectively)
decreases with the amount of triple bonds incorporated along
the backbone; the slower evolution in PDA and PTA
oligomers is thus consistent with triple bonds reducing the
amplitude of delocalization effects associated to the photo-
generated electron-hole pair (i.e., exciton). This is supported
by a wavefunction analysis of the lowest optically allowed
excited state in PA and PTA oligomers containing 30 C atoms,
as shown in Figure 8. In such a two-dimensional graph, bright

"y - s = 'n,
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Figure 8. Representation of the electronic wavefunction of the electron-
hole pair photogenerated in the lowest optically-allowed excited state of a
PA a) and PTA b) chain containing 30 C atoms. Each data point (x;,y;) on
the two-dimensional grid, running over all the C atoms along the x and y
axes, is associated to the probability | (x;,y;) | * of finding the first carrier on
site x; and the second carrier on site y;; the brightest regions refer to the
highest probabilities.

0947-6539/00/0619-3630 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 19





Poly(triacetylene) Oligomers

3622-3635

regions refer to high probabilities of finding the two carriers at
the positions defined by the grid. In both cases, the wave-
function analysis reveals that the probabilities are the largest
along the diagonal where the two carriers are very close to
each other. When fixing one of the two carriers on a given site
along the x axis, the extent of the electronic wavefunction of
the exciton can be inferred by estimating the width of the
bright zone along the corresponding vertical line. Widths on
the order of 30 A and 20 A are found in the central part of the
polyene and PTA chains, respectively; these can be compared
to a value on the order of 30 A previously reported for poly(p-
phenylene vinylene) chains.”!

The chain-size evolutions of the static average y values per
monomer unit calculated at the VEH/SOS level for PA, PDA,
and PTA chains (up to 60 C atoms) are displayed in Figure 9.
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Figure 9. VEH/SOS-calculated evolution of the static y values per
monomer unit (in 10-* esu) in PA (o), PDA (m), and PTA (2) chains as
a function of the number of C atoms.

The third-order nonlinearities are much larger in polyenes
than in chains of similar size containing triple C—C bonds. In
accord with earlier correlated quantum-chemical calculations
which addressed the way on how changes in the C—C bond
alternation modulate the nonlinear optical properties in
polyene-like derivatives,® this can be attributed to the
increase in the C—C bond alternation in going from PA to
PDA and PTA chains. The calculated evolutions fit a power
law dependence y - a - n* for chains containing from 30 and 50
C atoms (i.e., in a range where the chains are expected to be
well described by the VEH/SOS approach). The power law
coefficients are estimated to be 2.34, 2.60, and 3.12 for the
PTA, PDA, and PA chains, respectively, and can be correlated
to changes in the strength of the interaction between the
monomer units, as already suggested by the calculated linear
optical properties. The static y values obtained for longer
chain lengths start to deviate from the power law, thus
indicating the onset of a saturation regime. The theoretical
power law coefficient a obtained for PTA chains (2.34) closely
matches that estimated from THG and DFWM measure-
ments (2.46 4-0.10 and 2.64 £ 0.20, respectively).[]

Conclusion
The fast and efficient statistical deprotection—oligomeriza-
tion synthesis protocol presented in this work opens rapid

access to monodisperse PTA oligomers with extended size.
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The entire PTA oligomer series featured amazingly high
environmental stability combined with excellent solubilities in
a wide range of aprotic organic solvents, thus enabling
comprehensive structure —property studies by means of
different characterization methods. The dodecamer and
hexadecamer show a deviation from the typical linear chain-
size evolution obtained for smaller m-conjugated oligomers,
leading to a saturation in the first electrochemical reduction
potential as well as in the linear and nonlinear optical
properties. It is interesting to note that the effective con-
jugation length determined from the deconvoluted longest-
wavelength absorptions is on the order of n =10 monomeric
units, in apparent agreement with the nonlinear optical
measurements showing a smooth saturation of the second-
order hyperpolarizability y per monomer unit at approxi-
mately the same number of repeat units. All Et;Si-end-capped
PTA oligomers, except the hexadecamer, exhibited reversible
one-electron transfer reduction events with saturation effects
starting around the octamer. However, these data have to be
interpreted with much caution since both cyclic and steady-
state voltammetry give rise to poorly resolved peak potentials
for the hexadecameric rod. Despite the different physical
methods applied for the determination of the ECL, there is a
striking accordance for the number of monomer units at
which saturation effects become visible. However, since
different physical effects govern the various characterization
techniques that have been used, there is a priori no particular
reason for which the electrochemical, Raman spectroscopical,
linear optical, and nonlinear optical properties should lead to
the same effective ECL; this issue will require further
investigation.

The AM1 calculations indicate that introduction of triple
bonds along the m-conjugated backbone of PTAs results in a
reduction in the bond length of the adjacent C—C single bonds
and a simultaneous decrease in C—C bond alternation of the
vinylene moieties. INDO/SCI-calculated energies of the low-
est optically-allowed transition revealed that the band gap is
increased in the series PA, PDA, and PTA as a consequence of
the introduction of the ethynylene bonds. The INDO-
calculated gas-phase electron affinities obey a linear relation-
ship as a function of the inverse number of monomer units, in
agreement with the evolution of the reduction potentials
found by electrochemical measurements. We have validated
on the basis of VEH/SOS calculations the power law depend-
ence between the second-order hyperpolarizability y and the
number of C atoms in PA, PDA, and PTA chains. The power
law coefficient a estimated from both THG and DFWM
experiments agrees very well with the theoretical value.

The analytical size-exclusion chromatography traces of
oligomerized mixtures obtained from statistically deprotected
3e indicate that even higher monodisperse PTA oligomers
may be stable and isolable. Work along these directions aimed
at synthesizing molecular rods of unprecedented length is
currently pursued in our laboratory.

Experimental Section

Materials and general methods: Compound 4 was prepared as described in
refs. [24, 25]. Reagents and solvents were purchased reagent-grade from
Aldrich or Fluka and used without further purification. Anhydrous MgSO,
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was used as the drying agent after aqueous work-up. Evaporation and
concentration in vacuo were carried out at water aspirator pressure.
Column chromatography (CC): SiO, 60 (70-270 mesh, 50-200 um) from
Macherey —Nagel, silica gel 60 (70 —230 mesh, 63 —200 xm) from Merck, or
SiO, 60 (230-400 mesh, 40-63 um) from Fluka. Thin-layer chromatog-
raphy (TLC): glass sheets covered with silica gel 60 F,5, from Merck or
Polygram SIL G/UV,s, from Macherey - Nagel; visualization by UV light
or dipping into a potassium permanganate solution and subsequent heating
with a heat gun. Melting points (m.p.) were determined on a Biichi SMP-20
apparatus and are uncorrected. UV/Vis spectra were recorded on a Varian-
Cary-5 spectrophotometer at RT. Infrared spectra were obtained on a
Perkin — Elmer-1600-FT-IR spectrometer. Raman spectra were recorded
on a Perkin—Elmer series 2000R NIR FT-Raman spectrometer. The
compounds were excited in CHCl; solutions at 1064 nm (Nd:YAG laser,
Spectron Laser Systems) at a laser power of 700—900 mW. 'H- and "C-
NMR spectra were recorded on a Bruker AMX-500 spectrometer; C-
NMR spectra with complete proton decoupling. Chemical shifts (0) are
reported in parts per million; residual protic solvent of CHCl; at 6 =7.24
and the central resonance of the triplet for CDCl, at 6 =77.0 were used as
the internal reference in the 'H- and *C-NMR spectra, respectively. The
BC-NMR spectra of compounds 3e, 3f and 3g were recorded using
Cr(acac); (~20mM) as a relaxation agent. For the monodisperse PTA
oligomers 3b-g, side chain atoms, in particular those belonging to the
Me,tBuSiOCH, side groups, frequently give rise to overlaps. However, in
all cases apart from dodecamer and hexadecamer 3f and 3g, the
unsaturated C atom resonances of the conjugated backbone were always
clearly distinguishable. EI-MS spectra were acquired on a VG-Tribrid
spectrometer measured at 70 eV. FAB-MS spectra were measured on a VG-
ZAB-2SEQ spectrometer utilizing m-nitrobenzyl alcohol (3-NOBA) as the
matrix. MALDI-TOF-MS spectra were obtained using a Bruker Reflex
instrument with a N, laser system (337 nm) to desorb and ionize analyte
molecules, which were previously dissolved in CH,Cl, and deposited onto
the center of the probe tip and dried under vacuum. 3-(3-Indolyl)acrylic
acid (IAA), 2,5-dihydroxybenzoic acid (DHB), or 2'4',6'-trihydroxyaceto-
phenone (THA)/ammonium hydrogencitrate (AHC) were used as ma-
trices. All reported data were acquired using the linear positive-ion mode at
+15 and 20 kV, respectively. For EI, FAB, and MALDI-TOF mass spectra,
the experimental highest peak in the molecular ion cluster is reported
followed in parenthesis by the isotopic molecular formula corresponding to
the calculated most intense peak in the cluster. Elemental analyses were
carried out by the Mikrolabor in the Laboratorium fiir Organische Chemie
at ETH Ziirich.

Analytical size-exclusion chromatography (SEC): Two columns connected
in series: TosoHaas TSKgel G2500 HR (5 um) and TosoHaas TSKgel
G2000 HR (5 um), 7.8 mm ID x 30 cm. Instrumentation: Merck-Hitachi
HPLC pump L-7100; Merck — Hitachi column oven L-7360; Merck — Hita-
chi UV detector L-7400; Merck —Hitachi chromato-integrator D-2500;
detector wavelength fixed at A =400nm; solvent THF (HPLC grade)

thermostatted at 60°C with a flow rate fixed at 1 mLmin'.

Preparative size-exclusion chromatography (SEC): Column: glass-column
5 x 180 cm, filled with Bio-Rad Bio-Beads S-X1. Instrumentation: UV/Vis
detector from Knauer; all chromatograms recorded at ambient temper-
ature with a variable detection wavelength ranging from A =300-600 nm;
solvent: toluene or CH,Cl, (technical grade, distilled prior to use) at RT;
flow rate ca. 10 drops per min operated with gravity. The styrene/
divinylbenzene copolymer gel was allowed to swell up for 24 h prior to use
in approximately the seven-fold volume of solvent. Separation of hexade-
camer 3g was performed on a TosoHaas TSKgel G3000 HR (5 um),
21.5mm ID x60cm column. Instrumentation: Merck—Hitachi HPLC
pump L-6250; Merck-Hitachi UV-detector L-4250; Merck —Hitachi
refractive-detector; Merck — Hitachi chromato-integrator D-2500; detector
wavelength fixed at A =400 nm; solvent: THF (HPLC grade) at RT; flow
rate fixed at 5 mLmin~".

Electrochemistry ts: The electrochemical measurements were
carried out at 20 £ 2°C in CH,Cl, containing 0.1Mm nBu,NPF; in a classical
three-electrode cell. The electrochemical cell was connected to a compu-
terized multipurpose electrochemical device (DACFAMOYV, Microtec-
CNRS, Toulouse, France) interfaced with an Apple II microcomputer. The
working electrode was a glassy carbon disk electrode (& 2 mm, EDI-type,
SOLEA-Tacussel, Villeurbanne, France) used either motionless for CV
(10mVs™ to 10 Vs™') or as a rotating-disk electrode. The auxiliary
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electrode was a Pt wire, and an aqueous Ag/AgCl electrode was used as
reference electrode. All potentials are referenced to the ferrocene/
ferricinium (Fc/Fc*) couple which was used as an internal standard. The
accessible range of potentials was +1.4 to —2.4 V versus Fc/Fc* on a glassy
carbon electrode in CH,Cl,. CH,Cl, was purchased spectroscopic grade
from Merck, dried over 4 A molecular sieves, and stored under Ar prior to
use. nBu,NPF was purchased electrochemical grade from Fluka and used
as received.

Third-harmonic generation measurements: The laser source was a pulsed
Nd: YAG laser (4 =1.064 um, 10 Hz repetition rate, pulse duration of 5 ns)
which was used to pump a H, gas Raman cell yielding a frequency shifted
wavelength of 4 =1.907 um. The s-polarized beam was focused onto the
sample with a f=500 mm lens. Third-harmonic generation measurements
were performed by rotating the 1 mm thick fused silica cuvette with the
solution parallel to the polarization to generate well known Maker-fringe
interference patterns. The Maker-fringe patterns were analyzed in a
manner similar to that described in the literature.*”) All measurements
were calibrated against fused silica x®=1.62x10"2m>V-2 (1.16 x
10" esu).P” A comparison of measurements of fused silica in vacuum
and air allowed all subsequent measurements of our solutions to be
performed in air. CHClI, solutions with initial concentrations of 0.5 to 1.5
weight percent were prepared and later diluted to four lower concen-
trations. From the concentration series the molecular second-order hyper-
polarizability of the solute molecules was elucidated.

Degenerate four-wave mixing experiments: The laser source was a Nd:
YLF laser (A =1.047 mm) with 10 ps pulses at a repetition rate of 10 Hz.
Due to the short laser pulses, we can exclude thermal or orientational
contributions of the solute molecule to the optical nonlinearity. The weak
signal beam was detected with a pyroelectric joulemeter. The counter-
propagating probe beam could be delayed in time to also measure the
temporal behavior of the nonlinearity. All measurements were calibrated
against CS, (1,=32x10°GWcem2, x® =3.0x102m>V2=21x
10-'2 esu).PY) CHCI; solutions of around 1 weight percent were prepared
and diluted to four lower concentration. For each concentration two
DFWM measurements were performed and the molecular second-order
hyperpolarizability was calculated from the series.

Theoretical methodology: We have optimized the geometry of unsubsti-
tuted PTA oligomers ranging in size from n =1 to 10 repeat units (i.e., from
6 to 60 C atoms) with the help of the semiempirical Hartree — Fock Austin
Model 1 (AM1) method,*l assuming planar conformations and the all-
trans configuration indicated by the NMR and FT-IR experimental data.
This choice of method is validated by the fact that AM1 has a very good
track record for reproducing the ground-state geometry of organic
molecules. For the sake of comparison, we have evaluated in the same
way the equilibrium geometry of PA and PDA oligomers containing a
similar number of C atoms.

On the basis of the structural data, we have computed the linear optical
absorption properties of the oligomers by coupling the semiempirical
intermediate neglect of differential overlap (INDO) Hamiltonian to a
single configuration interaction scheme (SCI). We make use here of the
INDO parameterization developed by Zerner and co-workers,**l with the
electronic interaction terms expressed by the Mataga —Nishimoto poten-
tial. In order to ensure size consistency, the singly excited configurations
involved in the CI development are built from: i) all the occupied and
unoccupied m-levels formed by a linear combination of p, atomic orbitals
that are perpendicular to the plane of the chain; ii) the X/2 highest
occupied and X/2 lowest unoccupied levels that do not match the first
criterion (with X being the total number of C atoms involved in triple C—C
bonds); these molecular levels mostly originate from the C(sp) atoms and
result from the interaction of w-atomic orbitals lying within the plane of the
molecular backbone, which can also interact with the other valence atomic
orbitals forming the o-skeleton of the chain.

We have also characterized the nature of the electron-hole pair photo-
generated in the lowest optically-allowed excited state of the chains by
means of a wavefunction analysis carried out at the INDO/SCI level; this
provides a two-dimensional grid running over all the Csites along each axis,
where each data point (x,y) corresponds to the probability |y(x;,y;) |* of
finding a charge carrier on site x and the second one on site y. Here, the
amplitude y(g,r) to have a carrier in orbital q (which can be a 2s, 2p,, 2p,, or
2p, orbital) and the second carrier in orbital r is given by:
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w(qr)= 1/\/§[ZJ CjCI CCJIMCAO(ef> CLeao(p+y 4
ZJ CJCI Cé_CAO(h +) CTLCAO(ef)] (4)

where C (h*) and C,(e") are the LCAO (linear combination of atomic
orbitals) coefficients in the occupied and unoccupied levels, respectively,
involved in the j-th singly excited configuration. The orthonormalization of
the basis set gives:

S5 [p(gn =1 )

Regarding the third-order nonlinear optical properties, we have estimated
the average static y values of the chains with the help of the valence
effective Hamiltonian (VEH) method combined to a sum-over-states
(SOS) formalism.%! This approach has been shown to provide a reliable
qualitative description of the third-order optical nonlinearities in long
poly(acetylene) and poly(p-phenylene vinylene) chains.®) The states
plugged into the SOS expression of y correspond to single Slater
determinants obtained following single and double excitations between
all the valence levels in oligomers containing up to 18 C atoms and between
the 40 highest occupied and 40 lowest unoccupied molecular orbitals in
longer chains.

(E)-3,4-Bis{[ (tert-butyl)dimethylsilyloxy Jmethyl}-1-(triethylsilyl) hex-3-
ene-1,5-diyne (5): 1.6M nBuLi in nhexane (0.93 mL, 1.49 mmol) was added
slowly to a solution of 4 (0.54 g, 1.49 mmol) in dry THF (40 mL) at —78°C.
After 30 min, Et;SiCl (0.38 mL, 2.24 mmol) was added and the solution was
warmed up to RT over a period of 1 h. Saturated aqueous NH,Cl solution
(50 mL) was added and the reaction mixture extracted with CH,Cl,
(200 mL). The organic phase was washed with saturated aqueous NaCl
solution (100 mL) and dried (MgSO,). Evaporation in vacuo and purifi-
cation by CC (SiO, 60, eluent: nhexane/CH,Cl, 3:1) gave 5 as a pale yellow
oil (0.44 g, 66 % ). 'H NMR (200 MHz, CDCl;): 6 =0.07 (s, 12H), 0.66 (q,
J=28.0Hz, 6H), 0.89 (s, 18H), 0.99 (t,/=8.0 Hz, 9H), 3.49 (s, 1 H), 4.42 (s,
2H), 4.47 (s,2H); BC NMR (50 MHz, CDCLy): 6 = —5.31, 4.22, 7.36, 18.31,
25.80, 63.86, 63.99, 80.43, 88.74, 102.49, 104.84, 129.85, 131.37; FT-IR
(CHCL,): 7=3300 (s), 2956 (s), 2929 (s), 2882 (s), 2860 (s), 2133 (m), 1600
(w), 1472 (s), 1462 (s), 1415 (m), 1390 (m), 1375 (m), 1362 (m), 1256 (s),
1167 (s), 1100 (s), 1039 (m), 1006 (m), 974 (w), 939 (w), 911 (m), 839
(s) em™'; EI-MS: m/z (%): 421.3 (1) [M — C(CHj;);]*; CysH5O5Si; (478.94):
caled C 65.20, H 10.52; found: C 65.17, H 10.65.

(E,E)-3,4,9,10-Tetrakis{[ (ert-butyl)dimethylsilyloxy Jmethyl}-1,12-bis(tri-
ethylsilyl)dodeca-3,9-diene-1,5,7,11-tetrayne  (3b): TMEDA (0.05 g,
0.07 mL, 0.44 mmol) and CuCl (0.012 g, 0.13 mmol) were added at RT to
a solution of 5 (0.15 g, 0.32 mmol) in dry CH,Cl, (20 mL, containing 4 A
molecular sieves). After stirring under an atmosphere of air for 5h, an
EDTA solution (pHS8, 100 mL) was added and the reaction mixture
extracted with CH,Cl, until the washings were colorless. The collected
organic phases were washed with saturated aqueous NaCl solution
(100 mL) and dried (MgSO,). Removal of the solvent at reduced pressure
and purification by a plug (SiO, 60, eluent: nhexane/ethyl acetate 20:1)
provided 3b as a pale yellow solid (0.14 g, 97 % ). M.p. 69-70°C; 'H NMR
(500 MHz, CDCl,): 6 =0.068 (s, 12H), 0.073 (s, 12H), 0.62 (q, /=8.0 Hz,
12H), 0.89 (s, 36H), 0.98 (t, J=8.0 Hz, 18H), 4.40 (s, 4H), 4.48 (s, 4H);
3C NMR (125.8 MHz, CDCLy): 6 =—5.22, —5.16, 4.31, 745, 18.36, 18.38,
25.87,25.91, 63.87, 64.07, 81.92, 85.47, 102.71, 107.07, 129.94, 132.95; FT-IR
(CHClL,): 7 =2956 (s), 2929 (s), 2882 (s), 2856 (s), 2144 (m), 1567 (w), 1472
(s), 1462 (s), 1415 (m), 1390 (m), 1375 (m), 1361 (m), 1256 (s), 1172 (s), 1106
(s), 1006 (s), 972 (m), 911 (m), 839 (s) cm~'; Raman (CHCL): 7=3017 (s),
2925 (w), 2399 (w), 2187 (w), 2132 (w), 1568 (w), 1498 (w), 1214 (m), 761
(m), 665 (s), 364 (s), 259 (s) em™!; UV/Vis (CHCL): 1 =287 (21200), 301
(24000), 320 (23800), 352 (30100), 377 (26500); FAB-MS: m/z (%): 954.5
(60) [M]", 8974 (55) [M—C(CHs)]*, 8233 (37) [M-—
OSi(CHj;),C(CHs)5]*, 439.1 (100); MALDI-TOF-MS (THA, AHC): m/z
(%): 9779 (100) [M+Na]*, 954.8 (36) [M]*, 897.7 (46) [M — C(CH,);]*,
823.5 (95) [M — OSi(CH;),C(CHj;);] "5 Cs,HggO,Sis (955.87): caled C 65.34,
H 10.33; found: C 65.22, H 10.25.

Oligomers 3¢ and 3d: A 1M NaOH solution (1 mL) was added at RT to a
solution of 3b (0.32 g, 0.33 mmol) in THF/CH;0H (20 mL, 1:1), and the
reaction was carefully monitored by TLC (nhexane/ethyl acetate 40:1).
After the yellow spot of bis-deprotected 3b appeared on the TLC
(approximately 10 min), the reaction was immediately quenched by adding
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saturated aqueous NH,CI solution (100 mL) and extracted with CH,Cl,
(200 mL). The collected organic phases were dried (MgSO,) and concen-
trated in vacuo to a volume of approximately 10 mL. The solution was
diluted with dry CH,Cl, (20 mL, containing 4 A molecular sieves), and
TMEDA (0.05 g, 0.07 mL, 0.46 mmol) and CuCl (0.012 g, 0.13 mmol) were
added. After stirring under an atmosphere of air for 2 h at RT, an EDTA
solution (pH 8, 100 mL) was added and the reaction mixture extracted with
CH,Cl, until the washings were colorless. The organic phase was washed
with saturated aqueous NaCl solution (100 mL) and dried (MgSO,).
Concentration at water aspirator pressure, followed by purification using
size-exclusion chromatography, and precipitation from MeOH gave the
pure oligomers 3¢ (0.057 g, 20 %) and 3d (0.013 g, 5%) besides recovered
starting material 3b (0.224 g, 70%).
(E,E,E,E)-3,4,9,10,15,16,21,22-Octakis{[ (fert-butyl)dimethylsilyloxy Jmeth-
yl}-1,24-bis(triethylsilyl)tetracosa-3,9,15,21-tetraene-1,5,7,11,13,17,19,23-oc-
tayne (3¢): Deep yellow solid; m.p. 151-152°C; 'H NMR (500 MHz,
CDCl;): 6=0.069 (s, 12H), 0.075 (s, 12H), 0.082 (s, 24H), 0.62 (q, /=
8.0 Hz, 12H), 0.890 (s, 36 H), 0.894 (s, 36 H), 0.99 (t, J=8.0 Hz, 18 H), 4.40
(s, 4H), 4.435 (s, 4H), 4.436 (s, 4H), 4.48 (s, 4H); *C NMR (125.8 MHz,
CDCly): 0 =—5.23, —5.17,4.29, 745, 18.35, 18.38, 25.86, 25.89, 63.84, 63.88,
64.07, 81.79, 83.13, 83.37, 85.22, 87.16, 87.61, 102.62, 107.47, 129.77, 132.03,
132.51, 133.33; FT-IR (CHCl;): 7 =2956 (m), 2932 (m), 2887 (w), 2856 (m),
2361 (w), 2339 (w), 2186 (w), 2131 (w), 1600 (m), 1472 (m), 1462 (m), 1411
(w), 1361 (w), 1256 (m), 1169 (w), 1106 (m), 1006 (m), 970 (w), 937 (w), 907
(W), 839 (s) cm~!; Raman (CHCL,): #=3017 (m), 2925 (w), 2399 (w), 2169
(w), 2136 (w), 1558 (w), 1214 (m), 761 (m), 665 (s), 364 (s), 259 (s) cm™;
UV/Vis (CHCl;): 4 =288 (30000), 302 (29000), 323 (25800), 403 (55600),
425 (44300, sh); MALDI-TOF-MS (THA, AHC): m/z (%): 1702.5 (100)
[M+Na]*, 1680.5 (42) [M]*, 1622.6 (79) [M — C(CH,);]*, 1548.8 (79) [M —
OSi(CHj;),C(CHs);3] "5 CoH 460451 (1681.20): caled C 65.73, H 9.95; found:
C 65.68, H 10.04.
(E,E,E,E,E,F)-3,4,9,10,15,16,21,22,27,28,33,34-Dodecakis{[ (tert-butyl)di-
methylsilyloxy]methyl}-1,36-bis(triethylsilyl) hexatriaconta-3,9,15,21,27,33-
hexaene-1,5,7,11,13,17,19,23,25,29,31,35-dodecayne (3d): Deep yellow sol-
id; m.p. 183-184°C; '"H NMR (500 MHz, CDCl,): 6 =0.069 (s, 12H), 0.075
(s, 12H), 0.083 (s, 48H), 0.62 (q, J = 8.0 Hz, 12H), 0.890 (s, 36 H), 0.894 (s,
36H), 0.895 (s, 36 H), 0.99 (t, J=8.0 Hz, 18 H), 4.40 (s, 4H), 4.44 (s, 16 H),
4.48 (s, 4H); BC NMR (125.8 MHz, CDCly): 6 = —5.23, —5.17, 4.29, 746,
18.35, 18.38, 25.86, 25.90, 63.84, 63.89, 64.07, 81.77, 83.04, 83.21, 83.32, 83.42,
85.20, 87.09, 87.33, 87.43, 87.66, 102.61, 107.50, 129.76, 131.98, 132.31, 132.42,
132.60, 133.35; FT-IR (CHCl,): 7#=2956 (m), 2932 (m), 2887 (w), 2856 (m),
2398 (w), 2359 (w), 2340 (w), 2333 (w), 1600 (m), 1472 (m), 1462 (m), 1411
(w), 1361 (w), 1256 (m), 1170 (w), 1111 (m), 1006 (m), 979 (w), 941 (w), 911
(W), 839 (s) cm~!; Raman (CHCL,): #=3017 (m), 2926 (w), 2399 (w), 2164
(w), 1556 (w), 1498 (w), 1214 (m), 761 (m), 665 (s), 364 (s), 259 (s) cm™};
UV/Vis (CHCly): 2 =285 (32700), 303 (31700), 322 (29500), 423 (66000);
MALDI-TOF-MS (THA, AHC): m/z (%): 2430.0 (100) [M+Na]", 2408.5
(68) [M]*, 2350.0 (47) [M — C(CH;);]*, 2275.8 (68) [M — OSi(CH;), —
C(CHa);]*; Ci3H,3401,S1, (2406.53): caled C 65.88, H 9.80; found: C
65.84, H 9.83.

Oligomers 3e-g: A 1M NaOH solution (1 mL) was added at RT to a
solution of 3¢ (0.10 g, 0.059 mmol) in THF/CH;OH (30 mL, 1:1), and the
reaction was carefully monitored by TLC (nhexane/ethyl acetate 40:1).
After the yellow spot of bis-deprotected 3¢ appeared on the TLC
(approximately 10 min), the reaction was immediately quenched by adding
saturated aqueous NH,CI solution (100 mL) and extracted with CH,Cl,
(200 mL). The collected organic phases were dried (MgSO,) and concen-
trated in vacuo to a volume of approximately 10 mL. The solution was
diluted with dry toluene (20 mL, containing 4 A molecular sieves), and
TMEDA (0.01 g, 0.01 mL, 0.083 mmol) and CuCl (0.002 g, 0.024 mmol)
were added. The oligomerization was performed in refluxing toluene under
an atmosphere of pure O,. After 1 h, an EDTA solution (pH 8, 100 mL)
was added and the mixture extracted with CH,Cl, until the washings were
colorless. The organic phase was washed with saturated aqueous NaCl
solution (100 mL) and dried (MgSO,). Concentration in vacuo, followed by
purification using size-exclusion chromatography, and precipitation from
MeOH gave the pure oligomers 3e (0.018 g,20%), 3£ (0.009 g, 10 %), and
3g (0.005 g, 5%) besides recovered starting material 3¢ (0.050 g, 50%).
(E,E,E,E,E,E.E,F)-349,10,15,16,21,22,27,28,33,34,39,40,45,46-Hexadeca-
kis{[ (tert-butyl)dimethylsilyloxy Jmethyl}-1,48-bis(triethylsilyl) octatetra-
conta-3,9,15,21,27,33,39,45-octaene-1,5,7,11,13,17,19,23,25,29,31,35,37,41,43,
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47-hexadecayne (3e): Deep yellow solid; m.p. 202-203°C; 'H NMR
(500 MHz, CDCl5): 6 =0.069 (s, 12H), 0.075 (s, 12H), 0.083 (s, 72H), 0.62
(q,/=8.0 Hz, 12H), 0.89 (s, 36 H), 0.90 (s, 108 H), 0.99 (t, /= 8.0 Hz, 18 H),
4.40 (s, 4H), 4.44 (s, 24H), 4.48 (s, 4H); *C NMR (125.8 MHz, CDCl,,
Cr(acac); added):  =—5.35, —5.29, 4.16, 7.33, 18.22, 18.25, 25.74, 25.77,
63.72,63.76, 63.94, 81.64, 82.90, 83.06, 83.10, 83.13, 83.20, 83.29, 85.07, 86.95,
87.18, 87.23, 8725, 87.32, 87.54, 102.49, 107.37, 129.63, 131.85, 132.17, 132.25,
132.27,132.31, 132.48, 133.22; FT-IR (CHCIL,): #=3002 (m), 2978 (s), 2900
(m), 2363 (w), 2338 (w), 1600 (w), 1482 (w), 1444 (m), 1394 (m), 1335 (w),
1305 (w), 1239 (m), 1044 (s), 938 (w), 878 (m), 805 (w)cm~'; Raman
(CHCL): 7=3017 (m), 2925 (w), 2399 (w), 2160 (w), 1553 (w), 1497 (w),
1214 (m), 761 (m), 666 (s), 364 (s), 259 (s) cm™'; UV/Vis (CHCl;): 1 =286
(34200), 304 (33300), 322 (32400), 432 (85600); MALDI-TOF-MS (THA,
AHC): m/z (%): 3156.0 (100) [M+Na]*, 3134.7 (30) [M]*, 3075.3 (40) [M —
C(CHy)]", 30018 (43) [M—OSi(CH,),C(CHy)i]";  CinHipnOuSisg
(3131.85): caled C 65.96, H 9.72; found: C 65.76, H 9.89.

(E,E,E,E,E,E,E,E,E,E,E,F)-3,49,10,15,16,21,22,27,28,33,34,39,40,45,46,51,
52,57,58,63,64,69,70-Tetracosakis{[ (tert-butyl)dimethylsilyloxy Jmethyl}-
1,72-bis(triethylsilyl)doheptaconta-3,9,15,21,27,33,39,45,51,57,63,69-dode-
caene-1,5,7,11,13,17,19,23,25,29,31,35,37,41,43,47,49,53,55,59,61,65,67,71-tet-
racosayne (3 f): Deep yellow solid; m.p. 219-220°C; 'H NMR (500 MHz,
CDCly): =0.069 (s, 12H), 0.075 (s, 12H), 0.084 (s, 120H), 0.65 (q, /=
8.0 Hz, 12H), 0.89 (s, 54 H), 0.90 (overlap, 162H), 0.99 (t, J = 8.0 Hz, 18 H),
4.40 (s, 4H), 4.44 (s, 40H), 4.48 (s, 4H); '*C NMR (125.8 MHz, CDCl,,
Cr(acac); added): 6 =—5.51 (overlap), 3.94, 712, 17.99 (overlap), 25.52
(overlap), 63.49 (overlap), 63.72 (overlap), 81.40, 83.06—82.66 (overlap, 10
signals), 84.84, 86.72, 87.01 (overlap, 7 signals), 87.09, 87.31, 102.25, 107.14,
129.40, 131.62, 131.94, 132.04 (overlap, 7 signals), 132.25, 132.99; FT-IR
(CHCL,): 7=2956 (s), 2927 (s), 2856 (s), 2188 (w), 2176 (W), 2132 (w), 2125
(w), 1600 (s), 1472 (s), 1460 (s), 1361 (m), 1256 (s), 1159 (w), 1111 (s), 1006
(m), 976 (w), 941 (w), 901 (w), 839 (s) cm~!; Raman (CHCl;): #=3017 (m),
2925 (w), 2399 (w), 2158 (w), 1556 (w), 1496 (w), 1214 (m), 761 (m), 665 (s),
364 (s), 259 (s) cm™'; UV/Vis (CHCL,): 1 =280 (42100), 305 (41000), 322
(40800), 437 (116600); MALDI-TOF-MS (THA, AHC): m/z (%): 4604.9
(100) [M+Na]*, 4581.9 (36) [M]*, 4524.3 (40) [M — C(CHs;),]*, 4450.7 (71)
[M — OSi(CH;),C(CH;)3]*; Cy5,H 35048156 (4582.51): caled C 66.05, H 9.63;
found: C 65.98, H 9.62.

(E.E,.E,E,E,.EE,E,E,E,E,E,E,E,E,F)-3,4,9,10,15,16,21,22,27,28,33,34,39,40,
45,46,51,52,57,58,63,64,69,70,75,76,81,82,87,88,93,94-Dotriacontakis{[ (zert-
butyl)dimethylsilyloxy Jmethyl}-1,96-bis(triethylsilyl)hexanonaconta-3,9,
15,21,27,33,39,45,51,57,63,69,75,81,87,93-hexadecaene-1,5,7,11,13,17,19,23,25,
29,31,35,37,41,43,47,49,53,55,59,61,65,67,71,73,77,79,83,85,89,91,95-dotria-
contayne (3g): A 1M NaOH solution (1 mL) was added at RT to a solution
of 3e (0.10 g, 0.032 mmol) in THF/MeOH (90 mL, 1:1), and the reaction
was carefully monitored by TLC (rnhexane/ethyl acetate 20:1). After the
yellow spot of bis-deprotected 3e appeared on the TLC (approximately
10 min), the reaction was immediately quenched by adding saturated
aqueous NH,CI solution (100 mL) and extracted with CH,Cl, (200 mL).
The collected organic phases were dried (MgSO,) and concentrated in
vacuo to a volume of approximately 10 mL. The solution was diluted with
dry toluene (50 mL, containing 4 A molecular sieves), and TMEDA (0.01 g,
0.01 mL, 0.045 mmol) and CuCl (0.001 g, 0.013 mmol) were added. The
oligomerization was performed in refluxing toluene under an atmosphere
of pure O,. After 1 h, an EDTA solution (pH 8, 100 mL) was added and the
reaction mixture extracted with CH,Cl, until the washings were colorless.
The organic phase was washed with saturated aqueous NaCl solution
(100 mL) and dried (MgSO,). Concentration at water aspirator pressure,
followed by purification using size-exclusion chromatography, and precip-
itation from CH;OH gave the pure oligomer 3g (0.019 g, 20 %), besides
recovered starting material 3e (0.070 g, 70%). Deep yellow solid; m.p.
>220°C; '"H NMR (500 MHz, CDCl;): 6 =0.069 (s, 12H), 0.075 (s, 12H),
0.083 (s, 168 H), 0.62 (q, /=79 Hz, 12H), 0.89-0.90 (overlap, 288 H), 0.99
(t, J=79 Hz, 18H), 4.40 (s, 4H), 4.44 (s, 56 H), 4.48 (s, 4H); *C NMR
(125.8 MHz, CDCl;, Cr(acac); added): 6 = —5.42 (overlap), 4.03,7.21, 18.09
(overlap), 25.60 (overlap), 63.59 (overlap), 63.81 (overlap), 81.52, 83.15-
82.60 (overlap, 14 signals), 84.93, 86.81, 87.10 (overlap, 11 signals), 87.18,
8740, 102.35, 107.25, 129.49, 132.19-131.69 (overlap, 13 signals), 132.35,
133.08; FT-IR (CHCL,): 7 =2956 (s), 2933 (s), 2856 (s), 2417 (w), 2383 (W),
2348 (w), 1667 (m), 1645 (m), 1600 (m), 1495 (m), 1461 (m), 1367 (m), 1261
(s), 1183 (m), 1168 (m), 1100 (s), 1072 (m), 1041 (m), 1017 (m), 922 (w), 839
(m), 811 (m) cm~'; Raman (CHCl,): ¥ =3017 (m), 2925 (w), 2398 (w), 2158
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(w), 1555 (w), 1496 (w), 1214 (m), 761 (m), 665 (s), 364 (s), 259 (s) cm™;
UV/Vis (CHCL): A=270 (61300), 281 (61200), 301 (56800, sh), 321
(53300), 439 (149400); MALDI-TOF-MS (IAA): m/z (%): 6055.6 (100)
[M+Na]*; C35,Hs7403,Si34 (6033.16): caled C 66.10, H 9.59; found: C 66.20,
H 9.52.

(E,E)-3,4,9,10-Tetrakis{[ (ert-butyl)dimethylsilyloxy Jmethyl}dodeca-3,9-di-
ene-1,5,7,11-tetrayne (6b): K,CO; (0.048 g, 0.34 mmol) was added slowly at
RT to a solution of 3b (0.10 g, 0.11 mmol) in THF/CH;OH (10 mL, 1:1).
After stirring for 30 min, the mixture was diluted with saturated aqueous
NaCl (50 mL), extracted with CH,Cl, (200 mL), and the organic phase
dried (MgSO,). Removal of the solvent at reduced pressure to a volume of
about 10 mL and purification through a (short!) plug (silica gel 60, eluent:
nhexane/ethyl acetate 10:1) provided 6b (0.078 g, 98 % ). Attention: The
compound is only stable in solution and must be stored under refrigeration
at —20°C! '"H NMR (500 MHz, CDCl,): 6 =0.129 (s, 12H), 0.131 (s, 12H),
0.941 (s, 18H), 0.944 (s, 18H), 3.67 (s, 2H), 4.47 (s, 4H), 4.50 (s, 4H);
BCNMR (125.8 MHz, CDCLy): d = —5.19, —5.14, 18.35, 18.39, 25.88, 63.67,
64.02, 80.38, 81.54, 85.19, 90.64, 130.52, 132.23; FT-IR (CHCL,): 7#=3303 (s),
2968 (s), 2933 (s), 2894 (m), 2862 (s), 2246 (w), 1600 (w), 1472 (m), 1462
(m), 1440 (w), 1390 (w), 1364 (w), 1256 (s), 1215 (s), 1155 (m), 1103 (s), 1041
(w), 1005 (w), 841 (s) cm~'; UV/Vis (CHCL;): 1 =264 (19100), 277 (21400),
291 (21100), 311 (17600), 336 (23000), 360 (20800); FAB-MS: m/z (%):
7203 (52) [M]f, 6693 (71) [M—C(CH;)]", 5953 (62) [M-—
OSi(CH;),C(CHj);] ™, 555.3 (100).
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Sequence-Dependent Bending of DNA Induced by Cisplatin:
NMR Structures of an A - T-Rich 14-mer Duplex
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Susan J. Berners-Price,’’ Tom Brown,!*! and Peter J. Sadler*!?!

Abstract: The NMR solution structure
of the AT rich DNA 14-mer duplex
d(ATACATGGTACATA) - d(TATGTA
CCATGTAT) is reported. This is com-
pared with the NMR structure of the
same duplex intrastrand cross-linked at
the d(G*pG*) site by cis-{Pt(NH;),}*",
derived from the anticancer drug cis-

nine bases to roll toward one another
(roll angle 44 + 4°), leading to an overall
helix bend of 52 + 9°. The platinum atom
is displaced from the planes of the
coordinated G7* and G8* by 0.8 A and
0.3 A, respectively. The minor groove
opposite the platinum lesion is widened
and flattened, with geometric parame-

ters similar to those of A-form DNA.
The unwinding of the helix at the
platination site is 26°. Platination causes
the DNA duplex to bend toward the 3'-
end (with respect to the G*G* strand),
in contrast to G-C-rich structures re-
ported previously, which bend toward
the 5’-end. This difference can be attrib-

platin. The unmodified duplex has
B-DNA geometry, but there is a large
positive base-pair roll (roll angle 24 +
2°) at the T9—-A10 step on the 3’ side
of the central GG site. Platination of the
DNA duplex causes the adjacent gua-

num

Introduction

The complex cis-[PtCl,(NH,),], “cisplatin”, is a widely used
antitumor drug.l! Its antitumor activity is believed to result
from the strong bonding of the platinum to DNA, the local
structure of which is subsequently modified in such a way that
apoptosis is induced.?! Cisplatin is known to form many kinds
of DNA adducts. These include the major d(G*pG*) (70%),
in which * indicates a platinated base, and d(A*pG*) (15%)
1,2-intrastrand cross-links, in which platinum binds through
the purine N7 atoms. Other minor adducts include 1,3-
intrastrand and interstrand cross-links.ll' The presence of
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E-mail: p.j.sadler@ed.ac.uk
[b] Dr. S. 1. Berners-Price
School of Science, Griffith University
Brisbane (Australia)
Prof. Dr. T. Brown
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uted to the predisposition of the A-T-
rich duplex toward bending in this
region. Protein recognition of bent plati-
nated G*G* lesions may therefore ex-
hibit a strong dependence on the local
DNA structure.

DNA struc-

these DNA cross-links in cisplatin-treated cancer patients
correlates with positive responses to treatment with the
drug.®l Such lesions have deleterious effects on DNA
replication and transcription® and cause mutations.”] Pro-
teins that contain one or more high-mobility-group (HMG)
domains recognize and bind to intrastrand cis-[Pt(NH;),-
{d(G*pG*)}] and cis-[Pt(NH,),{d(A*pG*)}] adducts.*®] The
shielding of excision—repair caused by the binding of HMG
proteins to DNA has been confirmed by in vitro and in vivo
experiments.” 1 Such biological effects are clearly correlated
with the structures of the cisplatin-DNA adducts, and an
understanding of the detailed structures of these DNA duplex
adducts is therefore essential.

Several studies of structural distortions in cisplatin-DNA
adducts have been reported. The X-ray crystal structure of cis-
[Pt(NH;),-{d[pG*pG*-N7(1),N7(2)]}] shows that cisplatin
forms bidentate adducts, with the two adjacent guanines linked
in a “head-to-head” configuration.'!/ The dihedral angle be-
tween the two bases in this structure ranges from 72° to 82°.
The 5'-G* deoxyribose sugar ring adopts the C3'-endo (N-
type) conformation normally associated with A-DNA, where-
as the 3’-G* sugar ring adopts the C2'-endo (S-type) pucker,
which is more typical of B-DNA. In the 2.6 A X-ray crystal
structure of the dodecamer duplex d(5-CCTCTG*G*TCTC
C-3")-d(5-GGAGACCAGAGG-3') (IV*, Table 1),112 13 two
independent molecules are observed with overall bends of 39°
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Table 1. Major structural parameters of G*G* platinated DNA structures and the unplatinated 14-mer

restraints did not affect the

duplex IIL local geometry of the adduct,
Sequence 5-ATACATGGTACATA 5-CCTCTGGTCTCC 5-CTCTCGGTCTC only the global structure.
¥-TATGTACCATGTAT  3-GGAGACCAGAGG  3-GAGAGCCAGAG In this report, the solution
(14-mer) (12-men)" (11-mer) structures of both free and
structure 11 I+ v vyl V) GG-platinated DNA 14-mer
method NMR NMR[b] X—ray[b] NMI(IbI I\IMR[CI dupleX d(ATACATGGTACA-
DNA form B primarily B A/B junction primarily B primarily B
minor groove width [A] 524184  80-11061  95-11061  94-12.5  0.0-12.0¢] TA) - d(TATGTACCATG-
depth [A] 47407  13+10 3.0 21 TAT) have been determined by
P-P distance [A] 7.0 6.3 5.5 6.8 NMR spectroscopy and re-
roll at G*G* bases ]~ —6+3 44+4 26 59 strained molecular dynamics
Pt atom displacement [A]ll - 0.8,5; 1.3,5; 0.8,5; 05,5; ( . . .
rMD) simulations. This du-
03,3 0.8, 3 0.8, 3 0.65, 3’
average helix twist [°] 375402 29405 32 26 plex possesses over one turn
DNA bend [°] 1846 5249 39 and 55l¢! ~81 of helix and appears to be

[a] The same platinated DNA 12-mer duplex was studied by X-ray (IV¥) and NMR (IV{). [b] cis-{Pt(NH,),}**
adduct. [c] Spin-labeled adduct cis-{Pt(NH;)(4-amino-TEMPO)}?* was used in this study. [d] Minor groove width
measured as an average for the entire sequence. [e] Range in minor groove width at the platinum binding site

only. [f] From plane of coordinated G. [g] Two independent molecules.

and 55°. Bending is largely the result of an inter-base roll of
26° at the G*G* site. This causes the minor groove to widen
and flatten at this point and the major groove to become more
compact. The Pt atom is displaced from the plane of each
guanine base by approximately 1 A.

The determination of NMR solution structures of plati-
nated DNA duplexes allows assessment to be made of the
effects of crystal-packing forces. Early NMR studies of the
solution structures of cisplatin-induced 1,2-intrastrand cross-
links in double-stranded DNA used the decanucleotide
duplex d(GCCG*G*ATCGC)+d(GCGATCCGGC).'Yl This
duplex is kinked by 60° toward the major groove at the
platinum coordination site and unwound by 12-19°. Models
also suggest that the cytosine complementary to 5-G* is
rather mobile. The NMR solution structure of the platinated
octamer duplex d(CCTG*G*TCC)+-d(GGACCAGG)!" shows
that it is unwound by approximately 21° and kinked by
approximately 58° toward the major groove at the G*G* site,
the minor groove being significantly widened and flattened at
the platination site. The NMR solution structure of the
platinated dodecamer duplex (IV{, Table 1), with the same
DNA sequence as that used in a previous X-ray study (IV}),
has also been reported.') Although the unwinding and
flattening of the minor groove opposite the platination site
is similar in both the solution and crystal structures, the
overall helical bend (78°) and the roll between adjacent
guanine bases (49°) is more exaggerated in the solution
structure compared with the X-ray crystal structure. The
unwinding of the helix at the site of platination is 25° and the
Pt atom is displaced from each base plane by ~0.8 A. These
differences between helix deformations in solution and crystal
structures may be attributable to crystal packing interactions.
The NMR solution structure of the G*G*-platinated adduct
of the nitroxide spin-labeled complex cis-{Pt(NH;)(4-amino-
TEMPO)}** with the undecamer d(CTCTCG*G*TCTC)-
d(GAGACCGAGAG)!" has been determined from conven-
tional NOE studies of the reduced, diamagnetic undecamer,
supplemented with long-range (10-20 A) electron —proton
restraints from the paramagnetic duplex. The additional

Chem. Eur. J. 2000, 6, No. 19
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the longest used to date in
detailed solution NMR struc-
tural studies of DNA platina-
tion, as well as being the most
A« Trich.

5-d(A; T, Ay Cy As T Gy Gy Ty Ay Ciy Ay Tis Ayy) I
3'-d(Tos Agr Tos Gos Tos Ags Cpp Cyy Agg Tig Gig Ty Ay Tis) I
I+1=1

Results

NMR data assignment: The platinated single strand I*
purified by HPLC and platinated duplex III* each gave rise
to two 'H/PN cross-peaks in two-dimensional ['H,N]
HSQC NMR spectra (Figure S1 in the supporting infor-
mation): 6 'H/SN(I*)=4.58/—65.19, 4.51/—66.49; 6 'H/
BN(III*) = 4.43/ — 70.45, 4.20/—70.26, in agreement with
previous NMR data for this oligonucleotide."!

'H NMR resonances for III and III*, were assigned from
150 and 300 ms two-dimensional NOESY NMR data sets by
using established methods.'” 2! Correlations (NOEs) be-
tween aromatic and H1’ proton resonances are shown in the
supporting information for III* (Figure S2 in the supporting
information) as are similar assignment data for the unmodi-
fied duplex, III (Figure S3 in the supporting information).
Complete sets of sequential NOEs between nH8/H6 to nH1’
and between nH1' to (n+1)H8/H6 for separate strands of
each DNA duplex III and III* were traced. The HS
resonances of the two platinated bases G7* (0 =28.64) and
G8* (0 =8.08) of III* were shifted to high frequency relative
to Il (G7, 0 =7.75; G8 6 =7.56). Strong NOEs were observed
between G7* H8 and G8* HS of III* consistent with previous
reports on G*G* duplexes,'> 9 but, in contrast, were not
observed for III. NOESY NMR spectra acquired at different
sample temperatures were used to clarify assignments for
some of the overlapped cross-peaks in both cases.

Analogous NOESY assignment pathways between base
and sugar protons were used to assign H3’, H2', and H2"”
resonances for both III and II*. A significant, low-frequency
shift was noted for the T6 H2' resonance in the platinated
duplex II* (6 = 1.37 in III* compared with 6 =1.92 in III). A
combination of two-dimensional NOESY and DQF-COSY
NMR data sets was used to complete and confirm the
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Figure 1. Chemical-shift differ-
ences for NMR resonances of
platinated and unplatinated
DNA duplexes. Chemical shift
differences, Ad, measured as
(oIII* - oI for a) aromatic
and b) H1' resonances. Shift

assignments for most of the
sugar proton resonances includ-
ing H4" and some of the H5'/
HS5"” signals. Table S1 and S2 in
the supporting information de-
tail 'H resonance assignments
for III* and III, respectively.
Structural changes in DNA
induced by ligand binding can
be revealed by differences in
chemical shifts (Ad) between
free and ligand-bound duplex-
es.?l Clear differences are re-
vealed (Figure 1) for aromatic
and H1’' chemical shifts upon
platination of III to give III*.
Large deshielding perturba-
tions are observed for the cen-
tral G7 and G8 aromatic proton
resonances, the effect also ex-
tending to the neighboring T9
base. The complementary
strand is relatively unaffected
in this respect. The largest

changes are indicated for the
platinated GG strand (m) and
for the complementary CC
strand (V).

changes in H1’ chemical shifts
occur for the G7* and G8*
residues, but, in these cases,
the shift changes are of oppo-
site sign: G7* HI' is deshielded whereas G8* HI' is
significantly shielded upon platination. Each of these changes
is indicative of a local change in geometry which occurs in the
DNA when it becomes platinated.

Assignments of exchangeable protons were made by
analysis of the 300 ms two-dimensional NOESY data sets
acquired at 278 K on samples dissolved in 90% H,0/10%
D,O. Inter-base-pair NOEs involving neighboring residues
were used to assign imino proton resonances. The assignment
pathway for III* (Figure S4 in the supporting information)
was interrupted only at the G7* site, although imino proton
resonances for the base-pairs A1-T28, T2-A27, T13-Al6,
and A14-T15 at the 5" and 3’ ends were absent, as anticipated.
The G7* imino proton resonance was assigned by comparing
one-dimensional 'H NMR data at different temperatures
(Figure S5 in the supporting information). By lowering the
temperature, an imino proton NMR signal at 6 =13.49
gradually increased in intensity and became clearly visible
at 278 K. No NOE was observed between this proton and
other imino protons, but inter-base NOEs between G7*
imino- and C22 amino protons were retained, although
weaker than the equivalent G8* imino to C21 amino proton
NOE:s. The imino proton resonances of G7* (6 =13.49) and
G8* (0=13.06) of III* were shifted to high-frequency
(deshielded) realative to those of G7 (0=12.55) and G8
(0=12.67) for III, a similar behavior to the G7* and G8*
aromatic proton resonances. Significant deshielding was also
observed for the adjacent base-pair imino proton resonances:
T6 H3 of III* (6 =13.96) compared with T6 H3 of II (6 =
13.40); T9 H3 of III* (6 =13.80) compared with T9 H3 of IIT
(0 =13.33). These are also a reflection of changes that occur in
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the local geometry of the DNA structure, although for G7*
and G8* the deshielding observed at N1 is likely to be
influenced by electronic effects caused by bound Pt.

Analysis of sugar ring conformations: The intra-nucleotide
NOE between the H8 and H3' protons of the G7* residue was
strong relative to the same interaction for either G8* of III* or
the G7/G8 residues in III. The binding of cisplatin to DNA has
been shown to alter the 5-G deoxyribose ring conformation
relative to that of the 3'-G residue.['>-""1 In the present case, the
NOE information indicated that G7* and G8* sugar puckers
in II* were of different types. DQF-COSY NMR data
confirmed this difference. Strong NOEs were observed
between G7* H1" and G7* H2' and between G7* H1' and
G7* H2"”. However, no DQF-COSY cross-peak was observed
between G7* H1' and G7* H2', and the G7* H1' to H2" cross-
peaks differed significantly in appearance compared with the
H1' to H2” DQF-COSY cross-peaks for all other residues.
The programs SPHINX and LINSHA were used to simulate
the DQF-COSY cross-peak patterns. These confirmed that
the G7* sugar pucker is C3'-endo (N-type), a conformation
usually associated with A-type structures. The remaining
sugar puckers were of the C2'-endo (S-type) or closely related
C3’-exo type and are characteristic of B-DNA structures
(Figure S6 in the supporting information; see also note added
in proof).

Determination of the structures of platinated duplex III* and
unmodified duplex III: The two-dimensional NOESY NMR
data sets were used for quantitation of NOEs and structure
calculations. Statistical data for the restraints used in the
calculation of each NMR structure are shown in Table 2. The

Table 2. Statistical data for the final sets of restraints used in the NMR
structure calculations for the 14-mer DNA duplexes III and III*

Restraint Structure
I I+
NOE restraint
quantitative (total) 421 574
intra-residue 277 367
inter-residue 144 207
qualitative 24 49
Watson — Crick distance restraint 32 32
Watson — Crick flat angle restraint 32 32
deoxyribose torsion angle restraint 140 140
total 649 827
average restraints per residue 23 30

difference between the average number of restraints per
residue for III and IIT* is in part a reflection of the increased
dispersion in the NMR data for III*, an effect brought about
by drug binding at G*G* (Figure 1). The data were generally
of high quality, resulting in a large number of inter-proton
NOE assignments. Structure calculations were based on three
rounds of MARDIGRAS calculations, followed by rtMD runs
for both III and IIT*. The average structure from the last 3 ps
of one rMD run served as the starting model for the next
series of distance calculations. The initial structure calcula-
tions for IIT* were carried out in the absence of platinum. In
this way only the distance and angle restraints for the DNA
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influenced the structure. After the first round of calculations
for III* from either A- or B-DNA starting models, the G*G*
binding site clearly adopted a conformation which allowed
{Pt(NH5;),}** to be docked without significant disruption to
the surrounding DNA structure. Further calculations of this
structure proceeded with the bound complex. The program
CORMA was used for NMR data simulation by back-
calculation from A- and B-DNA and from the final structures
I and II* (Figure S7 in the supporting information).
Crystallographic, R, and sixth root, R*, factors from these
calculations are shown in Table 3. The final structures fit the
experimental data better than the idealized starting models as
shown by an overall reduction in the size of the factors and in
the extent of NOE violations (Ad,,), calculated as the average
distance violation of all upper and lower distance violations
relative to those of the starting models.

Structure of the platinated 14-mer DNA duplex IIT*: All of
the NMR data acquired on III* suggest that, under the
conditions used, the duplex exists predominantly as a single
structure in solution on the NMR timescale. The set of
sequential NOEs between the base aromatic and sugar H1,
H2'/H2", and H3' proton resonances is consistent with a
stable, right-handed, double-helical structure, with the ma-
jority of bases orientated in the anti-configuration.

Starting from either A- or B-form DNA models, the
structures converged to give a final calculated structure for
III*, which was considerably distorted compared with either
canonical A- or B-DNA. The family of ten low-energy
calculated structures for III*, shown in Figure 2, has a pair-
wise, all-atom root-mean-square deviation (rmsd) of 1.2+
0.2 A. This is in contrast to the pair-wise all-atom rmsd of
6.7 A between the A- and B-DNA starting models. A single
coordinate set for III* was calculated from an average of these
structures and used for CORMA and CURVES calculations.

Space-filling and line representations of the DNA structure
IIT* are shown in the supporting information in Figures SSB
and S9B, respectively. Despite its considerable bend, the
structure can be classed as B-form DNA, according to i) the
type of pucker adopted by the sugar rings (predominantly C2'-
endo, or the related C3’-exo conformations), and ii) the

Table 3. Crystallographic (R) and sixth-root (R*) factors and residual NOE violation factors (Ad,,) for the A- and
B-DNA starting models and the final NMR structures III (unmodified 14-mer DNA duplex) and II* (platinated

14-mer DNA duplex) calculated by using the program CORMA.

Figure 2. NMR solution structure of the platinated 14-mer DNA duplex,
III*. Relaxed eye stereo images of ten complete structures of III* (top,
averaged pair-wise all-atom rmsd = 1.2 +0.2 A) and a view (bottom) of the
central eight base pair region CyA;T{G*,G*;ToA(Cy;* GigT10A5Cy-
CyA,;T,,G)s (averaged pair-wise all-atom rmsd = 1.07 0.1 A). The duplex
is unwound and the base pairs are destacked at the G*G* site. Bending of
the helix axis into the major groove is apparent in the central region of the
duplex.

phosphate — phosphate distances across the minor groove
(average = 6.28 A). The G7* deoxyribose ring adopts a C3'-
endo sugar conformation, consistent with both NOESY and
with simulated and experimental DQF-COSY NMR data
(Figure S6 in the supporting information).

The overlay of the family of structures shown in Figure 2 is
tighter toward the center of the duplex than at either end. This
is a consequence of the limitations in the extent of NOE data,
which, for DNA, does not in-
clude long-range distance con-
straints. It has been noted pre-
viously that convergence can be

worse for terminal than for

Factor Platinated structure . . .
A-DNA B.DNA e internal re51du.es in DNA struc-
tures determined by NMR
NOE intral® interl® globall intra inter global intra inter global spectroscony. 26 This is a reflec-

R 0.535 0.696 0.571 0431 0597 0475 0359 0491 0399 P Py

R* 0.125 0.150 0.132 0101 0121 0107 0069 0087 0075  tionof experimental bounds for
Ad,, (A) 0.69 0.66 0.34 terminal residues being incon-
Unmodified stracture sistent with a single structure,
A-DNA B-DNA m and is usually attributed to
NOE intra inter global intra inter global intra inter global fraying at the ‘duplex en.dS'AIn
R 0.845 0.437 1.000 0734 0873 0770 0730 0870 0726  the central region, the binding
R* 0.201 0.092 0.198 0.290 0.201 0.260 0.300 0.195 0.263 of cis-{Pt(NH;),}** to the N7
Ad,, (A) 0.37 0.31 0.27 atoms of the adjacent guanine

bases G7* and G8* causes a roll
of 44+4° toward the major

[a] Intra for which only intra-residue NOEs are considered. [b] Inter for which only inter-residue NOEs are
considered. [c] Global for which all NOEs are considered.
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groove; this results in a calculated global bend of the duplex of
52 £ 9°. The bending point of the helix axis is located at T9, on
the 3’ side of G7*G8%, rather than directly at the platinated
G7*G8* base step. The roll and the geometric distortion at the
G7*G8* base step reflect the NMR data, which show an
intense cross-peak between G7* H8 and G8* HS in both
experimental and back-calculated NOESY data sets (Fig-
ure S7 in the supporting information).

A stereo view of the platinated G7*G8* site of III* is shown
in Figure 3. The G7* and G8* bases are coordinated to the Pt
center in a head-to-head fashion. Hydrogen bonding between

Figure 3. NMR solution structure of the G*G* platination site of III*. Relaxed eye stereo image of III* as an

overlay of ten structures.

the 5'-G7* - C22 base pair is severely affected, consistent with
weak NOEs observed between the iminoproton of G7* (H1)
and the amino protons (H4(1)/ H4(2)) of the partnering base,
C22. The Pt atom is displaced from the planes of the
coordinated guanine bases by 0.8 A for G7* and 0.3 A for
G8%*. The purine ring of G7* does not stack on either the G8*
or the T6 bases, but the corresponding bases of the comple-
mentary strand are still stacked. The distortions caused by
platination also include a large positive stretch and buckle at
the G7* - C22 base pair and significant opening and stagger at
G8*.C21.

The resonances of both G7* H8 (0 =8.64) and G8* H8 (6 =
8.08) are shifted to high frequency relative to G7 H8 (6 =7.75)
and G8 (0 =7.56) in the unmodified duplex. The observation
is consistent with the bases being in an R conformation, which
is usually observed for G*G* intrastrand platinated DNA
duplexes.”?l The T6 deoxyribose sugar ring is also affected by
the platinum cross-link at the G7*G8* site, which induces
characteristic chemical shift variations for T6 H1" (from 6 =
5.71 to 5.86) and H2' (from 6 =1.92 to 1.37) relative to III.
Similar shifts for the sugar H1' and H2' resonances of T
residues, 5’ to a G*G* platination site, have been reported
previously.l'> 1231 The T6 H2' proton is therefore located in
the shielding cone of the G7* base, which is consistent with
our model (see also note added in proof).

Compared with B-DNA, the minor groove opposite the site
of platination in III* is widened and more shallow. Canonical
B-DNA has an average minor groove width of 5.87 A and a
depth of 4.63 A.2 The minor groove of III* is opened to
between 8 and 11 A over the region G7*% to A10 and has a
depth ranging from 3.9 to 1.3 A. The biggest groove width and
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the shallowest groove depth coincide with the T9—- A10 step.
The variation in minor-groove width with base-pair step is
depicted in Figure 4. The platinated DNA structure shows
significant unwinding with a twist of approximately 29°. The
structural data for the final platinated DNA structure are
detailed in Table 1 and compared with published data on
related platinated duplexes.

Structure of the unmodified 14-mer DNA duplex III: The
structure of the unmodified duplex III was determined so that
the effects of platination could be assessed directly. Structure
determination was carried out
as described for IIT*. By inspec-
tion, the data were consistent
with right-handed B-DNA ge-
ometry. Convergence from A-
and B-DNA starting models
was achieved in three rounds
of calculations. With fewer con-
straints per residue, the overlay
of final structures was generally
poorer compared with III*. The
average pair-wise all-atom rmsd
of 24 A for ten low-energy
structures is larger due to poor
fitting at the ends of the struc-
tures. However, the central six

- B-DNA

Minor-groove width (A)

LI s e

ATACATG'G'TACAT A 14-mer

CCTCTG'GTCTCC
Base-pair step

12-mer

Figure 4. Minor groove width of III*. Variation in minor groove width (A)
with base-pair step for the 14-mer III* (@) compared with the G - C rich 12-
mer IV (A). The minor groove widths of canonical A- and B-form DNA
are plotted as horizontal lines for comparison.

base-pair region shows a good fit against the mean (six base-
pair all-atom rmsd = 0.77 A for ten structures). An overlay of
three structures from these calculations is shown in Figure 5.
Two of the structures derive from A- and B-DNA starting
models, each of which is the average of a family of five
structures from the final round of calculations. The third
structure is the mean of the previous two. The average pair-
wise all-atom rmsd over the whole structure for these average
models (1.13 A) coincides with the reduction in NOE
violations, (Ad,,), and R and sixth-root R* factors (Table 3).
The geometry of the structure, evaluated by using the
program CURVES from a set of averaged coordinates
(Figures S8A and S9A in the supporting information), and
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Figure 5. NMR solution structure of III. Relaxed eye stereo images as an
overlay of three structures of III (top), two of which are the average of five
structures from each of the A- and B-DNA based structure calculations, the
third being the mean of these two (averaged pair-wise all atom rmsd =
1.13 A). Aview of the central six base pair region (bottom) ToG*,G*¢ToA
Ci;- GisT10ACCA,; (averaged pair-wise heavy atom rmsd=1.06 +
0.07 A) shows the nature of the kink at the T9— A10 step.

the average minor groove width (52+1.8 A) and depth
(4.8+0.7 A) are consistent with a B-DNA duplex. The large
positive base-pair roll (o =24 +2°), which occurs at the T9 -
A10 step, is much more significant than that for any of the
other base-pair steps (Figure S10 in the supporting informa-
tion) and effectively kinks the DNA. The local dimensions of
the minor groove at the T9-A10 step describe this kink
(width: 8.5+0.1 A; depth: 3.7+04 A; global axis curvature
angle: 12.75°). Overall the duplex is bent by 18 & 6°. Further
structural details for III are given in Table 1.

Discussion

Although the major and minor grooves provide the topology
of duplex DNA, subtle, sequence-dependent structural varia-
tions can occur; these include relatively gross changes in
bending and groove widths.?’! The DNA sequence d(ATA-
CATGGTACATA) - d(TATGTACCATGTAT) (II), is A-T
rich (71%) compared with the DNA sequences (A-T
content: 25-37 %) used previously in the structural studies
of intrastrand DNA platination.['> -7l In previous studies,
the GG strand has been pyrimidine rich (ca 82 %) whereas in
III the purines and pyrimidines are more evenly distributed
between the two strands, an alternating purine-pyrimidine

Chem. Eur. J. 2000, 6, No. 19

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

sequence occurring for all except the central base pairs. Such a
difference in sequence is very significant: neighboring base
pairs are known to influence one another in terms of their
relative orientation, reflected in base-pair roll angles.? 28
This characteristic feature of neighboring base pairs has a
dramatic effect on the overall structure of a DNA sequence.
For example, pyrimidine-purine sequences have a tendency
toward positive roll bending, whereas an A-tract (four
successive As or Ts) behaves more as a rigid rod."!

Previously, we have used III in kinetic studies of DNA plat-
ination and observed a remarkably long-lived 5'-G monofunc-
tional adduct during the course of the formation of the G*pG*
bifunctional adducts.’”! The present study reveals that the
NMR solution structure of IIT* is distorted in a generally
similar way to previously reported structures of G*pG*
intrastrand-platinated DNA duplexes.['>'7l The bending angle
(52 + 9°) of III* is less than those of the reported solution
structures IV (78°)1¢1 and V* (81°),'7] but close to that of a
reported 8-mer (58°)["*] and to those found in the X-ray crystal
structure of the 12-mer, IVF (39° and 55°), Table 1.1 The
overall shape of III* is very similar to that in the reported
X-ray crystal structure IV and the NMR solution structure
V* determined by combining long-range electron-—proton
and short-range inter-proton distance restraints, Table 1.

The major structural difference between III* and struc-
tures, IV¥, IV and V* (Table 1) is the bending position of the
duplex. For IIT*, both the widest and the shallowest parts of
the minor groove occur at the T9 - A10 step, with the result
that the 3’ side of III* (with respect to the G*G* strand) is
much more bent toward the major groove than the 5’ side.
This contrasts sharply with structures IV, IV and V{13 16.17]
in which the side 5’ to G*G* is bent more toward the major
groove and contains the widest minor groove. These structural
differences suggest that platinum-induced distortions of DNA
are also related to sequence-dependent structural variations
of the DNA itself.

The base sequence of III has only one G-C base pair on
either side of the G7*G8* sequence, separated by two A-T
base pairs. The data from CURVES show that both the G7*-
G8* and T9-A10 base steps have large positive rolls. The
former is due to the binding of {Pt(NH;),}**, while the roll at
T9-A10 is a feature typical of pyrimidine-purine steps
including C-A (= T-G), T-A, or less frequently C-G
steps.? 281 The presence of the extra T-A step 3’ to the G7*-
G8* site of III*, which is not found with duplexes IV* or V¥,
probably accounts for the switch in the bending point from the
5" to the 3’ side of G*G*. A large positive base-pair roll (24 £+
2°) at the T9— A10 step also occurs in the unmodified duplex
III, consistent with other DNA structures,?® ! thereby
altering the DNA minor groove geometry at this point and
bending the DNA. These changes coincide with the shallowest
and widest part of the minor groove in the structure of III*;
this implies that the sequence itself is predisposed to bending
at a position 3’ to the G*G* site.

DNA bending is known to be sequence-dependent.! For
example, distortions of DNA induced by mono-functional
binding of {Pt(dien)}** depend on the sequence®! and,
remarkably, the most pronounced effects are observed when
the adduct is flanked by single pyrimidines on both 3’ and 5’
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sides. Although pyrimidine-purine sequences are disposed
toward positive roll bending, the effect depends on the
environment. Bending occurs only when a suitable stress is
applied. Many examples exist in which C-A or T-G steps
result in no overall DNA bending.?!

In the current example, there are two hinges on either side
of the G7*-G8* platination site of III*, that is, to the 5’ side
(T6-G7*) and to the 3" side (T9-A10), both of which could
cause roll bending. For IIT*, this effect is greatest at the G8*-
T9- A10 steps, which causes the 3’ side of the DNA to bend
toward the major groove. Each reported Pt-DNA structure
IV IV and V* has at most only one pyrimidine-purine step
on either side of the G*G* site. In these cases, the positive roll
at both the T-G* (or C-G*) and the G*-G* steps causes the 5'-
side of the DNA duplex to bend toward the major groove, the
minor groove being opened at these points.

The imino proton resonance of the 5-G* residue has been
observed in only a few reported NMR structural studies of
intrastrand G*G* cross-linked DNA duplexes at low temper-
ature.’? This can be explained by the distortion of the 5' G*-
C base pair by the G*-G* bischelate. In previous reports, the
mobility of the cytosine complementary to 5'-G* results in fast
exchange of the 5-G* imino (H1) proton with the solvent.['*!
In contrast, for III* the intensity of the 5'-G7* imino proton
resonance was relatively strong at low temperature and
showed clear NOE connectivities to the partnering C22
amino (H4(1) and H4(2)) protons. The Watson - Crick base-
pair between G7* and C22 in IIT* therefore remains relatively
intact. This observation is consistent with the calculated
structure of III* in which the helix bend occurs at a position
remote from this point (at the T9— A10 base step on the 3'-
flanking side of G7*-G8%*). This causes the hydrogen bonding
between G7* and C22 to be less affected than in previous
structures,>71 which have the bending point on the 5 side of
G*G*. The absence of NOE connectivities between the imino
proton of G7* and the nearby T6 and G8* residues of IIT*
suggest that the base stacking is disordered at the G7*G8* site.

In a related study, we have examined, by 'H NMR
spectroscopy, the adduct formed between the new anticancer
drug cis-[PtCl,(NH;)(2-picoline)] (ZD0473) and the 14-mer
DNA duplex LB The NOE data for protons around the
platination site were fitted to a model based on the platinated
duplex structure IIT* calculated in this work. It was possible to
replace cis-{Pt(NH;),}>* in III* by the fragment cis-
{Pt(NH;)(2-picoline)}?* from ZD0473B31 with little rearrange-
ment of the duplex conformation, and to satisfy all of the
NOE connectivities between the 2-picoline ligand and the
nearby T6 and G7* protons.*! The ring-current effect of the
2-methylpyridine ligand on the T6 H2' resonance was readily
accounted for by this model. This platination is highly
stereoselective, the dominant conformer having the 2-picoline
ligand oriented toward the 5" end and the methyl substitiuent
oriented toward the center of the major groove. However,
similar attempts to dock cis-{Pt(NH;)(2-picoline)}** onto the
previously reported structures of intrastrand G*G* platinated
DNA duplexes IV and V* were unsuccessful, even though
the central four base pairs, TG*G*T, are the same as those for
III*. The location of the bending sites in IV and V* on the 5’
side of the G*-G* site leads to unfavorable steric interactions
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between the 2-picoline ligand and the surrounding nucleo-
tides. Therefore the local structural perturbations at intra-
strand G*G* cross-links induced by cis-{Pt(NH;),}** or cis-
{Pt(NH;)(2-picoline)}** may be similar or different depending
on the flanking sequences. This may have implications for
protein and enzyme recognition.

The recent X-ray crystal structure of HMG domain A
protein bound to cisplatin-modified DNAP? has shown that
HMGI1-A binds to the widened minor groove. Interestingly,
protein binding in this complex takes place exclusively on the
3’ flanking side of the platinated strand through its concave
surface.’? However, the protein bend is not centered at the
platination site, but is translocated by two base pairs to the 3'-
side. The sequence of the Pt-DNA adduct is known to have a
significant influence on the strength of such protein—DNA
interactions. Both domains (A and B) of the HMG1 protein
bind preferentially to DNA that has A/T sequences flanking
G*G*, with slightly different base pair preferences.** HMG1-
A binds much more tightly than HMG1-B, typically with a 10-
to 100-fold lower K, value. Flexible A -T base pairs flanking
the platinum lesion would facilitate further bending of the
DNA duplex caused by HMG protein binding. The tighter
binding of HMG1-A is also accompanied by a much more
distinct flanking sequence specificity, with the nucleotide on
the 3’ side of G*G* determining the sequence specificity. The
base-pair at the 3’ position to the lesion has been reported to
be highly accessible within the minor groove.['> 3+ 31 Although
the HMG domain proteins share a common ability to bend
platinated DNA, specific contacts between the proteins and
the platinated duplex are different.’) Different binding
affinities of the two domains in the full-length protein may
implicate sequence-dependent bending characteristics for
different DNA sequences.’”! Sequence-dependent bending
of G*G* intrastrand cross-linked DNA may thus be impor-
tant for recognition by DNA-binding proteins.

Conclusion

We have determined the NMR solution structures of an A - T-
rich DNA 14-mer duplex III and the same duplex platinated
with cis-{Pt(NH;),}>* (III*). Platination causes the DNA
duplex to bend toward the major groove. The minor groove
opposite the platination site is widened and flattened. The
structure of III* is categorized as B-DNA, but differs
significantly from reported G*G* platinated duplexes in the
position of DNA bending. Duplex III is kinked on the 3’ side
of the GG site and susceptibility to bending in this region may
explain why the platinated duplex III* is much more bent
toward the major groove on the 3’ side compared with
previously reported platinated DNA structures, all of which
are bent on the side 5’ to the G¥*G* site. Kinking of III results
from a large base-pair roll at the T9— A10 pyrimidine-purine
step. Two major factors therefore determine the structure of
II*: induced roll bending at the G7*G8* platination site and
the inherent roll bending at the T9— A10 base-pair step. These
findings may have important implications for protein recog-
nition of platinated DNA and the design of sequence-specific
DNA-binding drugs.
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Experimental Section

Materials and sample preparation:[N]-Cisplatin (cis-[PtCl,(’NHj;),]) and
[N]-diaqua-cisplatin (cis-[Pt(**NH;),(H,0),]**) were prepared as previ-
ously described.*® *I The sodium salts of HPLC-purified oligonucleotides
d(ATACATGGTACATA) and d(TATGTACCATGTAT) were supplied by
Oswel (Southampton, UK.).

Preparation of DNA duplex (III): D,O (60 uL) and NaClO, (60 uL,
60 pmol) were added to aliquots of strand I (146.3 pL, 0.60 pmol) and
strand IT (389.2 pL, 0.60 umol) in H,O. The pH of the solution was adjusted
to 7.00. The final concentration of duplex III was 0.9 mM. The sample was
annealed by heating to 353 K for 2 min and slow cooling to ambient
temperature.

Platination of I by cis-[Pt(**NH,),(H,0),]**: D,O (50 pL), NaClO, (50 pL,
50 umol), H,O (4.2 pL), and freshly prepared cis-[Pt(**NH;),(H,0),]**
(100 uL, 1 umol) were added to an aliquot of strand I (295.8 uL, 1 umol).
The solution was kept at 298 K in the dark. The reaction was monitored by
both two dimensional HSQC NMR spectroscopy and HPLC by using a
Nucleosil Cy 300 A stainless steel column. After one week of incubation, the
reaction was judged to be complete, yielding the platinated single-strand I*.

HPLC purification of I*: Separation and purification of the cisplatin-DNA
single strand adduct, I*, was performed by using Biocad perfusion
chromatography on a Poros RV Column (100 x 4.5 mm). The operating
conditions were: mobile phase, S mM ammonium acetate, 50 % acetonitrile
(gradient: 5% acetonitrile for 5 min; from 5 min to 19 min 5% to 25%,
from 19 min to 22 min 25 %), flow rate 1 mL min~!, 298 K. The DNA single
strand and the platinated DNA adduct had retention times of 7.7 min and
14.9 min, respectively. The platinated adduct was collected and freeze-
dried to remove volatile salts and its purity checked by both HPLC, one-
dimensional 'H- and two-dimensional ['H,"”"N] HSQC NMR spectroscopy.

Formation of platinated duplex III* from II and I*: Duplex III* (0.9 mM in
100 mm NaClO,, 90% H,0/10% D,O, pH 6.2) was prepared by adding
1 mol equivalent of the complementary DNA strand, II, to the purified
platinated DNA strand, I*. Dioxane (0 =3.767, 25°C) was added as an
internal '"H NMR reference. The concentrations of the DNA single strands
I'* and II were measured by UV spectrometry (e, values strand I*: 149
mM~'em~!; strand I1: 137.2 mM~'cm™"). The precise ratio of the two strands
was also monitored by one-dimensional 'H NMR spectroscopy. III* was
annealed by heating briefly to 343 K followed by slow cooling to ambient
temperature. The extent of duplex formation was verified by one-dimen-
sional 'H and two-dimensional ['H, "N] HSQC NMR spectroscopy. HI*
was separately freeze-dried from 90 % H,O and dissolved in 99.9% D,0O
for studies of non-exchangeable protons only.

NMR spectroscopy: NMR data were acquired on 500 MHz Bruker DMX
and Varian Unity plus NMR spectrometers and on 600 MHz Varian Unity
and Unity INOVA NMR spectrometers by using z-field gradient, triple
resonance probe-heads. One-dimensional '"H NMR spectra were typically
acquired at 500 MHz with 128 transients into 32768 data points over a
spectral width of 10.5 kHz by using a double-pulsed-field-gradient-spin-
echo (DPFGSE) pulse sequence.[*) Two-dimensional ['H,""N] HSQC NMR
data sets were acquired and processed according to previously reported
methods.’) Two-dimensional NOESY and DQF-COSY NMR spectra were
acquired at temperatures of 278 and 298 K. Two-dimensional NOESY data
sets were acquired with 48 transients over a 'H spectral width of 21 ppm
(10.5 kHz) into 4096 data points for each of 512 ¢, increments (TPPI) using
a mixing time of 150 ms. The solvent signal was suppressed by using a
DPFGSE routine.[*! High resolution two-dimensional NOESY data sets
were acquired on samples in 99.9% D,O (278 K at 600 MHz) over a 'H
spectral width of 9 ppm (5.4 kHz) into 4096 data points for each of 2 x
512 #, (States)*!! increments with mixing times of 150 and 300 ms and a
recycle delay of 3.5s. Two-dimensional DQF-COSY data sets were
acquired with 96 transients for each of 2 x 512 ¢, (States) increments over
a spectral width of 10 ppm. Presaturation was used to eliminate the solvent
signal in both cases. Raw data were imported into Xwinnmr version 2.0
(Bruker UK). Processed data were exported into the TRIAD NMR
module of Sybyl (version 6.3, Tripos Inc.) for data reduction.

pH Measurements: pH Measurements were made by using a Corning 145
pH meter equipped with an Aldrich micro-combination electrode cali-
brated with Aldrich buffer solutions of pH 4, 7, and 10. Values of pH were
adjusted with 1m HCIO, or NaOH as appropriate.

Chem. Eur. J. 2000, 6, No. 19
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NMR data assignment strategy: NOESY data were assigned for both free-
and platinated-DNA duplexes, IIIl and IIT*, by using established assignment
strategies!' 2! for right-handed B-form DNA. DQF-COSY data were used
to confirm the assignments of H2' and H2" resonances and to provide data
on sugar ring conformations.

Modeling restraints: Quantitative inter-proton distance restraints for non-
labile protons were calculated by using an iterative relaxation matrix
approach with the program MARDIGRAS."> %l Averaged cross-peak
volume integrals from two-dimensional NOESY NMR data acquired for
samples of III or III* in D,0 were used in relaxation matrix calculations
starting from both canonical A- and B-DNA models. Distance ranges were
calculated by averaging over all upper distance bounds to yield a set of
averaged upper bounds, and over all lower distance bounds to yield a set of
averaged lower bounds. Qualitative distance restraints, incorporated for all
NOE:s associated with exchangeable protons, were based on an assessment
of strong, medium, or weak signal intensitites as distance bounds in the
ranges 2.5 to 5.0 A, 3.5 to 5.0 A, and 4.5 to 5.0 A, respectively. Watson —
Crick hydrogen-bond-length and flat-angle restraints were introduced to
encourage base-pairing and to prevent the two strands of the duplexes from
flying apart when the temperature was raised during simulations. Such
restraints are commonly used in DNA structure determinations from NMR
data.l?> ¥ Hydrogen-bond-lengths and flat angles were defined according
to crystallographic measurements.*] Hydrogen-bond-length restraints
were set to 10 kcalmol' A= and flat-angle restraints (between the three
atoms forming each hydrogen bond) were set to 0.01 kcalmol~'deg™2
except for the central G*G* residues in III* for which both hydrogen-
bond-length and flat-angle restraints were reduced by one third, allowing
for the more unusual base-pair geometry anticipated for these positions.
Deoxyribose sugar puckers were deduced for sugar rings displaying clearly
resolved H2" and H2” to H1"” DQF-COSY cross-peaks. The programs
SPHINX and LINSHA! were used to perform simulations of DQF-
COSY cross-peaks, by using a six component spin system (H1’, H2', H2",
H3’, H4' and P) with strong coupling only between geminal protons (H2'
and H2"). Coupling constants and resonance linewidths were systemati-
cally varied until the best match between simulated and experimental data
was observed.[*’]

Structure determination strategy: Canonical A- and B-DNA models were
generated in Sybyl 6.3 by using the Tripos 5.4 force field.* DNA atom
charges were calculated by using the Pullman method.[*) Backbone charges
were reduced to incorporate counter-ion effects implicitly. The cis-
diammineplatinum(t1) residue was docked onto the N7 atoms of G7* and
G8* after the first round of structure refinement for III*. The bond lengths
and angles for this fragment were set according to crystal structure data
with the chloride ligands removed. Charges were assigned according to a
reported molecular mechanics calculation.' Distance restraints from
MARDIGRAS calculations were incorporated into A- and B-DNA
starting models. For structure calculations of III*, B-DNA starting models
were subjected to 100 ps tMD simulations at 300 K during the first cycle of
refinement. Force constants for the distance restraints were gradually
increased from zero to a final maximum value of 20 kcalmol~! A~ during
the first few picoseconds of simulation. Initial velocities for rMD were
assigned to a Boltzmann distribution. Coordinates of the final 5 ps of the
dynamics trajectory were averaged. The resulting structure was energy-
minimized to yield III*B1. The rtMD calculations from A-DNA starting
models were subjected to an initial forging phase during the first round of
calculations. Over the first 31 ps the temperature was increased gradually
from 0 to 900 K with a concomitant increase in the distance restraint force
constant from 0 to 100 kcal mol* A-2. After 10 ps tMD at 900 K, the system
was slowly cooled to 300 K over a 5 ps period when the force constant was
simultaneously reduced to 20 kcalmol~' A=2. The rMD simulations were
continued at constant temperature to a total period of 100 ps. The final 5 ps
were averaged and energy-minimized to yield III*Al. Structure calcula-
tions for III were carried out in a similar way, although by using shorter
trajectory periods and a constant temperature of 300 K, to yield IIIB1 and
IIAL The structures III*A1, III*B1, IIIA1, and IIIB1 were subsequently
used as starting models in further MARDIGRAS calculations to yield new
sets of distance restraints for a second round of rMD calculations. The
structures were subjected to a series of shorter molecular-dynamics runs
(20 ps each), the final 3 ps of which were averaged and energy-minimized
to yield new starting structures III*A2, III*B2, IIIA2, and IIIB2. The final

0947-6539/00/0619-3643 $ 17.50+.50/0 — 3643





FULL PAPER

P. J. Sadler et al.

round of calculations resulted in a family of 10 converged structures for
both III and TIT*.

Structure analysis: The program CURVES 5.2 was used to analyze the
resulting structures by using the helical parameters that describe a nucleic
acid duplex: parameters were defined according to the EMBO workshop
on DNA curvature and bending.?!]
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IR and UV Spectra of the Matrix-Isolated Peroxy Radicals CF;00,
trans-FC(0)0O0, and cis-FC(0)00

Stefan Sander, Holger Pernice, and Helge Willner*!*]

Abstract: The peroxy radicals CF;00
and FC(O)OO are prepared in high
yields by vacuum flash pyrolysis of ROO-
NO, or ROOOR (R=CF;, FC(O)),
highly diluted in inert gases, and subse-
quent isolation in inert-gas matrices by

combinations were measured and as-
signed for both cis and trans rotamers of
FC(0)OO. Discrepancies in an earlier
assignment of the fundamentals of

Keywords: matrix isolation - peroxy

CF;00 have been eliminated and its IR
spectrum is reported fully. The matrix UV
spectra of both peroxy radicals (X?A" —
22A” transition) are in agreement with the
gas-phase spectra; however, there are
differences in the absorption cross-sec-

quenching the product mixtures at low
temperatures. The IR spectrum of
FC(O)OO was observed for the first time

: troscopy
and eight fundamentals as well as several

Introduction

The peroxy radicals CF;00 and FC(O)OO are important and
relatively stable intermediate species in the atmospheric
photochemistry of alternative halocarbons.['l They are stable
with respect to reaction with the major atmospheric constit-
uents; however, fast reactions occur with trace gases, such as
nitrogen oxides and the peroxy radicals HO, and CH;0,.
With HO, the corresponding hydroperoxides are formed, and
the reaction with NO according to Equation (1) is likely to be
the major fate of the CF;00 and FC(O)OO radicals in the
atmosphere.>! In the presence of NO,, peroxynitratesl® 7 are
formed [Eq. (2)]; these may serve as reservoir species for
either ROO or NO, radicals.

RO,+NO — RO+NO, )

RO, +NO, +M=ROONO, +M ©)

All recent kinetic studies on the reaction between ozone
and CF;0, or FC(O)O, radicals (x=0, 1, 2) have led to the
conclusion that these radicals will have only a minor impact
on the concentration of stratospheric ozone.? &1 Consid-
erably before 1990, when the Alternative Fluorocarbon
Environmental Acceptability Study (AFEAS programme,
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Vis spectroscopy - vibrational spec-
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tions, for which possible reasons are
discussed. The X?A” — 12A’ transitions
in the near IR region are too weak to be
detected with our instrumentation.

uv/

supported by 11 companies)'> 3 was started, the existence of
FC(O)OO and CF;00 radicals had been postulated to
interpret the kinetics of some reaction systems. For example,
FC(O)OO radicals are important in the thermal reaction of
F,/CO/O, mixtures that yield FC(O)OOC(O)F!4 51 and
CF;00 radicals, which are involved in the photochemical
reaction of F,/CF;C(O)CF;/O, mixtures to give CF;O000CF;
and CF;00CF;.[' First direct spectroscopic evidence for the
peroxy radicals in the gas phase was obtained from UV
measurements. After laser flash photolysis of F,/CO/O,
mixtures!”) or pulse radiolysis of SF/CO/O, mixtures,?
transient species were observed in the 190-310 nm region
and, after spectral manipulation, similar spectra of FC(O)OO
were obtained for both routes. Absolute absorption cross-
sections were obtained from a comparison of the measured
FC(O)OO absorbance with that of C,H;OO measured under
identical conditions, except that CO was substituted by ethane
in the flow cell. Analogous flash photolysis/time-resolved UV
spectroscopy of F,/CF;H/O, mixtures and pulse radiolysis/
transient UV spectroscopy of SF¢/CF;H/O, mixtures in a flow
cell allowed measurements of the absorption spectrum of
CF;00.118: 11

The IR spectrum of CF;0O was obtained from several
matrix studies.?*2 Butler and Snelson produced CF;00 by
vacuum pyrolysis of CF;I followed by co-condensation with
oxygen-doped argon at 12 K.l Most of the results were
confirmed by photooxidation experiments of CF;I/O, in an
argon matrix.['-21 To our knowledge, no experimental IR data
of FC(O)OO have been published to date.

In the self-reaction of CF;0O, the only carbon-containing
product observed by FTIR spectroscopy was CF;000CF;. [

0947-6539/00/0619-3645 $ 17.50+.50/0 3645





FULL PAPER

H. Willner et al.

On the other hand, the stable carbon-containing products of
the self-reaction of FC(O)OO were identified as FC(O)OO-
C(O)F and CO,.?* ] The elusive trioxide FC(O)OOOC(O)F
was postulated as a short-lived intermediate.?]

Further properties of CF;00 and FC(O)OO were predict-
ed by quantum-chemical computations. The heat of formation
AH?® of CF;00 in the X?A” ground state calculated at the
MP2/6-316(d,p) level?” and at MP4 level corrected for bond
additivity®! was found to be —147.8 and — 149.8 kcalmol~!,
respectively. The molecular structure?”? and vibrational spec-
trum®! of CF,00 was also predicted by the same authors.
Isodesmic reactions at the B3LYP/6-311 ++ G(d,p) level of
theory yield the enthalpy of formation for FC(O)OO to be
—76.1 +4 kcalmol~.l In a density functional theory (DFT)
study by McKee and Webb it was demonstrated that
FC(0O)OO in the X*A"” ground state should exist as a mixture
of rotamers [Eq.(3)], whereby trans-FC(O)OO is
0.6 kcalmol~! more stable than cis-FC(O)OO. In addition,
the molecular structures and IR spectra of both rotamers were
calculated.P"

[0) 0 Q
\ N\
\c—O/ c—0Q (3)

trans cis

In order to gain more experimental evidence for the three
interesting species CF;00, trans-FC(O)OO and cis-
FC(O)OO, we decided to perform a matrix-isolation study
in order to:

1) measure the unknown IR spectra of the FC(O)OO
rotamers,

2) detect their unknown electronic absorption spectra in the
near-infrared region,

3) remove some discrepancies in the assignment of the
observed fundamentals of CF;00 and

4) check the UV spectra of both peroxy radicals by an
independent method.

Matrix-isolated radicals can be produced in excellent yields
by vacuum flash pyrolysis of thermally labile precursors,
highly diluted in argon or neon, followed by quenching the
products as a matrix at low temperatures. Recent examples
are FCO,P and ClO;,P? formed by dissociation of the
precursors FC(O)OOC(O)F and CIOCIO;, respectively. Suit-
able thermally labile precursors for the syntheses of the
peroxy radicals XOO (X = CF;, CFO) are the peroxy nitrates
XOONO, (X=CF;,M FCOl) and the trioxides XOOOX
(X = CF; Il FC(0)).I**l This last species, FC(O)OOOC(O)F,
was prepared in pure state very recently.®* Hence, for the
synthesis of both matrix-isolated peroxy radicals, two differ-
ent precursors were available which allowed us to perform
this study.

Results and Discussion

The peroxy radicals ROO (R =CF;, FC(O)) were obtained
by vacuum flash pyrolysis of the thermally labile precursors
ROONO, and ROOOR (R =CF;, FC(O)) highly diluted in

3646 ——
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an inert gas. Typical IR matrix spectra of the pyrolysis
products of the peroxy nitrates ROONO, (R=CF; or
FC(0)), are depicted in Figures 1 and 2. Because the partial

1.8,

_.
ol

e
°ﬁ

absorbance

S
=)

2000 1600 1200 800
wavenumber / cm’!
Figure 1. IR spectrum of the pyrolysis products of CF;00NO, isolated in a
neon matrix. Absorptions of the primary products CF;00 and NO, are
indicated with (a) and (b), respectively. Additional absorptions are caused
by small amounts of CF;00NO, (c), COF, (d) and CF;0 (e).

1.84
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Figure 2. IR spectrum of the pyrolysis products of FC(O)OONO, isolated
in a neon matrix. FC(O)OO is found as two rotamers, indicated either (a)
for the trans or (b) for the cis form; (c) belongs to NO,.

pressures of the precursors were ~10~° mbar and the resi-
dence times of the gas mixtures ~1073 s in the heated zone of
the spray-on nozzle, predominantly the weakest bonds in
ROO-NO, and ROO-OR were broken [Egs. (4) and (5)].

ROO-NO, —2_, ROO +NO,; R = CF;, FC(O) 4)

ROO-OR —% _, ROO+OR; R =CF;, FC(O) )

Because of the expansion of the reaction products into a
high vacuum and immediate quenching of the gas mixture on
the matrix support as an inert gas matrix, secondary reactions,
such as the self-reactions of the peroxy radicals or their
thermal decomposition, were minimized. In the case of R=
CF;, formation of CF;0 radicals was observed as weak bands
at 1207.9 and 1205.7 cm! in the neon matrix*! (Figure 1).
During the pyrolysis of CF;O00NO,, trifluoromethoxy radi-
cals are formed by the self-reaction of CF;OO radicals
according to Equation (6).

2CF,00 — 2CF,0 + 0, (6)

The greatest yields with little secondary products (such as
COF,, CO,, CF;0P) were obtained by adjusting the nozzle
temperature so that the precursor was dissociated to ~95%.
For CF;00NO,, CF;000CF;, FC(O)OONO, and
FC(O)OOOC(O)F, the optimum pyrolysis temperatures were
330, >500 (the maximum temperature allowed for the Pt-100
sensor), 310 and 230°C, respectively. These temperatures
correlate with the bond energies of 103,551 121,11 118,57 and
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61 kJmol~'3 for the precursors CF;00-NO,, CF;,00-
OCF;, FC(O)OO-NO, and FC(O)OO-0OC(O)F, respec-
tively. CF;00OOCF; is not an efficient precursor for CF;00
radicals because it is too stable and it is only partially
dissociated, even at 500 °C. It was found that CF;00 is more
stable than FC(O)OO and up to 500 °C no further reactions of
CF;00, for example, the generation of CF; radicals, could be
detected. Annealing of the argon matrices that contain the
product mixtures according to Equations (4) and (5) to 35 K
resulted in some reforming of the precursor molecules and
concomitant changes in the matrix splitting of the IR bands,
but there was no formation of new products (e.g., the
tetraoxides ROOOOR, R =CF;, FC(O)). The FC(O)OO
radicals were formed as mixtures of two rotamers [Eq. (3)]
and because the pyrolyses of the two precursors FC(O)OOO-
C(O)F and FC(O)OONO, were performed at different
temperatures, a different rotamer ratio could be expected.
Indeed, the ratios of the integrated intensities of selected IR
bands for both rotamers show a small change when the
reaction temperature was increased from 230 to 310°C. An
increasing amount of cis-FC(O)OO (in the range of 5%)
indicates that the trans isomer is slightly more stable.

In order to study the photochemical behaviour of both
matrix-isolated peroxy radicals, the respective matrices were
irradiated with light of different wavelengths. The matrix that
contained FC(O)OO and FCO, (the latter has a strong visible
absorptionP') was irradiated with visible light from a tungsten
halogen lamp; this bleached the blue matrix to colourless
within minutes. The IR spectrum shows the decay of FCO,,
the formation of CO, and formation of no further products.
The IR-inactive fluorine atoms diffused through the matrix
and recombined to F,. Further irradiation of the FC(O)OO
radicals with 254 nm UV light caused the decay of all IR
bands and an increase of the CO, and OF absorptions
(Figure 3). Because the excited state of FC(O)OO in the UV
region is dissociative with respect to the O-O bond (see
below), the primary UV photolysis products should be

121
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2000 © 1600 ~ 1200 = 800
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Figure 3. IR difference spectrum of the pyrolysis products of FC(O)OOO-
C(O)F isolated in a neon matrix before and after irradiation with UV light.
The FC(O)OO absorptions [(a) for trans-FC(O)OO and (b) for cis-
FC(0)OO0] disappear, while CO, (c) and OF (d) are formed. The FCO,
radical, which is also a pyrolysis product of the trioxide, was removed
beforehand by irradiation with visible light (see text).

FCO,+ O. They can either recombine in the matrix cage to
the peroxy radical or react to give CO, + OF. In addition, the
photolabile FCO, radical can be dissociated into F + CO, and
the resulting F and O atoms could recombine in the matrix
cage to OF. The products CO, and OF are photostable with

Chem. Eur. J. 2000, 6, No. 19
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respect to photolysis at 254 nm and were observed in the IR
spectra [Eq. (7)].

FC(0)00 +hv (254 nm) — [FCO,+ 0] — CO,+OF @)

Irradiation of the thermolysis products of CF;OONO, with
unfiltered UV light from a high-pressure mercury lamp
caused the decay of the CF;00 bands, while the NO, bands
were almost unaffected. Simultaneously, the IR bands of
CF,0 and OF appeared (Figure 4). Again CF,0 and OF are
the secondary recombination products of CF;0+ O in the
matrix cage [Eq. (8)]:

CF,00 + hv (<260 nm) — [CF;0+0] — CF,0 + OF ®)

absorbance

2000 1600 1200 800
wavenumber / cm™!

Figure 4. IR difference spectrum of the pyrolysis products of CF;00NO,
isolated in a neon matrix according to Figure 1 before and after irradiation
with UV light. The CF;00 absorptions (pointing upwards) disappear,
while COF, (a) and OF (b) are formed. The NO, absorption (c) is caused by
non-compensation.

Both photodissociation processes given in Equations (7)
and (8) are thermodynamically favoured. From the heats of
formation AH?® for CO, (—394), COF, (—-639) and OF
(+109 kImol') given in the JANAF tables,* the resulting
reaction enthalpies of Equations (7) and (8) are calculated to
be —209 and — 382 kJmol~, respectively.

The IR spectrum of CF;00: A typical IR spectrum of the
pyrolysis products of CF;O00ONO,, which contains CF;00
radicals, is depicted in Figure 1. The absorptions of the
byproduct NO, and of the secondary products, CF,O and
CF;0,P4 are identified by reference spectra and all further
bands are, for the time being, attributed to CF;00 radicals.
All those bands that decreased on UV irradiation of the
matrix (Figure 4) and that were also detectable in the IR
spectrum of the pyrolysis products of CF;OOOCF;, an
independent precursor for CF;00, were assigned unambig-
uously to CF;00 radicals and are given in Table 1. The band
positions have little dependence on the matrix; solid oxygen
behaves as an inert matrix material as well as the noble gases,
and the neon matrix wavenumbers should be very close to the
unknown gas-phase values. Assuming C, symmetry for the
CF;00 radical, all twelve fundamentals should be IR-active
according to the irreducible representation for the vibrations

[Eq. 9)].
Iy, =8A’ (IR, Rap)+4A"” (IR, Radp) )

Because the vibrational spectrum of CF;OF,** ) listed for
comparison in Table 1, is similar and the O-O stretching
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Table 1. IR absorptions [cm~!] of band positions at the most intensive matrix site of matrix-isolated CF;OO and their assignments.

Ne matrix Ar matrix O, matrix CF;OF gasl®! assigned according approx. description

CF,00 int.[2 CF;'% 00 CF,00 CF;'80"*0 CF;00 to C, symmetry of mode

2606.8 0.4 2602.7 2599.1 2594.1 2598.1 2v, A’

2569.6 0.2 2566.0 2560.0 2557.2 2561.1 Vit A"

2519.9 0.2 2510.5 2510.3 2v, A’

2483.5 0.2 2472.2 2472.6 VitV A’

24423 0.3 2431.0 2431.1 v+ vy A"

2405.5 0.1 2394.4 v+, A

2363.7 0.04 2353.4 V3t vy A"

2264.7 0.2 2257.0 22534 v+ vy A’

2187.0 0.1 2073.0 21722 2062.4 2v; A

1309.0 100 1306.6 1303.9 1301.8 1303.5 1294.4 2 A’ v(C-F)

1266.1 82 1263.5 1261.8 1260.5 1261.4 1262.5 vy A" v(C-F)

1178.3 47 1168.2 1172.5 1161.4 1172.2 12232 v, A’ v(C-F)

1099.6 35 1043.7 1093.0 1038.2 1090.6 947.3 V3 A’ r(0O-0)
872.7 22 856.8 869.2 853.9 865.3 882.1 vy A’ »(C-0)
694.8 4.6 680.6 693.2 679.2 694.2 679.0 Vs A’ O(CF;)
596.9 4.6 593.0 595.2 592.3 597.4 607.5 I A" O(CF;)
495.0 1.7 488.6 4912 485.0 488.2 584.1 Vg A’ O(CF;)
449.6 0.22 439.7 447.6 438.1 4482 44114 vy A’ 4(COO)
402.7 0.65 384.7 401.2 384.7 433.7 v A" p(CF3)
289.6 0.07 281.3 286.8 278.6 250.0 Vg A’ p(CF3)

56.0 Vi A" T

[a] Relative integrated intensities. [b] Ref. [39]. [c] (O —F) and 6(COF) for CF;OF. [d] As shoulder in the spectrum from ref. [40.]

vibration at ~1100 cm™! is comparable to the stretching
wavenumber of the O, ion (~1150 cm™), it seems that the
unpaired electron in CF;00 is localized in the OO group. The
main differences in the vibrational spectra of CF;OF and
CF;00 appear in normal modes, with a high participation of
the OO or OF moiety. Because the fluorine atom has one
electron more than the oxygen atom, there are specific
differences in the molecular geometries of CF;OF and
CF;00: CF;0F (dco=1395A, dor=1421A, ¥COF=
104.8°)#1 and CF00 (deo=1427 A, doo=1331A,
¥ COO =110.0°).%]

However, the vibrational spectra are only slightly affected
by the change in geometry. The assignment of the fundamen-
tal vibrations of the CF;OO radical is, for the most part,
straightforward. According to Table 2, the assignment is aided
by the predicted vibrational wavenumbers from ab initio
calculations! and by the observed band positions of the *O-
labelled CF;*0™0 radical. The three strongest absorptions,
observed at v=1309.0, 1266.1 and 11783 cm™' in a neon

matrix, are assigned to v;, vy and v,, respectively, and are
described as CF stretching modes. The approximate descrip-
tion of v, is an in-phase movement of all fluorine atoms
against the C—O bond. Hence, the '%0O/'®0 isotopic shift for
this CF vibration is larger than that of the other CF stretching
modes (10.1 cm~! versus 2.4 cm™! for v, and 2.6 cm™! for v,).
The order of v,/v, relies on the ab initio results. The band at
1099.6 cm~! shows a very large isotopic shift of 45.9 cm~! and
is, therefore, assigned as v(OQO) or v;. The band at 872.7 cm™!
represents the fundamental v, and is described approximately
as v(CO).

For all further fundamentals, except for v, the band
positions are within 10-20 cm™! of the calculated values and
the isotopic shifts are within 1 cm~!. Therefore, we have
unambiguously identified eleven of the twelve fundamentals
of CF;00, two more than previously known. In addition, the
results of the first excellent matrix study on CF;00?" are
confirmed; however, five of the earlier assignments are
revised (v, & vo; V6 S Vg Vi — Vg)-

Table 2. Observed and calculated wavenumbers [cm~!] for the fundamental vibrations of CF;00.

CF3160160 CF}lxolxo

experimental, matrix calcd experimental, matrix caled

Ne Arlal Arl gasl gasldl Ne Arldl Arl] gaslcl
v, 1309.0 1303.9 1303 1304.2 1340 1306.6 1301.5 1302 1303.0
v, 1178.3 1173.8 1172 1169.2 1251 1168.2 1163.5 1162 1145.0
V3 1099.6 1092.3 1092 1102.1 1124 1043.7 1040.1 1038 1058.1
2 872.7 870 842.5 878 856.8 854 8274
Vs 694.8 692.8 692 671.7 686 680.6 678.9 678 6572
Vg 495.0 580 5532 571 488.6 572 544.8
vy 449.6 448 430.0 442 439.7 440 420.7
Vg 289.6 286 269.5 279 281.3 276 2622
Vg 1266.1 1263.2 1260 1266.3 1288 1263.5 1260.3 1259 1266.2
V1o 596.9 5972 597 569.7 593 593.0 594 566.2
i 402.7 397.7 420 384.7 390.5
Vi 97.7 122 93.8

[a] Ref. [22]. [b] Ref. [20]. [c] B3LYP/6-31G*, all wavenumbers scaled with 0.974, ref. [42]. [d] HF/6-31G(d), ref. [28].
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The IR spectra of cis- and trans-FC(0)0OO0O: A typical IR
spectrum of the pyrolysis products of FC(O)OONO,, which
contains a mixture of cis- and trans-FC(O)OO radicals, is
shown in Figure 2. All bands that decreased after UV
irradiation (254 nm) of the matrix (Figure 3) and that were
also detectable in the IR spectrum of the pyrolysis products
of FC(O)OOOC(O)F—an independent precursor for
FC(O)OO—unambiguously arise from FC(O)OO radicals.
Assuming C; symmetry for cis- and trans-FC(O)OO, all nine
fundamentals of both rotamers should be IR-active according
to the irreducible representation for the vibrations [Eq. (10)].

Iw=7A" (IR, Rap)+2A” (IR, Radp) (10)

Because a mixture of cis- and trans-FC(O)OO is formed,
each fundamental appears as a doublet. The doublet compo-
nents are attributed to either cis- or trans-FC(O)OO by
comparison with the wavenumbers predicted by ab initio
calculations™! and by comparison with the spectra of cis- and
trans-FC(O)OF.*! Again, because the IR spectra of cis- and
trans-FC(O)OF are very similar to those of cis- and trans-
FC(O)OO (see Tables3 and 4) and the O-O stretching
modes near 1100 cm™! are similar to the respective mode in
the O,~ ion (=~1150 cm™'), it can be concluded that the
unpaired electron in the peroxy radicals is localized in the
O -0 group. According to Tables 3 and 4, the assignment of
the vibrations is straightforward, and, except for the torsional
modes, all fundamentals are detected. It is interesting to note
that some combinations show unusually high intensities; for
example, (v;+v,) in both radicals is strongly increased in
intensity by Fermi resonance with v,.

The electronic spectra of CF;00 and FC(0)OO: The
interaction of the unpaired electron of a radical R* with one
of the two unpaired wt* electrons of an oxygen molecule has
been described in a simple molecular orbital diagram for
ROO radicals.l'! The 6(R -0) bond is formed at the expense
of the (O=0) bond, reducing this from double to a lower bond
order. The extent of the bond weakening is dependent on the
nature of the substituent R. For example, if R is CH; or Cl, the
bond order becomes 1.5 or 1.9 4 respectively. Because in
ROO the unpaired electron occupies an out-of-plane, oxygen
7* orbital, the electronic ground state is of 2A” symmetry.
Promotion of an electron either from the in-plane oxygen
lone-pair into the s* out-of-plane orbital (X?A” — 12A’, n —
7t* transition) or from the out-of-plane m-orbital into the out-
of-plane st*-orbital (X*A” —22A”, it — 7t transition) causes
absorptions in the near-IR and UV region, respectively. The
excited state in the near-IR region should be bound because
the electronic absorption spectra of organic peroxy radicals
exhibit characteristic O—-O stretching progressions.?l We
intended to measure the unknown near-IR spectra of matrix-
isolated CF;00 and FC(O)OO. However, in spite of the
quite high concentrations in the matrices (absorbance units
in the UV and IR region were between 0.5 and 2) no
absorption could be detected in the spectral region 5000—
30000 cm~! (where the noise level was 0.01 to 0.03 absorbance
units).

The excited 2?A” state is antibonding in the O-O
coordinate of organic peroxy radicals; this is consistent with
the broad, featureless appearance of the absorption bands,
typically in the range 200 to 250 nm.

Table 3. IR absorptions [cm™!] (of band positions at the most intensive matrix sites) in matrix-isolated trans-FC(O)OO and their assignments.

Ne Int. Ar Calcd™! Int.le] trans-FC(O)OF! assigned according approx. description

matrix matrix to C, symmetry of mode

3831.2 1.0 3817.6 3826.8 2v, A’

3090.6 02 V14 A

3011.8 0.1 2907.3 v+ vy A’

2824.2 0.3 2811.9 2827.9 Vi +vy A’

2341.2 1.3 23274 2351.9 2v, A’

22593 0.4 2160.8 vyt v, A

2162.8 0.2 1974.0 27, A’

2069.5 1.4 2057.4 2083.5 v+ vy A’

1988.9 4.0 1978.5 1889.9 ViV, A’

19259 85 1919.2 1964 1001 1924.5 2 A’ v(C=0)

1880.0 0.9 1873.8 v A’ v(BC=0)

1850.9 0.3 1841.9 1829.7 v+ Vs A’

1793.8 0.6 2v, A

1690.4 0.1 Y+ Vg A

1416.4 22 1408.1 1409.9 VitV A’

1360.1 0.2 1306.1 2vs A’

1211.0 1.5 1209.7 1156.1 Vs + Vg A’

1175.0 100 1168.3 1176 62 1181.1 v, A’ v(C-F)

1146.0 1.1 1139.6 v, A’ v(BC-F)

1090.1 38 1084.8 1128 60 990.2 V3 A’ v(O-0)ll
900.8 23 895.7 890 18 908.2 vy A’ »(C-0)
712.0 9.1 707.4 700 9.2 739.1 Vg A" y(FCOO,)kl
680.2 3.7 678.4 675 1.8 653.5 Vs A’ 4(0=C-0)
520.9 1.5 518.5 512 0.5 503.6 Ve A’ o(F-C=0)
335.7 0.7 326 0.8 304.8 v, A’ 6(C-0-0)kl

114 0.0 193.4 vy A" T

[a] Relative integrated absorbances.
363 kmmol !, ref. [30]. [e] v(O-F), y(FCOOF), 6(C-O-F) for FC(O)OF.

Chem. Eur. J. 2000, 6, No. 19

[b] B3LYP/6-31 + G(d)/B3LYP/6-31 + G(d) + ZPC, ref. [30].
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[c] Ar matrix, ref.[43]. [d] Absolute intensity
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Table 4. IR absorptions [cm~!] (of band positions of the most intensive matrix sites) of matrix-isolated cis-FC(O)OO and their assignments.

Ne Int.l2l Ar matrix Calcd!® Int.[2 cis-FC(O)OF! assigned according approx. description

matrix matrix to C, symmetry of mode

3808.2 0.4 3790.0 3779.8 2v, A’

3110.4 0.1 v+ v, A

2392.8 0.3 2493.7 2v, A’

2279.0 0.4 2174.2 v+ V3 A’

2139.4 0.3 1851.3 2v, A’

2057.0 0.7 2047.7 2109.0 Vv, A’

1942.2 7.1 1931.6 V3+ vy A’

19132 100 1904.5 1944 10014 1895.7 2 A’ v(C=0)

1868.0 1.0 1860.0 v, A »(3C=0)

18537 7.1 1846.4 1865.2 vy +vs A

1752.5 0.3 1781.9 Vy+ Ve A’

12142 42 1204.9 s+ vg A

1202.1 83 1196.7 1199 76 1253.7 v, A’ »(C-F)

1172.5 0.9 v, A’ v(BC-F)

1078.1 15 1071.9 1114 25 929.8 V3 A’ r(O-0)l
867.1 20 863.6 860 14 861.1 vy A’ »(C-0)
708.7 5.0 704.2 699 9.8 733.0 Vg A" y(FCOO,)l!
661.0 5.8 659.2 661 4.0 626.3 Vs A’ 4(0=C-0)
552.7 1.1 550.3 546 0.8 530.1 Ve A’ O(F-C=0)
346.4 0.7 337 0.5 3158 vy A’ 6(C-0-0)kl

118 0.2 154.1 vy A" T

[a] Relative integrated absorbances.
379 kmmol~!, ref. [30]. [e] (O -F), y(FCOOF), 6(C-O-F) for FC(O)OF.

The shape of the absorption bands can be simulated by a
Gaussian function [Eq. (11)], in which 4,,, represents the

0 = Omax eXP{ - a[ln(;{max/i)]z} (11)

wavelength of the absorption maximum o, and a is a
measure of the width of the absorption profile.

The Gaussian profile is a consequence of the Franck-
Condon principle for the transition from a bound ground
state to a repulsive, excited electronic state.

Because the strong UV absorptions are used for quantita-
tive kinetic experiments, the cross-sections of the absorption
profiles are of fundamental importance. The reported cross-
section data for CF;00!'8 1l and FC(O)OOR 71 gathered in
Tables 5 and 6, were obtained by flash photolysis/time-
resolved UV spectroscopy of F,/CF;H/O, or F,/CO/O,

Table 5. Absorption cross-sections of CF;00.

Wavelength o [1072° cm?]

[nm] this work Maricq, Szentel?! Nielsen et al.[l’}
200 160 377

205 201 412

206.51¢1 207 421

210 196 427

215 189 417 340
220 170 376 297
225 141 317 267
230 110 252 206
235 79 190 162
240 51 130 127
245 30 88 101
250 16 53 66
255 6 33 41
260 20 25

[a] Ref. [18], the literature values are interpolated to the wavelength given
in the first column. [b]Ref.[19], value at A=255nm interpolated.
[c] Maximum of absorbance.

3650

[b] B3LYP/6-31 + G(d)/B3LYP/6-31 + G(d) + ZPC, ref. [30].
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[c] Ar matrix, ref. [43]. [d] Absolute intensity

Table 6. Absorption cross-sections of FC(O)OO.

Wavelength 0 [1072 cm?]

[nm] this work ~ Maricq, Franciscol® ~ Wallington et al.["!
200 186 269

205 115 217

210 108 219

215 130 246

220 152 268 272
225 169 290 315
230 184 298 297
235l 188 290 301
240 181 277 269
245 163 249 264
250 139 216 213
255 111 181 181
260 85 148 155
265 61 108 117
270 41 82 83
275 25 59 66
280 15 31 41
285 7 24 26
290 3 20 19

[a] Ref. [17], the literature values are interpolated to the wavelength given
in the first column. [b] Ref. [2]. [c] Maximum of absorbance.

mixtures or pulse radiolysis/transient UV spectroscopy of
SF,/CF;H/O, or SF¢/CO/O, mixtures. Here we describe a new
independent route for the determination of the absorption
cross-sections by matrix-isolation experiments. The final UV
spectra of the radicals CF;O00 (Figure5) and FC(O)OO
(Figure 6) were evaluated from the UV spectra of the matrix-
isolated pyrolysis products of the corresponding peroxy
nitrates CF;O0ONO, and FC(O)OONO,, respectively; Fig-
ure 7 illustrates the procedure. It is assumed that the peroxy
and NO, radicals are formed in equimolar ratios during
vacuum flash pyrolysis. In the resulting mixtures, NO, is the
only absorber in the spectral region 300—375 nm (Figure 7,
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Figure 5. UV spectrum of CF;00 isolated in a neon matrix (solid line).
The dashed line fits the spectrum to a Gaussian line-shape (see text).
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Figure 6. UV spectrum of FC(O)OO isolated in a neon matrix (solid line).
The dashed line fits the spectrum to a Gaussian line-shape (see text).
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Figure 7. Evaluation of the UV spectrum of CF;OO0. Spectrum A shows
the absorptions of the pyrolysis products of CF;00NO, isolated in a neon
matrix. Spectrum B is obtained from NO, isolated in a neon matrix. The
matrix was deposited under the same conditions as the pyrolysis products
resulting in spectrum A. The cross-sections for B were adjusted to those of
NO, measured in the gas phase (spectrum C). B is shown with an offset of
25 x 107 cm?. The CF,00 spectrum (Figure 5) is obtained by subtracting
B from A.

spectrum A). This structured spectrum can be used to convert
absorbances into cross-section units. For this purpose, a gas-
phase spectrum of NO, was recorded under the same
registration conditions as spectrum A (Figure 7, spectrum C)
and the cross-sections (base e) were determined according to
Equation (12), in which T=temperature [K], p =pressure
[mbar] and d = optical path length [cm].

0=31.791og (I/)Tp~'d~" [102 cm?] (12)

By adjusting spectrum A to C in the spectral region of 300 —
375 nm, a scaling factor of (890 x 1072 cm? per absorption
unit) is obtained for the conversion of the matrix absorbance
into the cross-section scale.

This procedure requires that the changes of the spectra for
NO, and peroxy radicals are comparable (relatively small and
parallel) when going from the gas-phase to matrix-isolated
species and vice versa. For example, this approach was

Chem. Eur. J. 2000, 6, No. 19
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applicable for OCIO and CIOO isolated in a neon matrix.[*l
In order to eliminate the NO, bands from spectrum A
(Figure 7), a reference spectrum (B) of NO, isolated in a
neon matrix was subtracted. The result is displayed in Figure 5
and the absorption cross-sections are listed in Tables 5 and 6.
Equation (11) was used to calculate 1,,,=209.8+1nm, a =
758+0.6 and 0,,,=203+1102cm? for CF;00. The
FC(O)OO spectrum can be simulated with A,,=234.6+
0.1nm, a=760+£03 and 0,,=1904+110"2cm? For
CF;00 and FC(O)OO, 0,,, values are lower by about 50
and 30 %, respectively, than the published data.l's: 1217 The
position of the maximum absorbances 4.,  and their band
widths are in agreement with the literature data. These
deviations in the absorption cross-sections and the differences
presented in Tables 5 and 6 are caused by systematic errors.
Firstly, the absorption cross-section can be influenced by the
matrix material. However, gas phase and solution absorption
cross-sections (in inert solvents) agree, in general, within
10%. Because solid neon can be viewed as a very weak
interacting solvent, the change in the absorption cross-section
should be smaller than 5%. Secondly, the postulated 1:1 ratio
of peroxy radicals to NO, is changed by secondary reactions of
the peroxy radicals. Indeed, in the IR spectra of the pyrolysis
products CO,, COF, and CF;O were observed as impurities.
For CF;00, a decomposition of 5-10% can be estimated
from secondary products. Therefore, the concentration of
CF;00 was overestimated by 5-10%, which leads to an
equivalent underestimation of the absorption cross-sections.
Thirdly, the subtraction procedure leads to a small statistical
error. For these reasons we quote an error of +20/—10% for
the values of CF;00 (Table 5) and of FC(O)OO (Table 6). As
the differences between our data and that given in the
literature increase with increasing wavelength, it can be
supposed that these differences are caused by additional
absorptions of side-products from the initiating radicals SFs or
F in the previous studies. Transient species, such as FOO,
SFsO00, FCO, FCO, or ROOOOR, may be formed which
lower the concentration of the peroxy radicals and partially
interfere with their UV spectra. Further efforts to eliminate
these discrepancies are desirable.

The different bonding situations at the carbon atoms in
CF;00 and FC(O)OO are responsible for the varying
positions of the absorption maxima.

The X?A"” — 22A” transition (7 — 7*, both out-of-plane) is
only influenced by other A”-type orbitals of the radicals. In
the CF;00 radical, only the occupied, non-bonding A”-type
orbitals, mainly located on the F atoms of the CF; group,
interact with the A”-type orbitals of the peroxy group: this
interaction is expected to be small. In the FC(O)OO radical
the m system of the carbonyl group includes an occupied
bonding A”-type orbital and an unoccupied A" orbital, which
is mainly located at the carbon atom. This unoccupied A”
orbital is expected to give strong interactions with the A”-type
orbital of the peroxy group. The stronger influence on the A”-
type orbital of the peroxy group in FC(O)OO lowers the
transition energy between the X?A” and the 22A” state with
respect to CF;00. Therefore, the corresponding UV absorp-
tion band of the FC(O)OO radical is found at longer
wavelengths than that of the CF;00 radical.
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Experimental Section

The peroxy nitrates ROONQO, and trioxides ROOOR, R = CF;, FC(O), are
potentially explosive, especially in the presence of oxidisable materials. It is
important to take safety precautions when these compounds are handled in
the liquid or solid state. Reactions involving either one of these species
should only be carried out in millimolar quantities.

General procedures and reagents: Volatile materials were manipulated in a
glass vacuum-line equipped with two capacitance pressure gauges
(221 AHS-1000 and 221 AHS-10, MKS Baratron, Burlington, MA), three
U-traps and valves with PTFE stems (Young, London, (UK)). The vacuum
line was connected to an IR cell (optical path length 200 mm, Si windows
0.5 mm thick) contained in the sample compartment of the FTIR instru-
ment. This allowed us to observe the purification processes and to follow
the course of reactions. The thermally labile compounds FC(O)OONO, !
CF;00NO,,m CF;000CF;!"! and FC(O)OOOC(O)F™! were prepared
according to literature procedures and stored in flame-sealed glass
ampoules under liquid nitrogen in a long-term Dewar vessel. The ampoules
were opened with an ampoule key”) on the vacuum line, an appropriate
amount was taken out for the experiments and then they were flame-sealed
again. The following chemicals were obtained from commercial sources:
CF;l (Kali-Chemie, now Solvay, Hannover (Germany)) and NO, (99 %
Baker, Philipsburg, NY). They were purified by trap-to-trap condensation
prior to use. O, (>99 %, Ventron, Numbai (India)), O, (99.999 %, Linde,
Munich (Germany)), Ar (99.999 %, Messer Griesheim, Krefeld (Germa-
ny)) and Ne (>99.99%, Messer Griesheim) were used without further
purification. According to the literature,l’! the synthesis of the isotopically
labelled CF;'8OONO, is accomplished by the reaction of photolytically
generated CF; radicals with 180, and NO, in a modified procedure. For this
purpose an evacuated 90 mL quartz reactor was loaded with CF;l
(0.20 mmol) and NO, (0.18 mmol), and then filled with O, up to
900 mbar. Subsequently, the quartz reactor was placed in a transparent
quartz Dewar vessel containing ice-water and irradiated with a 15 W low
pressure mercury lamp (TK15, Heraeus, Hanau (Germany)). After a
reaction time of 4 h at 0°C, the reactor was cooled to —196°C and the
excess %0, (contaminated with some *O'O, from partial equilibration of
180, with unlabelled NO,) was recovered by cryopumping the oxygen into a
vessel filled with molecular sieves (5 A) held at —196 °C. The crude product
was separated by repeated trap-to-trap condensation in vacuo in a series of
traps held at —100, — 120 and —196°C. The trap held at —120°C retained
CF;*0'"®ONO, contaminated with NO, and CF;l.

Preparation of matrices: Small amounts of the samples (~0.1 mmol) were
transferred in vacuo into a small U-trap immersed in liquid nitrogen. This
U-trap was mounted in front of the matrix support (a metal mirror) and
maintained at a temperature of — 140 °C (isopentane bath) for CF;00NO,,
—125°C (isopentane bath) for FC(O)OONO, and —95°C (ethanol bath)
for FC(O)OOOC(O)F. A gas stream (=3 mmolh~!) of argon, oxygen or
neon was directed over the cold sample in the U-trap, and the resulting gas
mixtures passed the heated quartz nozzle (4 mm internal diameter, with an
end orifice of 1 mm) within milliseconds and were subsequently quenched
on the matrix support at 12 or 5 K. Because the vapor pressures of the
samples in the cold U-trap were =~ 10~° mbar and the pressures of the inert
gas streams during the deposition were ~ 1 mbar in the U-trap, the resulting
sample-to-gas ratios can be estimated to be 1:1000. For each sample, two
different amounts of matrix material (1 and 3 mmol) were deposited
through the heated nozzle at temperatures of 330°C (CF;00NO,), 500°C
(CF;000CF;), 310°C (FC(O)OONO,) and 220°C (FC(O)OOOC(O)F).
The mixtures of NO,:Ne (1:1000) or CF;00OCF;:Ne (1:500) were
prepared in a stainless steel high-vacuum line, transferred by means of a
stainless steel capillary to the heated nozzle, and quenched as a matrix at
SK.

Photolysis experiments on the matrices were undertaken in the visible and
UV regions with a 250 W tungsten halogen lamp (Osram, Munich
(Germany)) or a high-pressure mercury lamp (TQ 150, Heraeus, Hanau
(Germany)), respectively, in combination with cut-off and interference
filters (Schott, Mainz (Germany)). Details of the matrix apparatus have
been described elsewhere.P!

Instrumentation

IR spectroscopy: Gas-phase infrared spectra were recorded with a
resolution of 2 cm~! in the range v =4000-400 cm~, on a FTIR instrument
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(Nicolet, Impact400 D, Madison WI), which was directly coupled with the
vacuum line. Matrix IR spectra were recorded on a IFS66v/S FT
spectrometer (Bruker, Karlsruhe (Germany)) in the reflectance mode
with a transfer optic. A DTGS or MCT detector together with a KBr/Ge
beam splitter operated in the regions v=35000-400 or 7000-600 cm™,
respectively. In these regions, 64 scans were co-added for each spectrum by
means of apodized resolutions of 1.0 or 0.2 cm~%. A far-IR DTGS detector
together with a Ge-coated 6 um Mylar foil beam-splitter was used in the
region 650-80 cm~.. In this region 64 scans were co-added for each
spectrum by means of an apodized resolution of 1.0 cm™.

UV spectroscopy: UV spectra were recorded in the region 4=200-
2000 nm with a Lambda900 instrument (Perkin-Elmer, Norwalk, CT)
and a spectral resolution of 0.5 nm. For matrix measurements, two quartz
single fibers of 2m length with a special condenser (Hellma, Jena
(Germany)) were used and the gas-phase UV spectrum of NO, was
recorded in a gas cell with a 10 cm optical path length.
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